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Abstract

Fibre reinforced concrete (FRC) is extensively used in slalggade (SoG) for ease and speed

of construction. Manufactured steel fibres (MSF) are typically used in conventional concrete
mixes to eliminate the use of discrete reinforcement @mdrol shrinkage and structural
cracks. Owing to their excellent environmental credentials and mechanical properties, recycled
steel fibres from tyres (RT3FEan be blended with MSF to increase frexformanceand
sustainability of floor construction. However, there is a lack of research on the actual

performance of RTSF in &and their effectiveness in controlling shrinkage cracks.

This research investigates the structurapprties of concrete made with RA.St usesa
complementary set ofiumerical modelling and extensive laboratory testing to examine
moisture distribution and differential shrinkage over timeidture, temperature and stran

prismatic elements were monitored in the lab for almost a year

Shrinkageresults frommoisture loss, socaurate modelling of moisture diffusion is essential,

as it dominates the drying process in concrete and governs the development of shrinkage strains
that affectstructural elements' shernd longterm deformabn and cracking behavioufo

address this, th study uses readily available quantities (namely w/c ratio and concrete
maturity) as primary material modelling parametersvestigate the effects of pore relative
humidity and ambient temperature on th&usivity properties of concrete using inverse
numerical analysis. As a result, a diffusion modelling approach that can be used in practical
applications is proposed and verified through finite element analyses. The results show that
numerical predictiog are in good agreement with experimental data. Specifically, the model
can capturghe effects ofthe w/c ratio, concrete maturity and thermal conditions on the

evolution of the moisture profile within dryimginforced and unreinforcembncrete elements.

The proposedmodelis used toquantify thedrying shrinkage strainand curvature in the
laboratory specimens. Finally, a fisitale SoG is numerically modelled to assess its behaviour

in terms of curling stresses, lifting up of free edges, crackingstaad differential shrinkage.

The model can be used to determine drying shrinkage strains with a high degree of accuracy,
thereby allowing for a more realistic assessment of crack evolution in drying concrete elements

and its effects on overall structuperformance.

This work will lead to the development of improved design models for shrinkage in SoG in a
format that can be easily implemented in current design recommendations (e.g. TR 34, Model
Code, Eurocode
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Chapter 1: Introduction
This chaptediscuses thenotivation background and need of this reseaildie mairaim and

objectivesare also presentgdlong witha summary of eacthapter of the thesis.

1.1 Motivation

Climate change is a worldwide challenge, causiagousadverse impacts ahe natural and

built environment, economy, and socielye evetincreasing risk oéxtremeweather, floods

and acid rains creating the need to develop solutions for more sustainable, robust, resilient
and adaptable infrastructuie. addition, the construction industryase of the primary users

of natural resources and produces gdaamount of waste. It is responsibbe 12 % of the

Eur opean Utotal greedhsusq gaslemissions (equivalent to drd&@ mega tonnes

per annum or around one tonper person, exclling imported materials). Therefotbgre is

a need fodrasticchanges, particularly when considermgterial use and recycling.

More than 25 billion tonnes of concrete, or 3.8 tonnes per person yearly, are used worldwide
(Klee, 2009) Ground slabs and pavements account fo@2@ 50% of concrete usage,
depending on the countrindustrial ground floorgre either supported by the grouisthbs
ongrade SoG)or suppored on piles (suspended slabs). Thiésers are spread over large
areas(up to 100,000 1) and can be eithejointed or jointless The current trend for SoG
constriction isthe use ojointless slabs with formed free movement joints at the perimeter of
each bay up to 35 m interval6R-34, 2013) This type of construction can only be achieved
when steel reinforcing bars are used or when short discrete fibres are added directly to the
concrete mix (fibre reinforced concrefRC). FRCSoGs are becoming more common due to
simplicity in construction, toughness, reasonable shrinkage crack control and cost

effectiveness.



Manufactured steel fibores (MSF) are commonly used in 8RG, with around 1.6 million
tonnes of MSF used gloally every year and about 4@Qtonnes in the EU alon@lu, 2018)

The production of MSks extremely energy intensivend generates greenhouse gdbas
contributeto global warming. On average, one tonne of steel productiors @mittonnes of
CO, which accounts for 46-5 % of total global greenhouse emissigksindak et al., 2009)

It is estimated that steel manufacturiing concrete reinforcement emits XiBgrams ofCO

and require 35Mega Joules of energy per kfsteelproduction(Hammond and Jones, 2008;
Purnell, 2013. In addition to the steel production industry, the cement manufacturing industry
emitted around 1.45 G tonnes of £©2016, equivalent to & of overall global C@emission
(Andrew, 2018) Thus, there is a nedd develop sustainable alternative solutiomaddress

the global challenge of climate chargyal sustainability.

Possible solutions to meet global construction sustainability targets include using fly ash (FA),
ground granulated blast slag (GGBS) and other pozzolanic materials as a partial replacement
of cement, recycled concrete aggregates, recycled fibres fromgusimers vehicle tyres etc.

For structural concrete, the basic mechanical properties anedongdurability should be
assessed, particularly the shrinkage properties, as they change vastly with material

characteristics.

1.1.1 Recycled Tyre Steel FibregRTSF)
In the European Union (EU), pesbnsumer tyre production is one tyre per pengenyear
and is expected to exceed 3.4 million tons per anfEmMRA, 2010) In a steel markdbased
survey study published bymithers Raprd2019) it is reported that the global vehicle tyre
production is arond 20 million tonnes. According Iemat(2004) postconsumers car tyres
contains 10 % steel wires, 86 % rubber and 4 % textile; while truck tyre consists of 15 % and

85 % of steel wires and rubber, respectivelgnce, conservatively, around 1 million tonnes



of high quality steel wire is disposed with waste tyres each year. At the same time around 100

k tonnes of steel fibres (MSF) are manufactured each year.

A large amount of waste tyres is broken down mechélyitdo its constituent components

(see Fig. 1.1, after Abdulaziz Alsaif, 2019).

‘Whole tyre Shredded tyre ’ RTSF Polymer fibres
50 — 300 mm

Figure 11 Processed RTSF.

The steel fibres extracted from pastnsumers vehicle tyres are a promising alternative to
MSF. Their sorting, processing and use in concrete has been studied extensively at the
University of Sheffield. Till now, several research studies have alreadydaeeed out to
investigate the codienefit ratio, basic properties and performance of RE8Horced
concrete (RTSFRC) in terms of mechanical properties andteng durability under harsh
environmental conditiondlemat, 2004; Graeff, 2011; Jafarifar, 2012:Kdmyani, 2018; Hu,

2018; Younis, 2014; Abdulaziz Alsaif, 2019; Isa, 20Hywever the performance of RTSF

and their ability to control shrinkage in SoG still needs to be investigated in depth, specifically

in terms of crack control and drying shrinkage stresses due tlinean moisture distribution.

The deleterious effects (i.e., ckaing) due to drying shrinkage can be controlled by including
fibres to constrain cracks due to shrinkage contra¢mstrée et al., 2016; Gribniak et al.,
2013) Randomly distributed fibres can also provide an increased flexural, shear and punching
performancdAl-Kamyani et al., 2018aAs a result, RTSFs has emerge@ @somising low

carbon alternative to manufactured steel fibres. The fibres effectively control both amdro



mesacracks, owing to the variability of their lengtf¥ounis, 2014,)as well as provide better

toughness and pestacking performance (Jafarifarat, 2016; Hu et al., 2019; Isa, 2021).

1.2Problem Statement
Over time, concrete contracts as it matures and dries due to the hydration of the cement paste
and water evaporatiofponald J. Janssen, 1986; Suprenant, 2082)a result of the unique
boundary conditions, nelmear moisture distribution generally develops in SoG. It causes a
shrinkage gradient along the depth (higher strain at the top), resulting in differential shrinkage
stressegYounis, 2014) Non-uniform shrinkg@e induces detrimental intrinsic stresses in the
concrete(Losberg, 1978)such as curling or warping, that should be considered during the

design of the SoG.

Industrial ground floorsra designed irthe United Kingdom (UK) based on the Concrete
Soci etyobs t e(lR34i2018)ITheseespuotural dedgh guidelines are based on
yield line theory and empirical equations on elastic subgrade soil propog@debiergaard,

1925; Westergaard, 1926; Meyerhof, 196@)wever, these guidelines do not directly consider

the effect of drying shrinkage stresses duedn-uniform moisture distribution in the SoGs.

To avoid any restrained shrinkage stresses, the guidelines suggest using impermeable
membranes underneath the SoG to reduce ground friction. However, this still causes a higher

moisture gradient with a compéesaturation at the bottom of the SoGs.

Furthermore, the guidelines assume that the ground completely supports SoGs; however, due
to differential shrinkage stresses, SoGs tend to curl, and the outer edges lift up, which induces
additional stresses and,iaifately, cracking in critical regior¥tterberg, 1987a; Destrée et al.,

2016) Various researchers have proposed empirical equations for queelytatssessing

these stresses, as showrCimapter 5However, these empirical relations do not account for:

1) how moisture varies with time due to temperature, humidity and pore structure development;



2) how differential shrinkage develops with time tméhe nonlinearity of moisture variations.
It is essential that differential shrinkage stresses are considered during the analysis and design
of SoGs. In addition, fulscale physical and numerical modelling can accurately predict the

nonlinear moisturaistribution with time.

1.3Background
1.3.1 Shrinkage
Shrinkage is the result of tirdependent changes in the volume of concrete. Concrete changes
in volume due tdhe evaporation of bleeding water (plastic shrinkage) from fresh concrete,
hydration of cement (augenous shrinkage) and loss of water trapped in the pores of hardened

concrete (drying shrinkage).

Plastic shrinkage occuvery earlyas water evaporates from the fresh concrete surface. Higher
waterto-cement ratio mixes contain a large amount of freeewvaome of which rises to the
surface of the concrete (i.e. bleeding of concrete) due to its lower density. Water evaporation
occurs due to wind blowing over the top surface, high concrete temperature and dry
environmental conditions. Plastic shrinkageniitigated in current SoG construction practice

by spreading alry shake(i.e. dry mix of cement and sand) and polishing the surface (i.e.
creatinga thin dense layer) aftexfew hours of casting to eliminate plastic shrinkage cracks.
However althoughsurfacepolishing may mitigater eliminate surface cracks causedglastic
shrinkage anydeeper plastic shrinkage cracks may still remainiaupeir the development of
tensile strengththus resulting in overall largerack width due to stress addying shrinkage.

The impact of plastic shrinkage is assessed separately by other researchers in tfegroup

Alshammari et al., 2033and it is not discussed further in thiesis

Drying shrinkage of concrete usualbgcurs simultaneously with autogenous shrinkage but

dependson humidity levels. The hydration of cement (i.e. chemical reaction of the cement



paste) generates heathich causes an initial rise in temperaturd anonsumes water leading

to the development of poré€ghang et al., 2013b; Destrée et al., 20dr&) volume loss through

a contraction. During drying, concrete shrinks mainly due to the loss of moisture (adsorbed
water) from the finer capillary pores (2.5 to 50 nm size) of hydrated cement paste rather than
the loss of free water from the larger capillary pghdshta, 1986)Due to the loss of moisture,

an internal negative pressure (compressive facegeveloped at the curved menisci of the
capillary poreswhich pulls the walls closer due to surface tenghdeville, 2011) leading to

further contraction.

1.3.2 Restrained Shrinkage
The aggregates can resist shrinkage of the cement paste internally, rasuttingerous
micro-cracks in theconcrete. In large concrete elements, such as SoG, the overall movement
of the slab isalsorestrained by the ground/hich can create tensile strains in the slab, forcing
the micro cracks to open up anghen manymicro-cracksjoin together meso and maor
cracks develop. Meso cracks can be detrimeatle durability of concrete as they allow the

flow of water and chemicals to attack the concrete and reinforcement.

1.3.3 Differential Shrinkage
Differential shrinkageesults from differential drying, leadirig differential strains and curling
in SoGs The main causes of shrinkageluced strain gradient in hardened concreteesagy
age temperature gradient; differential moisture distribution (lower at the top than the bottom of
the SoG); noruniform distribution of aggregates (higher density at the bottom ttietop
layer), and restraint to free shrinkage movement. Indoabssiare dominated by differential
drying, which results inthe upward curling of end edgeBifferential temperature gradients

also affect outdoor slabs, leaditothe downward curling of end edges.



1.3.4 Shrinkage Mitigation
Shrinkage cracking can be mitigateg providing skin reinforcementadopting ahigher
concrete strength, and prduig movement joints at regular intervalsll of these measures,
however, can lead to higher costs and complicate construdienuse of relatively high
amounts of reinforgeent in large structures can lead to bar congestion. In SoGs, mesh
reinforcement is a trip hazard and slows down construction. Skin reinforcement needs
considerablecover for protection from the environment, as inadequate concrete cover may
eventually caus concrete cracking and corrosion. Higfhength concretean also beaiused
because of its higher tensile strendgttowever,it also has higher stiffneswhich may cause
higher shrinkage as shrinkag&essesre directly proportional to the stiffness afncrete.
Concrete shrinkage can also be mitigated by reducing the paste/aggregatainatitsing
CsS content in cement, reducing the use of secondary cementitious materials (SCM), using
expansive additives, shrinkageducing chemical admixtures andemal curing materials
(Gardner and Weiss, 2005However, these solutions are not environmentally and cost
effective(Al-Kamyani, 2018) Therefore, alternative solutions are nee@ed heuseof fibres
in concretehas the potential to offewne of themost sustainablapproaches for controlling
concrete shrinkage. Fibres in concrete tend to control th&sceatd enable the design of

jointlessSoGs up to 7@n in length.

1.4 Aims and Obijectives
This research aims to investigate the behaviour of industrial ground floors with recycled tyre
steel fibres (RTSF) througbxperimentaland numerical modelling so as todemstand the
performance of recycled fibres in controlling cracks due to a combination of drying shrinkage
and structural loading. This work will hetlesignsafer and more sustainable industrial ground

floors.



1.4.1 Objectives

1. To perform a pilot study oaselected concrete mix &ssestheability of commercially
available sensorsto detect variations in humidity and temperature with sufficient
accuracyand devise a methodology to install thencamtrolled tesspecimens.

2. To identify the critical paramete that affect the moisture distributionganventional
and FRCand model them using FEM analysis (ABAQUS CAE).

3. To calibraie the numerical moisture model usirdpta from théiterature andfrom
original experimentalork.

4. To cast control and RTSF mixes cadetermine the moisture and drying shrinkage
distribution in laboratory specimens.

5. To determine the mechanical properties (compressive, tensile and flexural strength)
required for numerical shrinkage modelling and design.

6. To perform hygremechanical angbis (by coupling moisture field with mechanical
model) for modelling the drying shrinkage.

7. Toreview thestateof-the-art m SoG and performafinite element analysis can
equivalentphysical fultscale SoGo examine the effect of critical parameters on

shrinkageinduced phenomena (i.e. curling)

1.5Thesis Layout
This thesis consists of six chapters. Two chapters (Chapters 3 and 4) are standalone research
journal papersGhapter 3 has already been publishedleM@hapter 4s readyto be submitted
to peerreviewed research journals). The remaining fchapters (Chapters 1, 2, 5 andaé
presented following aonventionakhesis formatChapter 1 is the introduction of this study;
Chapter 2 provides detail dhe instrumentation, their calibration and theethodology
implemented for theilot studyand all relevant resutt€hapter 5 provides a stadéthe-art

review of curling stresses in SoGs, and presir@smplementation and results ofudi -scale



numeical model; overall conclusion and recommendations are summarised in Chapter 6.
Additional information abouhe results of thexperimentaivork and numerical modellingg

provided in the appendixes

Chapter 22 d nstrument at i onis ased on®bietticetl. T8i$ achdpyed
summarizes how a sensor survey was conducted to select a suitable sensor for humidity,
temperature and shrinkage measuremerits. WAGNER METERS' humidity sensors were
selected. This company produces both shugle ad reusable humidity sensors for concyete

and their accuracy is traceable and acceptable according to current design guidelines (see
Appendix A). The selected sensors are instaliadconcrete specimens using different
techniquesanda methodology is desed fortheirinstallation in the test specimens used in the
experimental programme new calibration rig was also prepared to calibrate the DEMEC

gauges.

Chapter 3: 6 Numer i cal Determination ofis bdsed ent ur e
(Meghwar et al., 2022n peetreviewed research article publishedi8CE Civil Engineering
Journal This chapter address@bjectives 2 and 3 It discusses when ndimear moisture
distribution is considered in concregad which parameter (i.e., water content or pore velati
humidity) is most suitable for the experimental measurement and modehiisgng diffusion

models in the literature are critically assessed, and as a result, moisture distribution in terms of
humidity is adopted. Based on literature data, moistuakysis (hygral analysis) is performed

in Abaqus by exploiting the analogy between heat transfer and moisture. Finally, a modified
diffusion coefficient is proposed and validated, which consideadily available quantities
(waterto-cement ratio and congte maturity) agoverningparameters. Theffects of pore
relative humidity and ambient temperature on the diffusivity properties of conarete

investigatedising inverse numerical analysis



Chapter 4: 6 Hy gnecbanical Analysis of Drying ShrinkageRécycled Tyre Steel Fibre
Rei nf or c e d tothe submiteedo e peerreviewed research journarhis chapter
addresse®bjectives 3 4, 5 and 6 In total, 25 prisms (500 x 150 x 15&@m) and 49 cubes
(100 x 100 x 100 mm) were cast for humidity, skaige(seeAppendix D) and compressive
strength measurements. A standard concrete mix for SoG construction jsandethe
performance of both referencelain mix (Plain)as well alRTSF reinforced (seAppendix
B) mixeswith 30 kgm? (F30) and 40 kg/f{F40)is assesse®pecimens witldifferent sealing
conditions (i.e., completely sealed, once surface sealed, and all surface eappsedmined

to investigate the effect of salkesiccation, 1D and 3D moisture diffusion.

Additional specimendgrom eachmix arealsowater curedo investigatethe effect of curing

conditions on their mechanical performance (seeAppendix E). At the end of the

measurements, all the prisms (shrinkage and humidity prisms, and all the time water cured

prisms) are notched andsted in thregooint bendingseeAppendix F) to assess the effect of
shrinkage, environmental exposure and curing regimehan flexural performancegsee
Appendix C). Finally, numerical modelling (hygrmechanical modelling) is performed to
validate themodified diffusion coefficientproposed inChapter 3 and predict the drying
shrinkageof the tested prismg he effect of differential shrinkage and roeniform aggregate
distribution on concrete curvature and cracking is agamined both analyticallyand

numerically

Chapter 5: 6 S t-adtheArt Review of Slaben-Grade and Numerical Modellirigritically
reviews curling stresses and current UK design guidelimesSoG. This chapter addresses
Objective 7and discusses why namiform moisture distribtion differs in SoG construction
from a differential temperature gradient. It also discusses the analytical formséak to

guantify curling, includinghe recommendations tieConcr et e Soci et yo0s
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TR-34. Finally,as a case studg 3D numerical analysisis performed ora full-scaleSoG

(10000 x 10000 x 150 mm) adopting ferameterslerived fromChapter 4.

Chapter6:6 Concl usi ons and Rec o0 mmesuchaarizeotimesnaii or F
findings of this thesiand proposescommendations for the desighSoG. Recommendations

for future work are alsproposed and discussed
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Chapter 2: Instrumentation and Pilot Study

This chapter discusses the methodoldgyised for the preparation and instrumentatiba
pilot specima. The aim is to check the quality of used sensors and gauges and arrive at a

reliablemethodology to install them ime following phases of thigesearctstudy.

First, steel cube moulds were designed to crdatles atdifferent deptls to enable
measurement anternal pore relative humidity (RHt given locationsAfter casting and

curing, the RH sensors were installedrteasurahe variationin humidity level with time. In
addition, four demountable mechanical (DEMEC) strain gauga® wsed to measure the
shrinkage in a concrete prism. For quality control, the gauges were calibrated against a standard

Vernier calliper.

2.1Water Content vs Relative Humidity
Moisture distributionn concrete is strongly nelmear and can be expressedemms of either
moistue content or relative humiditydowever, moisture content or relative humidity are not
equivalent quantities as the former measures the ratio of liquid in voids, whilst the latter is the
ratio of vapour in voids to the maximum amotim air can hold at that temperature. Whilst
relative humidity can be measured at a specific location/dépglvater content can only be

measured over a volumgeneally through concrete slicg3afarifar et al., 2014)

If the water content is measured to determine the moisture distribution in the presence of
hydration,it should be kept in mind that for concrete exposed to a drying environment, and
specifically in earlyage concrete, Fick's law (in terms of water content) does not hold valid
(Bagant and Naj j a 88)asthedist@butionvbéporesi (avaldble fodwater 1 9
evaporation) becomes namiform as hydration proceeds. In addition, the measured water

content at a particular tinresults fromevaporation and hydrati@ndtotaly evaporated water

12



must be sepatad from the water consumed by hydration to model diffusivitgnce

determining the exact water content at a particular point is practically impossibl

For diffusion in concrete, the RH is a more suitable parameter than moisture content for several
reasons. Humidity is easier to determine at a specific location/depth using commercially
available humidity probes. Moreover, the change in humidity due tedssication is
negligible (i 978o.for ronnal waietoicamarit ratios) andcdre neglected
((Copeland and Bragg, 1956ited in( Bagan't a n d). Fivally, joratme,bouddary 2 )
conditions (Robin boundary condition) as givenEq. (2.1)(usually expressed in terms of
ambient humidity and RH), the rate of maig exchange between the environment and the
surface is directly related to the gradient

is the actual driving force of diffusion:

o — 00 O 2.1)

WhereQis the surface film factor or convective moisture transfer coeffidheatt considers
wind velocity, surface temperature and surface roughff@sis the environmental humidity;

"O is thehumidity atthe surface or near the surface in the interioth& concreteO is the

concrete diffusivity; and— is the humidity gradient.

2.2 Instrumentation
The initial aim was to find the aih-one type of sensor (i.e., that can measure shrinkage strain,
temperature and RH of concrete). After contactsgyeral companies and conducting a
literature survey, it was concluded that no such sensor could measure all the parameters
together in space and time. Thus, two separate instruments were needed in this study to monitor
the concrete parameters: a) humidignsors that can measure RH and temperature and b)

DEMEC gauges for shrinkage measurements.

13



2.2.1 Humidity Sensors

Selecting an appropriate humidity sensor for concrete is challenging for various reasons:

I.  Specificationof the sensor, whether it can measurehinidity in earlyage concrete
and how reliable it is (accuracy).
ii.  Sizeof the sensor, if bigit can bechallenging to measure the humidity near the top
surface.
iii.  Calibration, how often the device needs to be calibrated, and how complex the
calibration pocess is.
iv.  Reausing whether it ispossible to reuse the device.

v. Costto-benefitratio is vital due to limited funds.

Based on these challenges, a market survey was conducted to select a suitable sensor. Different
companies were contacted and invited to demonstrate how their devices work and inquired
whether the devices were suited for this research study. After thiesgiaihe WAGNER
METERS' humidity sensors were selected. This company produces both-usagénd

reusable humidity sensors for concrete. Two of their sengapjd RH Lésingle use
(Wagnermeters, 2019bndRapid RH 5.@eusable(Wagnermeters, 2019ayere selected, as

shown inFig. 2.1 The sensorsod6 working principle 1is
reusability. The reusable sensor has a calibration kit and can easily be calibrated after every
use. On the other hand, the singke sensorsialready calibrated, so it is ready to use in

concrete. The sensors measure both humidity and temperature at the desired location.

14



The sensors are calibratadcording to ISO/IEC 17025 and their calibratiotrageableo the
National Institute of Standards and Technology (NIST) and National Physical Laboratory
(NPL), seeAppendix A. Over the 800 % humidity range, accuracy is 1%btypical with a 2
% maximum, and over the MO % humidity range, 1.8%6 typical with 3% maximum

accuracy.

The humidity test kit also includesSmart Logge™ (Wagnermeters, 2018yhich measures
the ambient relative humidity and temperature. This sensor is kept close to the specimens, and
stored in a temperatwantrolled room after curing, to measure the change in ambient

conditions.

2.2.2 Strain Gauges
Four DEMEC strain gauges, &im, 100mm, 200mm and 300nm, were available in the Lab.
The gauge accessories contain a mechanical dial or digital gauge, invar or reference rod and
setting rod, as shown Fig. 2.2 Every gauge has its unique gauge constenth needs to be
multiplied by the observed difference in measured valuegbtain the shrinkage strain in

microstrain (se&q. (2.2).
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Setting Rod

Invar Rod

Gauge

Figure 22 DEMEC gauges and accessories

All the gauges werehecked and time history shrinkage results weseamined to assesise
accuracy of thenstruments Three measurements were taken between DEMEC points each

time with each gauge, and the average of all the resupasted as measured value

YR Q¢ QOQQGQE Ow 0w 06 Ow b w "00 (2.2
Where

IV = Invar rod measurement
MV = Measured value
t = any time t in days

to = Initial time when the first measurement was observed
GC = Gauge constant
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2.3Materials and Method
Thehumidity sensors are designed for concrete floors and follomstedlation procedure of
ASTM F2170(ASTM, 2019) Drilling a hole in large concrete floors might not damage the
concrete, but it may damage small laboratory specimens. Therefore, a methodology was

devised to prepare new moulds and install steel rods at desired depths to avoid drilling.

2.3.1 Sample Preparaticn and Humidity Sensor Installation
Measurements dRH at two depths, 66hm and 100nm, wererequired.Two cubes(S1 and
S2)for RH measurementsere cast in specially designed moulds (150 x 150 x 150 mm) with
preinstalled steel rods having a diameter of 21mm (1 mm larger than the diameter of the RH

sensors), as shown kig. 2.3.

Figure 23 Steel mould with geinstalled steel rod

A plain concrete mixdetails of the mixdesignaregiven in Chapter Zadopted from industrial
partner TWINTEC LDT. The mix is based on C28/35 concrete target stravigtthis widely
used for the construction of SoGs in the United Kingdatehammari et al(2023 and Hu

(2018)also used this mix to investigatee plastic shrinkage and mechanical performance of
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concrete. Thushe same mix is useth this studyto further investigate the drying shrinkage

performance of the concrete

Four additionalcubes, 100 x 100 x 100 mm foorapressive strength and densitgre cast
The cubes were demoulded after 24 hotlre;steel rods were removed, and the specimens
were cured for seven day@n the § day after casting, the cubes were sealed (with aluminium
foil) from all sides except the top, where the RH sensorpiRz6) were installed, to mimic

the drying process of slatms-grade (SoGs), which dry from the top surface ¢Rig. 2.4).

Figure 24 RH sensors in S1 and S@bes

2.3.2 DEMEC Point Installation
An dready cast prism (100 ¥00 x 400 mm) was selected for shrinkage measurements. The
DEMEC points were installed at three dexfite., 10, 30, and 76 m)from the top surfaces
shown inFig. 2.5.Epoxy resinwas used tdondthe DEMEC points orto the surface of the

prism. The prismwas supportedon round steel rods to minisa the contact areaf the

18



boundariesas for the RH specimensThe first readingwas recorded after 24 hoyrand

readingscontinued for 57 days.

Figure 25 Prism geometry (all dinensions are in mm) with DEMEGsds

2.4Experimental Results and Discussions
2.4.1 Compressive Strength
The cubes were cured in a water tank for up to 7 and 28 days and testedviersal €sting
machine(UTM) following the procedure recommendedB®& EN 123963:2009(EN 12390,

2009) The results are given fable 2.1

Table 21 Compressivetsength

7 Days 28 Days
Strength (MPa) 25.6 331

Density kg/n?) 2326

2.4.2 RH Measurements
The cubes were stored in a temperattoptrolled room. The firsteading was recorded after
24 hours (as recommended by the sensor manufacturer), and readings continued for 74 days.
There was no change in the RH (i.e., humidity stayed &&)%& both depths, as shownHig.
2.6.The temperature at both depths wasstlime and proportional to the ambient temperature,

as shown irFig. 2.7.
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Figure 27 Internaltemperatur@valuationn S1 and S2 Cubes at 60 mm and @8 depths

with ambienthumidity andtemperature

To assess the effectiveness of-prade holes, it was decided to drill (with a rotary drill

machine) two adtional holes (i.e. 15nm depth in the S1 cube and B0n in the S2 cube)

near the existing holes. Additionally, the existing humidity sensor (atr6@epth) in the S2

cube was uninstalled, and the new sensor (Rapid RH 5.0) was reinstalledwteninghe

bottomsurfaceof the holeand removing the cement paste residue with a suction air. piungp
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was dondo eliminatethe possibilityof moisturebeingtrapped under the rich cement layer at
the bottom surface of the hole. It can be sedfign2.6(S2-60 mm line) that the reinstalled
sensor after 82 dayseasure®5 % humidity. This confirms that the cement paste had created
a rich layer at the bottom of the hole; when it was removed, the humidity started to drop

gradually.

Figs. 2.8 and 2.8how theevolution ofRH and temperature in the newly drilled holes (with
Rapid RH L6 sensor) and existing holes (with Rapid RH 5.0 sensor) with reinstalled sensors
afterrougheninghe bottom of the hole, respectively. RH atmit depthchanges faster &m

at 60 mm depth However, the RH in the premade and drilled holes is the same, meaning that
both types of sensors (Rapid RH L6 and Rapid RH 5.0) yield the same results, and the

installation methodology is appropriate.

Ideally, RH is expected to drop graally with time as specimens dry. However, aroundd5
of the drying surface area of the cubes is covered by the sensorsstdpsg in slow drying,

and there was no significant change in ambient humidity (i.e., average humidig6)} 50

120 1 25
1 3 o
00 20 =
kW-H_Q—Q_H—O—Q—O—O—O—Q >
80 ;
- 15 ~
g 60 | @
I o
o 10 i
40 —

20 | —&—15mm_Drilled 60mm_Drilled 60mm_Existing 1 5

Amb.RH Amb. Temperature
0 1 1 1 1 0
0 20 40 60 80 100
Time (Days)

Figure 28 RH evaluationin new drilled andexisting holes at dferentdepths witt
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21



N
(9]
1
)
[EEY
N
o

- !
© I
® 0 ./ g _ { 100
>
; 1 80
S 15 I ~
X
© 160
o I
€10} o
()
— 1 40
5 | —o— 15mm_Dirilled 60mm_Drilled
60mm_Existing Amb. Temperature] 20
Amb. RH
O 1 1 1 1 O
0 20 40 60 80 100
Time (Days)
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To assess RH at shallow depths, two had¢$@ mm and 2dnm depth were drilled in a new
specimen (dummy cube, no specific data is available about mix and curing age). This was done
as itwas necessary not to reduce further the surface area of existing cubes. The Rapid RH 5.0
sensors were installed, and the cube was stored in the same conditions. This cube was not sealed
but had all surfaces exposed. Furthermore, a rubber cork was used iobthe plastic caps
provided to minimise the exposed surface loss. The wedge shape of the cork fitted in easily and

ensured proper opening and sealing, as showigir.10.
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Figure 210 Dummy abe with Rapid RH 5.8ensors at 10 mm and 20 nd@pths

RH and temperature readings were recorded in all cubes for 87 days. The humidity and
temperature results are shownhigs. 2.11 and 2.12espectively The dummy cube was
already dried, so the it RH measurement recorded was¥80As expected, the top surface
dried faster than at 2&m depth. Initially, the specimen dries graduaty20mm depthand

then stabilises, but as expectetbre fluctuation in humidity was observata depth of 10

mm.

The ambient temperature also slightly impacts the humidity of the specimens, as observed in
other specimens. There is no temperature difference at different depths, meaning the
temperature is uniformly distributed throughout the specimen. However, theregtore at any

depth is directly related to ambient temperature. As ambient temperature changes, so do the

temperature at different depths.
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2.4.3 Shrinkage Measurements

Figs. 2.13, 2.14 and 2. 5how theDEMEC gauge results at bdm, 30mm, and 70nm depths.
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All the gauges follow the same trend of shrinkage except tmend@auge. This gauge shows

a higher shrinkage than other gauges, probably due to wrong calibratauitgpgauge, so it
was discarded for further measurement. The remaining gauges (100, 200 anchB@@re
calibrated (se8&ection 2.5 with a specially developed rig to check the deviation of the gauges

from standard measurements.

Shrinkage is affected byoth the temperature and humidity of the ambient environment. An
increase in temperature induces positive thermal strains, resulting in a lower shrinkage value.
For example, shrinkage drops when the temperature changes from 1%30 2 20.n4 t he
12th dy. On average, shrinkage (of 100, 200 andiB@®gauges) reduces to 48 28cvand

30 ev at 10, 30 and 76nm depths, respectively. To determine the drying shrinkage more
accurately, thermal expansion must be subtracted from the observed values. Aethiensa
specimens in a higher huniig environment can swell due to water absorption and cement
chemical reactions, resulting in the expansion of specimens. However, in this study, the
measured average ambient humidity is aroun&odbhich always causesaisture diffusion

from the specimen, hence, leading to shrinkage strains. Sharp humidity fluctuations for a short
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period of time are not expected to affect shrinkage measurements, as diffusion happens very
slowly, and moisture takes time to travel from tleeper layer to the surface, as also observed

in the experiments.

2.5Calibration of DEMEC Gauges
All the gaugesvere re-calibrated witha specially designed rigas shown irFig. 2.16.The rig
has one end fixed with a DEMEC disk. The end can be adjusted according to the required gauge
length. The other end is moveable and attached to a digital Vernier Calliper (standard

calibration device).

The calliper has a precision of 0.00in, whle the DEMEC gauges can measure a minimum

of 0.002mm. The DEMEC gauge and calliper results are showigs.2.17, 2.18 and 2.19

DEMEC Disc

Figure 216 Calibrationrig.
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Figure 219 Calibration esults of 300nm cauge

The calibration factor of 1.0273, 1.019 and 0.7893 is multiplied with measured {(@flules

real prismspf the 100, 200 and 300 mm gauges, respectively
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2.6 Summary

In this pilot study, specimens were cast and RH sensors were installed to check installation
methodology andneasurement reliabilityThe adopted methodology worked well with a few
modifications, including changing the sealing cap withrubber corkand rougheningthe
bottom of theinstallation hole to remove the rich layer of cement paste be&mnesor

installation.

Additionally, the DEMEC gauges were-calibrated, and correction facsowere determined
to adjustthe measuredshrinkage values. Further, these factors will be used for shrinkage

analysis in the research specimens.
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Abstract

Accuratemodelling of moisture diffusion is essential, as it dominates the drying process in
concrete and governs the development of shrinkage strains that affect tharsgthtvhgterm
deformation and cracking behaviour of structural elements. Key models #vatakhe
literature use porosity as the main parameter to predict the diffusivity of the material. Although
physically sound, this approach is difficult to apply in practice, as tegurdetermination of
concrete porosity is challenging. To address,tthe present study uses readily available
guantities (namely w/c ratio and concrete maturity) as primary material modelling parameters
and investigates the effects of pore relative humidity and ambient temperature on the diffusivity
properties of concretusing inverse numerical analysis and available experimental data. As a
result, a diffusion modelling approach that can be readily used in practical applications is
proposed and verified through finite element analyses. The results show that numerical
predictions are in good agreement with experimental data. Specifically, the model is capable
of capturing the effects of w/c ratio, concrete maturity and thermal conditions on the evolution
of the moisture profile within drying concrete elements. The modebeaused to determine
drying shrinkage strains with a high degree of accuracy, thereby allowing for a more realistic
assessment of crack evolution in drying concrete elements and its effects on overall structural

performance.

Keywords: Moisture Diffusion; Concrete Porosity; Pore Relative Humidity; Inverse Numerical

Analysis; Finite Element Analysis; Drying Shrinkage
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3.1lIntroduction
Moisture content and distribution play an important role in the structural performance of
concrete elements, as they affecedily their durabilitySaeidpour and Wadso, 2016keze

thaw resistance, fire spalling, creep and shrinkage behgWouarand Lee, 1998)

The determination of the evolution of moisture distribution with time is complex due to the
dynamic nature of the cement matrix, mistoucture, hydration processes, and environmental
exposure(Arfvidsson and Claesson, 2000)wo possible moisture loss mechanismas be
identified in solid networkgSherwood, 1929Y)i) vaporization at a point beneath the surface
followed by diffusion through the porous medium to the surface and then out into the air and
(i) liquid diffusion towards the surface followed by vaporization at the surface anty fina
diffusion into the environment. It is generally difficult to distinguish between the two
mechanisms as they can develop simultaneously. In unsaturated concrete (with pore relative
humidity, RH between 15 % to 95 %) moisture movement is often consitgebeddriven by

the diffusive processony Bagant and Najjar, 197 2;Iftksodi kar
assumption is accepted, moisture diffusivity can be used to represent both bulk water and

vapour diffusion.

Vapour diffusion is generally fastar earlyage concrete due to higher free available moisture.

In general, the diffusion process is affected by environmental temperature and humidity and
concrete porosity. While higher temperatures can cause faster diffusion, and higher
environmental humitl typically results in lower moisture gradients between the concrete and
the surrounding environment, thus leading to slower diffusion. Free water partially diffuses
into the environment through capillary action due to the moisture gradient betweeseteoncr
andthe environment, while the remaining water is consumed by the hydration process or can
remain trapped in the neanterconnected pores of the concrete. The latter mechanism can

affect and slow down the diffusion process over time. Although a medeliding moisture
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diffusion as a function of temperature, RH and concrete porosity has been proposed by Kang
et al. (2012), a reliable estimate of porosity is extremely difficult as it is affected by several
parameters, including watés-cement ratio (W), aggregates content, hydration, the width of

the interfacial transition zone (ITZ), as well as their complex interactions. Models that can
capture accurately the diffusion mechanisms in concrete through easily measurable parameters,
like w/c ratio and ancrete maturity, would enable the development of more reliable assessment

methods for crack development and structural performance of drying concrete elements.

This study proposes a general modelling approach that considers concrete diffusionah terms
readily available material parameters and environmental conditions. The proposed approach
can account for porosity indirectly and implements the use of Bazant andd\a$@2) model

(also used in Model Code 2010, MID) to predict diffusion at diffent w/c ratios and concrete
maturity levels. The diffusivity parameters suggested by thelll@nd Kang et al. (2012) are

also assessed through a series of inverse numerical analyses.

3.2Literature Review
3.2.1 Moisture and Shrinkage Phenomenon

Shrinkage of solid networks can be attributed to the development of four main mechanisms
driven by capillary pressure (due to surface tension and interfacial tension in fluids), osmotic
pressure (due to concentration gradient), disjoining pressure (ptbttycthe presence of
solikl i qui d i nterface), and moisture stress/ mo
liquid available in poresfScherer, 1990)In hardened concrete, the dominant shrinkage
inducing mechanism is calpry pressurgPowers, 960). During drying, water evaporation
from a surface causes a pressure gradient within the concrete matrix that leads to diffusion
through its porous mediuif¥tterberg, 1987a)The loss of moisture from the finer capillary
pores (2.5 to 50 nreize) of hydrated cement paghehta, 1986Y)esults in negative pressure

in the pore water(Grasley et al., 2006)which pulls the pore walls closer and causes
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compressive forces on the surrounding matrix; and thus an overall contraction of the material

(Scherer, 1990)

Drying shrinkage in concrete normally takes place simultaneously with autogenous shrinkage.
Autogenous shrinkage results from the hydration of cement, which causes an initial rise in
temperature and leads to the development oégand volume loss through contraction
(Destrée et al., 2016; Zhang et al., 2013&)th time, hydrates fornand cover the space
between cement particles and reduce the size of capillary ftakga et al., 2015)thus

reducing the diffusivity of concrete

Shrinkage contraction is generally resisted by internal and external restraints and can result in
differential shrinkage. Internally, shrinkage of the cement matrix is resisteggbggates and
reinforcement and can lead to micro and maseks(Al-Kamyani et al., 2018bExternally,

the restrain provided to an element by adjacent structural members (e.g. watig)cela.)

or by the soi(Hossain and Weiss, 200dan lead to large movements and mamacks(TR-

34, 2003) Meso and macro cracks open channels that offer preferential paths for fluid flow,
thereby further facilitating drying. The presence of water in cracksalsanlead to further
physical damage due to, for instance, fremav phenomena. Moreover, cracks can facilitate

the ingress of aggressive substances that can damage concrete chemically (e.g., chloride and
sulphate attacks) and corrode the reinforcem#mnis reducing durability and potentially

leading to structural failures.

Differential shrinkage in concrete can also result frommoiform moisture distribution. This
can be caused by moisture exchange with the environment through exposed roléiogs,
1993) which is generally accelerated by hgdlocity wind, high temperatures, low humidity
levels, sunlight etcAlthough moisture movement is alBnensional phenomendACI-360R,

2010) 1-dimensional models are suitable to describe moisture movement in elements such as
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slabson-grace (SoGs)Jafarifar et al., 2014; Kim and Lee, 1998; M. Asad et 8B,7)or thin
shell structures. However, an accurate assessment of the evolution of moisture distribution
within the material is needed for a reliable assessment of shrimk@geed cracking, curling

and warping stresses and their effects on strengtliarability.

3.2.2 Moisture Modelling
Moisture distribution in concrete has been studied for many years, with the earliest drying
models adopting the linear diffusion theory. In a linear drying model, the diffusion coefficient
does not depend on the moisture conditi@iskett, 1946; Carlson, 193However,Sakata
(1983), Akita et al. (1997)Xu et al. (2009gnndJafarifar et al. (2014)pbserved that concrete
diffusivity depends on water content, making diffusivity a nonlinear pimemonBa g ant and
Najjar (1971used Fickods | aw and postul atedHmhat di

relative vapour pressure) as giverkiq. 3.1).

' 0 | (3.)
—p Q0000 &m

Wheret = time, D(H) = diffusion coefficient function of RldndH = RH

Bagant and Najjar (19 7dsjribuboh is concpete & ptorglgmbn t h at
linear and can be expressed in terms of either moisture content or RH. However, moisture

content or RH are not equivalent quantities.

When concrete is exposed to drying in the presence of hydration, such asasdlos early

age concrete, expressing Fickds | aw in terms
(Bagant a nd Méhaijet] al,r1988)Thi® Ts 2oecause the distribution of pores
(available for water evaporation) becomes -noiform as hydration continues, making the

water content at a particular time not only a function of evaporation but also hydration. Hence,

when thewater content is used as a reference variable, the total evaporable water needs to be
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separated from the water consumed by hydration to model diffusivity. Furthermore, the water
content can only be measured as an average over a volume, normalij tboogrete slices
(Jafarifar et al., 2014nd theexact water content at a particular point is practically impossible

to determine.

RH is generally regarded as a more suitable parametemtbigture content to model diffusion

in concrete. An advantage of using RH as a reference humidity parameter is that it can be easily
measured experimentally at a specific location/depth using commercially available RH probes.
Moreover, the change in RH dteseltdesiccation (in sealed specimens) is negligible (i.e., it
stays approxi mat el yto-d®meft7atio¥ arfidean behnegiehtedrevewiti t e r
hydration is not yet completedQopeland and Bragg, 19586jted in( Bagantjarand Na
1972). Finally, for the boundary conditions (Robin boundary condition) consideréd.in

(3.2) (usually expressed in terms of ambient humidity and RH), the rate of moisture exchange
between the environment and the surface is directly related tothr adi ent of Gi bbs
per unit evaporable water, which is the actual driving force of diffusion.

o0— oo o (32
WhereQis the surface film factor or convective moisture transfer coefficient that considers
wind velocity, surface temperature and surface roughf@sis, the environmental humidity;

"O is the RH at the surface or near the surface in the interior of tiveate.

The relationship between diffusion coefficient and RH is givéign@.3)( Bagant and Na

1972)

p | (33)

00 09O]
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Where; O is the maximum diffusivity aH = 1,| is the ratio of minimum to maximum

diffusivity, andO is the RH alD 'O =0.5] pO.

Model Code 201GMC-1 0) adopted Bazant and Najjar s moa

assumingn p &  T@TYO T TNdO i whileOy p pm —

Both the models proposed by Bagant and Naj ]
Model Cock 2010 neglect the effects of hydration, pore structure evolution and environmental
conditions. However, experimental evidence shows that these parameters significantly affect

the diffusivity properties of earlgge concretéKang et al., 2012)In addition, according to

Abyaneh et al., (2015) and Abyaneh, (20&6)he microstructure level, diffusivity is further

affected by the complex interaction between the individual ingredients of the cement matrix.

To account for the effect of environmtal conditionsBazant and Thonguthai (19/4&oposed
a model that considers the diffusion coefficient to be an explicit function of RH and ambient

temperature of concrete (seq. 3.4)).

3 (34)
oAy ©0Q0 0QY

Uy le% cp p

wo’Y ¢XoO

More recentlyKang et al(2012)further extende this model by including the effectsadgree

of hydration, norFhomogeneity, and porosity of concrete as follows:

L (35)
0 O ¥ 0 0Q'0 QY JQn

Where; O T Yn diffusion coefficient function of RH, temperature, and porosity of

concrete an®® maximumO O forH=1,
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Q0O | — ForH<1

Q0 p ForH 1
8 \
QY — Nwig — ——
"Qn n
"R
| is the ratio of minimum to maximum diffusivityf s t he t e mpietheadtivatioe i n

energy for migration of water along with the adsorption layer in the capillary pgéisghe
universal gas constant, ; is the porosity at equivaieage of 28 days amd is the porosity

at an equivalent time .

Kang et al. (2012) model, though comprehensive, depends on the porosity ehgearly
concrete, which is difficult to assess both experimentally and analytically. This is because
porosty is a function of several parameters includihgw/c ratio, degree of hydration and

width of the interfacial transition zorf&byaneh et al., 2016furthermore, porosity is affected

by aggregate content, its gradation, shape, and physical/chemical characteristics. The complex
interaction between the aboweentioned parameters makes it difficult to predict porosity a
priory (Abyaneh et al., 2013Yherefore, there is a need for the development of a simplified,

yet reliable diffusion model that isasy to use and predicts well moisture distribution in

different types of concrete.

3.3Numerical Investigation
This section discusses the numerical methodology used in this study. It starts by presenting the
diffusion model implemented in the Finite Elemé&mialysis (FEA) package that is adopted to

predict dimensional drying of available experimental data from the literature is presented and
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commented upon. Subsequently, the inverse analysis approach used to determine optimal

diffusion model parameters isgsented along with the adopted optimisation criteria.

3.3.1 Moisture Modelling
The moisture distribution analysis is performed in the HB&ed software ABAQUS
(ABAQUS, 2019) The package offers a heat transfer finite element frankethat is here
adoptedtomodehoi st ure diffusion, exploiting the foc

heat conduction (sdegs. (3.6and(3.7) and Fi ck o6s |Easw3.8ahd(3D).f f usi o

(3.6)

(3.7)

Where Ois the heat fluxXQis the thermal conductivity- is the temperature gradient, is the

temperature change with tim®is the specific heat capacity ahds the material density.

(3.8)
0 00—

(39)
— 00—

Wherevis the diffusion flux,— is the RH gradient, anég— is the RH changwith time.

Specifically, the heat transfer framework is here used to model moisture transfer by assuming

the main variable inEgs. @8.6) and (3.7) to be moisture (in terms of RH) rather than

temperature. Accordingly, it is assumed tf@t = This means that theoefficient of

diffusion or moisture conductivity is analogous to thermal conductivity véb@n p, and

heat flux is equivalent to moisture flux.
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3.3.2 Numerical Models

Numerical analyses were performed on concrete prisms 100 x 100 x 3@Bign®.1a) to
simulate the experimental specimens tested by Kang et al. (2012). The concrete mix used in
theoriginal experiments had a w/c ratio equal to 0.50. Values of RH were measured after one
day of water curing at three different ambient temperatures (20 °C, 50 °C and 80 °C), and
constant ambient humidity (50 %), at three different depths (i.e., 20 mmband 150 mm

from the top surface) up to 74 days of equivalent age. Different numerical analyses were
performed for each of the test environments using the diffusion coefficient derived through the

relevant inverse analysis as discussed in the next sectio

RH RH Min:
+9.927e-01
+9.718e-01
+9.509e-01
+9.29%e-01
+9.090e-01
+8.881e-01
+8.672e-01
+8.463e-01
+8.254e-01
+8.045e-01
+7.836e-01
+7.627e-01
+7.418e-01

Max: +9.927e-01
Mode: PART-1-1.1
Min: +7.418e-01
Mode: PART-1-1.21

Max: +9.696e-01
Mode: PART-1-1.16

Min: +6.432e-01
Mode: PART-1-1.1

FMax: +9. 696

(a (b)

Min: +&.

Figure 31 Finite element analysissults for: (a) Kangt al. (2A2), and (b) Kim et al.
(1999) experimentalpgcimens

Similarly, for the experimental results by Kim and Lee (1999), numerical modelling was
performed on concrete prisms 100 x 100 x 200 fay. B.1b). The test specimens were cast
using different types of concrete mixes with a mean compressive strength of 76 MPa, 53 MPa
and 22 MPa at 0.28, 0.40 and 0.68 w/c ratios, respectively. The specimens were water cured
for up to 3 and 28 days. Values of RH wereasured at three different depths (30 mm, 70 mm
and 120 mm from the top surface) up to 200 days and at two ambient conditions (20 °C

temperature and 50 % humidity).
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The effect of hydration on RH is also considered in this study and the humidity chanige du
selfdesiccation, which was estimated based on tests on sealed specimens (Kim and Lee 1999
and Kang et al. 2012), is subtracted from that of drying specimens before comparing the
experimental data with the numerical results.

The specimens tested byrKiand Lee (1999) were modelled by sealing all sides of the
specimens except the top, from where diffusion could occur by appilggngonvection
boundary condition (i.e. Robin boundary condition). On the other hand, when modelling the
experiments by Kang al. (2012), diffusion was allowed to occur only from the top and bottom

sides.

The RH of concrete was set to be 100 % at the start of every simulation, and this value dropped
nonlinearly through the depth as moisture was lost to the environment bgiatffand
convection. A mesh sensitivity analysis was also performed to assess the effect of mesh size
on moisture distribution. It was found that mesh size along the depth does not significantly
affect moisture distribution for the considered mesh refimtrevels. Hence, 10 mm thick

single elements were used along with the depth (i.e., 10 x100 x 100 mnndkded linear

heat transfer (i.e., an equivalent moisture transfer) brick element (i.e., DC3D8) was selected to
obtain moisture at each nodal poiftloe element. All the parameters used in the FE analyses

are summarized in Tabg&1.

Table 31: FEA parameters

Reference Specimen Size Initial Boundary Conditions FEM Ambient
(LxWxt) (mm) Conditions Element Conditions
Type
All surfaces sealed RH = 50%
Kang atel. 100x100x 300 RH =100% except the top DC3D8 T=20 , 5
(2012) and 8
All surfaces sealed
Kim and Lee RH = 100% except the top and RH = 50%
(1999) 100x 100x 200 bottom DC3D8 T=20
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3.3.3 Inverse Analysis
Convective {) and diffusion D) coefficients were baekalculated using the aforementioned
experimental results of Kang et al. (2012) and Kim and Lee (1999). For the initial valbies of
diffusion coefficient, the models proposedMZ-10 andKang et al. (2012) were adopted as
given inEgs. @.3) and(3.5) at temperatures of 20 °C, 50 °C and 80 °C. For the experimental
results of Kim and Lee (1999) and Kang et al. (20bR)y the MG10 values were used to

perform moisture modelling different w/c ratios and temperatures.

The model parameters were obtained through an inverse analysis of the experimental data. The
criterion used to select the optimal parameter values was based on the minimisation of the
cumulative absolute relativerer in the area difference under the RH time history curves at
individual depths. The absolute relative error was calculated by using simple numerical

integration, as given ikqg. 3.10).

Absolute Error = [ f;iﬂf(x] dx — J;ji+lg(x] dx” / (310
- Z
Ares under Area under

curve curve

Where z is the total number of divisions of the curves (ithe number of considered
experimental and numerical point§)) is the area under the experimental caandg(x) is

the area under the numerical curve.

3.4Numerical Results
3.4.1 Experimental Results of Kanget al. (2012)
Following a sensitivity analysis showing that the most influencing parametécgs @.3) are
D1, nandHc these were calibrated based on the available experimental data to minimise errors
in the predictions. The MQ0 suggested parametenise.(n=15, H=0.80 and D;=86.4

mnt/day) were used aaninitial estimate.
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RH

Fig. 3.2 compares the predicted RH variation to the experimental results obtained by Kang et
al. (2012) at three different ambient conditions (20 °C, 50 °C and 80 °C temperature at 50 %
humidity). The associated errors, determined ugiqg(3.10), are summarisediTable 3.2,

while the backcalculated diffusion coefficients are shown kig. 3.3. The numerical
predictions agree well with the experimental results, thus indicating that the diffusion
coefficient values estimated based on the given wi/c ratio, curiagaad environmental

conditions can capture accurately the moisture profiles.
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Figure 32 Comparison between numerical and experimental values of RH at: (a) 20 °C
°C, and (c) 80 °C
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Figure 33 Back calculated diffusion coefficient using Model Cddeat 20 °C, 50 °C

and 80 °C

A value oft = 0.05was used in this study as recommended in MCwhile a constant value

of n = 2was found suitable for the different temperatures considered in this study. On the other
hand, then values suggested by MTD and Bazant and Najjar (1972) (ire= 15andn = 4,
respectively) do not capture the behaviour and trends at all temperht@a@dition, the results

of this analysisndicate thatHc cannot be taken as constant as recommended b{OV/&hd

Kang et al. (2012) but decreases gradually with increasing temperature (s2édjjgand the
diffusion coefficient,D; increases significantly with temperature as seen in Fb). It
should be noted that MCO uses just one value of concrete diffusivity for isothermal
conditions. However, it is clear from the results that constant diffusivity cannot adequately
represat all concretes at different temperatures. The convective coeffiCiadp increases
significantly with increasing temperature (see Rdl(c)), as higher ambient temperatures

result in faster rates of convection from the top exposed surface.

Table 32: Optimised(for Eg. (3.10)) Model Codé&0 parametes based on Kang at el. (2012taset

Trial Name Back Calculated Variables Kang at el. Relative Absolute Error at
D examined depths
(mn¥/day)
D1 Hc n f 20mm 50mm  150mm
(mn?/day) (mm/day)
Num: 20°C 54.24 0.80 2 01 54.24 0.31 0.02 0.03
Num: 50°C 80.00 0.78 2 14 54.24 0.82 0.03 0.07
Num: 80°C  200.00 0.70 2 20 54.24 0.60 0.19 0.06
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Figure 34 Optimized: (aHc, (b) diffusion coefficienD1, and (c) convective coefficie
f at different temperatures

3.4.2 Experimental Results of Kim and Lee (1999)
Figs. 3.5, 3.6 and 3.7 show the comparison of predicted moisture distribution for the
experimental results by Kim and Lee (1999), whilg. 3.8 shows the variation of the diffusion
coefficient as calculated through inverse analysis. The figures show that the optimised
parametes capture moisture distribution with a high degree of accuracy. The values adopted

for n andh were the same as thossed when predicting the results by Kang et al. (2012)
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above. As the tests were performed at a constant temperature, a constantiau@.80, as

suggested by M@0, was found tapproximate well the experimental results.
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Figure 36 Comparison of moisture distribution at 0.28 w/c ratio: (a) 3 days, and (b
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Figure 35 Comparison of moisture distribution at 0.40 w/c ratio: (a) 3 days, and (b) 2¢
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Figure 38 Back calculated diffusion coefficient at different w/c ratios and different cu
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The effect of the different parameters examined in the original experimental study (i.e. w/c

ratio and steam curing age of concrete) on the diffusion coefficient is shown 819¢&y.and

summarised in Tabl8.3. The significant increase in the diffusioaefficient for w/c higher

than 0.4 can be attributed to the fact that larger amounts of water kagarbpncrete typically

lead to higher porosity. Interestingly, the diffusivity is only marginally affected by curing age,

which indicates that the dafisation of the porous structure with time is not as important as

the w/c ratio. A similar trend was reported by Kang et al. (2012), who also found that in fresh
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concrete diffusivity is higher due to the higher amount of free water available to diffuse.
Diffusivity decreases with time, however, and eventually stabilizes after the curing period a

porosity reachesquilibrium.
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Figure 39 Optimized: (a) diffusion coefficient D1, and (b) convective coefficient f at diffe
w/c ratios

The observed increase in the value of the convective coeffi€iemth w/c ratio (Fig.3.9b)
can be attributed to the higher amounts of available free water for higher water content, and the
higher amount of pores near the surface, whesgults in higher convection at the exposed

surfaces.

Table 33: Optimised(for Eg. (3.10)) Model Cod&0 parametes based on Kim and Lse
(1999) dhtaset

Trial Name Back Calculated Variables CEB-FIP- Kangatel. Relative Absolute Error
10 D: at examined depths
D: He n f D: (mmé/day) 30 70 120
(mmré/day) (mm/day) (mn¥/day) mm mm mm

0.35 - 48.48 0.01 0.03 0.05
0.26 12.72 48.48 0.11 0.07 0.12
0.70 - 50.40 0.18 0.09 0.04
0.50 19.20 50.40 0.28 0.36 0.06
1.40 - 68.88 0.33 0.03 0.20
0.80 61.68 68.88 040 0.22 0.24

0.28 wic, 3Days 34.80 0.8
0.28 wic, 28Days 27.00 0.8
0.40 w/c, 3Days 38.40 0.8
0.40 w/c, 28Days 30.24 0.8
0.68 wic, 3Days 63.60 0.8
0.68 w/c, 28Days 62.88 0.8

NPNNDNDNDN
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3.5Modified Diffusion Coefficient Model
A model capable of expressing the diffusion coefficient as a function of both material and
environmental parameters is proposed in this study as described below. A single material
parametera, is used to represent the overall effect of concrete porosdycapture the
combined effect ofhew/c ratio and concrete maturity. This parameter was found to increase
linearly with increasing w/c ratio and decrease with increasing maturity. This can be attributed
to the fact that higher wi/c ratios can initiallgudt in higher porosity and faster diffusion; while
the hydration process at increasing levels of maturity results in the densification of the

microstructure and reduced diffusivity, which leads to slower diffusion.

The effects of temperature and RH described using the environmental parameteasdg,
respectively. At the reference ambient condi

these values ate=1and’Q & "O(with b = 3.27constant in all cases in this study).

The variation of the diffusion coefficienD(H) observed through the analysis of the
experimental data can be approximated by the exponential function giem iB8.11). A
similar approach was also usedMgnsi et al. (1988); Wittiainn et al. (1989); Granger (1995);
Alvaredo (1995); Ayano et al. (1999); Tang et al. (2016); and Torelli et al. (202Xpress

diffusion as a function of water content.

(3.11)
00 ®IQ? mnt/day
Wherea andb are parameters that can be adjusted for any type of concrete with different w/c
ratios and isothermal conditions. These parameters can be obtained through inverse analysis as
given inTable3.4 (aandb in this study were obtained from F§8). From Table3.4 it is clear
thata depends on the w/c ratio and curing age, whian be taken as constant and it is equal
to 3.27for the experiments of Kim and Lee (1999). However, there are no universally accepted

analytical or empirical equations fortidetermination of these model parameters. For instance,
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Mensi et al. (1988) proposed the usaaf 1.042x10* andb = 0.05 for concrete mixes with
di fferent w/c (i.e., w/c = 0.45 and O0.58) at

%).

Table 34: Summary of coefficientsa(andb) at different w/aatios and onstant 20
temperature and 5% humidity.

w/c ratio Curing Age (Days) a b R2

0.28 3 1.33 3.27 0.98
0.28 28 1.03 3.27 0.98
0.40 3 1.47 3.27 0.98
0.40 28 1.15 3.27 0.98
0.68 3 243 3.27 0.98
0.68 28 240 3.27 0.98

The effect of temperature on diffusion is introduced through the use of a tempdegiarelent
parameter following the Arrhenius equatioBq( (3.12)). While the combined effect of
temperature RH, w/c ratio and concrete maturitfed. (313)) is taken into account by

implementinga similar approach to that proposed by Bazant and Thonguthai ({€5&8q.

(34)).

oy ogpm — —— (3.12)
0'Ch'Y 00 JQ°Y

oY M8 JQ0Q” T T

O’y OOQ® T T

oGy QO (313

Where,
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Whereh is a scaling parameter that decreases almost linearly with temperature asFsgen in

3.10(a). Avalue ofn =4 was found to represent all the examined temperature ranges (up to 80

). A similar

values (i.en=1.5andn = 1, respectively).

factor

wa s Geahger,d1926put vith differenK a n g

The minimum energyQ, needed to start a hydration reaction (i.e. activation enerdfyniol

can be obtained throudghq. 3.14), as recommended by RILEM (cited {Klemczak and

Maciej Batog, (2016)
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Figure 310 Variation in: (a) h at different ambient temperaturesa(éi different w/c ratio
and (c)a at different curing ages

3.6 Validation of Proposed Model and Discussion
To validate the proposed approach, a numerical analysis was performed using ABAQUS
(2019) to model the experiments carried out by Kang et al. (2012) at different temperatures.
The value ofa = 1.9 adopted in the analysis was obtained by using a lineapai&tion
between the values of the three known wi/c ratios (see Bablend Fig.3.10(b)) and then

extrapolating at the curing age of 1 day (see Tadland Fig.3.10(c)).

Fig. 3.11 compares the numerical predictions with the experimental moisture distribution at
different temperatures. Fig§.12 shows the diffusion coefficient used in the numerical analysis
as given by Eq.313). Table 35 shows a summary of the coefficients uskding the
validation of the proposed model and relative absolute errors compared to the experimental

results.

The results highlight the limitations of the existing models and the capabilities of the proposed
formulation. The values dD; suggested by M@0 are found to be much lower than those

derived through the methodology proposed in this paper (Be®leUnderestimating: can
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lead to underestimations of the drying rate of concrete elements, which in turn can result in an

underestimaon of shrinkage, shrinkage gradients, and associated mechanical performance

(e.g. shrinkagénduced cracking). Hence, using the valueDofsuggested by M0 can

potentially lead to unsafe structural assessments. Furthel,0MGggests the use of peéided

constant values fan = 15, andHc= 0.80, irrespective of the type of concrete at isothermal

conditions. However, these parameters influence porosity and rate of diffusion and the results

of this study suggest that they markedly depend on tetoperauring age and w/c ratios.
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Table 35: Summary otoefficients at different temperatures, w/c=0.50 and 5QAbidhty.

Relative Absolute Error at examinddpths

Temper at a b h 20mm 50mm 150mm
20 1.9 3.27 1.00 0.62 0.13 0.22
50 1.9 3.27 0.68 0.22 0.10 0.13
80 1.9 3.27 0.47 1.39 0.28 0.10

Kang et al. (2012) used Bazant and Najjar (1972) suggested parametars=(#eH.= 0.78,

andh = 0.05) as constants and performed inverse numerical analysis to calibrate the porosity
andDs. For a given constant temperature, the calibrBtedlue increases with increasing w/c
ratio, as also observed in the present study (see Ba)leHowever, Kang etla(2012) found

higher values for the diffusion coefficients at lower w/c ratios compared to this study (using
inverse analysis and the diffusion coefficient formulation suggested bW Eq.(3.3)),
probably due to coupling effects (between porostiyyderature and RH), and different surface
factor ) values Furthermore, Kang et al. (2012) used the same diffusion coefficient for the

two curing ages under examination (i.e., 3 and 28 days), and calibrated porosity £.8).,
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This approach, howevedjsregards the fact that the rate of diffusion at an early age can be
higher than at later ages as there is generally more free water available to diffuse through larger
pore sizes(Cook and Hoer, 1999) The model proposed in this study addresses this
shortcoming by correlating porosity with concrete maturity and w/c ratio, thus enabling a more
reliable estimate of the diffusion coefficient (F812) and a more accurate prediction of the

experimental humidity profiles (see FRj11).

Overall, the diffusion model proposed by Bazant and Nijar (1972), which has also been
adopted in MG10, is easily applicable and can predict the moisture diswibiri concrete as

a nonlinear function of RH. However, the suggested values for the key paranmetdssgnd

D1) do not appear to be suitable for different concrete types and need to be calibrated based on
experimental data (Tab®2 and3.3). Moreover at different environmental conditions, the
suggested constant diffusion coefficients cannot be used due to the dependency of diffusivity
on temperature. On the other hand, the model by Kang et al. (2012) considers the effect of
porosity (backcalculated)temperature and RH explicitly and can be adequately simplified by
approximating porosity from the wi/c ratio and concrete maturity, as shown by this study. The
model can easily be used for any type of concrete by changing only two parameters and gives

acarate predictions of the experimentally measured moisture distribution.

The numerical results obtained in this study show that the proposed model is generally capable
of capturing the effects of w/c ratio, concrete maturity and thermal conditions orotb&av

of the moisture profile within drying concrete elemeiiise model appears to slightly over
predict the early drying in eargge concrete at higher temperatures and umickgtict the
prolonged drying near the surface of the specimens. The ditef®iween the measured and
predicted values can be attributed to different factors, including thdnarmongenous pore
development (Kang at el. 2012), changes in chemical compog8cmeider et al., 1982;
Endait and Wagh, 2020; Naus and Graves, 2@0@) coupling effects (hygithermal coupling
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effect). Although these factors cannot be captured individually by the model, the proposed
simplified model is capable of predicting the variation in RH at different depths with an
appropriate degree of accuracy for all of the examined parameters andnerental
conditions. More detailed experimental studies are required to further validate the proposed
modified model based on different ambient environmental conditions (i.e., temperature,
humidity, wind speed, and atmospheric pressure at high altituses)ete maturities, ultra

high-performance concretes, and binding materials (such as fly ash, GGBFA etc.).

3.7 Conclusions
This study utilised the inverse numerical analysis technique to predict moisture distribution
based on two available diffusion model® (i MG10 and Kang et al., 2012) and proposes a
modified diffusion model that considers the effect of concrete RH, temperature, w/c ratio and

maturity. Based on the results of this study, the following conclusions can be drawn.

1. The diffusion coefficient ncreases significantly with increasing w/c ratio, and
temperature, while it decreases marginally with increasing maturity.

2. The material parameters proposed by Model Ch@lecan lead to a large
underestimation of shrinkage strains. As a result, the magnitul extent of
shrinkageinduced phenomena, such as the development of cracking and curling
stresses and deterioration phenomena, can be largely underestioraéedmple for
slabson-grade.

3. A modified model is proposed to accurately assess moistofdeprfor different
temperatures (up to 80 ), concrete matur
implemented in current practice to carry out a more reliable assessment of crack

development and structural performance of drying concrete elements.
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Abstract

Nonruniform moisture and agegate distributions can cause differential shrinkage and
curvature in concrete elements, such as slabs. Shrinkage gradients lead to curling and warping
stresses that result in tensile cracking, whichlead toserviceability failure and lorterm

durablity issues.Understanding the moisture transport and shrinkage behaviour and their
coupling is essential to predict these stres$éss study uses experimental and numerical
analysis forplain and recycled tyre steel fibre reinforced concrete (RFBE)to study the
moisture and shrinkage phenomenon. First, the diffusivity model is validated, and then
diffusion is coupled with the shrinkage model to predict drying shrinkage strains. The proposed
methodology can be used for reliable assessment of sheirstiaagns and stresses in concrete
structures like slabsn-grade (SoGs) and enhance the robusinkesgrterm safety,and

sustainability of concrete structures.

Keywords: Differential Shrinkage; Shrinkage Curvature; Drying Shrinkage; Moisture

Transport;Numerical Analysis; Diffusivity
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4.1 Introduction
Shrinkageresults frominevitable timedependent changes in the volume of concrete and can
cause cracking in restrained concrete memfigeatz and Jensen, 2004)jolume changes in
concrete are due to consolidation and the evaporation of bleeding water (plastic shrinkage)
from fresh concrete, hydration of cement (autogenous shrinkage) and loss of water trapped in
the pores of hardened concrete (drying shrink@grng et al., 2012FFour basic mechanisms
cause solid network shrinkaffecherer, 1990disjoining pressurethepresence of solitiquid
interface;moisture stresp ar t i al Gi bbbés free @emaicpgegsure f |
caused by the concentration gradient arapillary pressure surface tension and interfacial

tension in fluids.

Capillary pressure is the most common mechanism that causes drying shrinkage in concrete
(Powers, 1960)When water evaporates from an exposed surface during drying, it creates a
pressure difference inside the concrete matrix, allowing moisture to diffuse through the porous
medum (Ytterberg, 1987ajThe moisture loss from the finer capillary pores (2.5 to 50 nm size)

of hydrated cement paste causes a negative pressure in the po(&faskky et al., 2006)

which pulls the pore walls closer together and induces compressive forces on the surrounding
matrix, resulting in overall material contracti(@®cherer, 1990; Destrée et al., 2016; Zhang et

al., 2013b)

Shrinkage contraction is resisted by internal and external restraints and can result in differential
shrinkage. Internally, aggregates and reinforcement resist cement matrix shrnmkapean

result in micro and mescracks(Al-Kamyani et al., 2018alxternal restraints such as adjacent
structural members (e.g., walls, columns, etc.) or the subgradéleegain and Weiss, 2004)

can cause large deflections and mamacks(TR-34, 2003) Meso and macro cracks create
channels that provide favourable fluid flow pathways, making drying even easier. Water in the
cracks can cause additional physical damage as a result of-the@zeycles. Furthermore,
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cracks can al aggressive substances to enter the concrete matrix, causing chemical damage
(e.g., chloride and sulphate attacks) and reinforcemambsion, decreasing durability and

eventually leading to deterioration mechanisms.

Differential shrinkage in concrete rcalso be caused by nomiform moisture distribution.

This is invariably caused by moisture exchange with the environment through exposed surfaces
(Rollings, 1993)that is amplified by higivelocity wind, high temperatures, low humidity
levels, sunlight, and other factors. Even though moisture movement is aitinesgsional
procesgACI-360R, 2010)in structures like slabsn-grade (SoG) or thin shellg is primarily
unidirectional (Jafarifar et al., 2014; Kim and Lee, 1998; M. Asad et al., 199@%sare
normally constructed ommpermeable membrangheets(TR-34, 2010, which force the
moisture to diffuse in one direction through the exposed top surface. The exposed surface dries
faster than the bottom surface, where concrete internal pore relativdityufiRH) remains

almost 100% for a long time. This causes a moisture gradient to defeglding to differential
shrinkage strains and stressbse to these stresses, SoG t&tudcurl or warp(Goel et al.,

2007) and the outer edges can lift. Curling leads to loss of ground support and induces
additional stresses andltimately, cracking/failure in critical regiongYtterberg, 1987c;

Destrée et al., 2016)

The deleteriougffects (i.e., cracking) of diyg shrinkage can be limited by including fibres
to constrain the shrinkage contractigbgstrée et al., 2016; Gniak et al., 2013)Randomly
distributed fibrexan alsrovidean increasetlexural, shear and punching performaggée
Kamyani et al., 2018aRecycled tyre steel fiboreRTSFs) have emerged as promising fow
carbon alternative to manufactured steel fibres. The fibres effectwatyol both micreand
mesacracks owing to thevariability of their lengths (Younis, 2014, as well agprovide better

toughness and pestacking performanc@lafarifar et al., 2016; Hu et al., 2019; Isa, 2021)
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However, a major challenge with the design of concreteexismagainst shrinkageduced
cracking is the lack of experimental evidence that simultaneously quatitdigmeevolution

of drying phenomena arttieresulting shrinkage strains. Indeed, the majafttheavailable
experiments are either charactarggthe drying properties of plain concréikang et al., 2012;

Kim and Lee, 299; Nilsson, 2002; Zhou et al., 2011; Zhang et al., 2012; Xin et al., 1995;
Bakhshi et al., 2012; Qin and Hiller, 2014; Aquino et al., 2004; Shen et al., 2801fg
shrinkage strainghat develop upon dryindKim and Lee, 1998; Jafarifar et al., 2014 Al
Kamyani et al., 2018a; Younis and Pilakoutas, 2016; Qiaal.e2020) The only available

work that simultaneously quantified drying profiles and shrinkage strains was performed on
sliced concrete element&yano et al., 1999)and solid concrete prisniisiang and Wei, 2019;

Zhang et al., 2017; Wei et al., 2016; Zhang et al., 204iBhough Ayano et al.(1999 were

able to provide an estimation of the th@eolution of the drying profile by simpimonitoring

the weight of single slices, that approach provides limited insight into the behaviour of real (i.e.
continuous, nossliced) elementsOn the other hand, Liang and Wei, (2019), Zhang et al.
(2017), Wei et al. (2016), and Zhang et al. (201@Vvigle limited information on moisture
gradient and resulting shrinkage strain profile as RH was only measured at a single location at
the core of the prisms and strains were only measured along the longitudinal axis of the prisms.
However, existing resedrcshows thathe drying of concrete is typically neaniform (Al-
Kamyani et al., 2018b; Kim and Lee, 199Bence, shrinkage strains developing at any point

of a drying specimen are typically affected not only by the local value of RH at the considered
point, but also by the RH of neighbouring areas. Siheultaneous measurement of moisture
and drying shrinkage profiles along the depth of a concrete element is thus essential to
accurately quantify the drying process. Furthermore, no systematic experiments were

performed to quantify the effect$ fibres an both the drying and the shrinkage behaviour of
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fibre reinforced concrete, hence preventimg development of validated models a&figctive

desigrs against drying shrinkage.

This study aims to simultaneously quantify ti@runiform drying anddifferential shrinkage
processes incontinuous (nossliced) plain concreteelements Additionally, it aims to
systematically investigate the effectdRoFSFson both the drying and the shrinkage properties
of fibre reinforced concret&he work combingshrinkage experiments on plain aretycled
tyre steel fibre reinforced concrete (RTRBE) with advanced numerical simulations.
Specifically, @ experimental programme wasrformed to simultaneously monitor the drying
of three concretemixes and the associatl shrinkage strainef 15 specimens kepin
temperatureontrolled conditiondor up to 318 days.Concretedrying was monitored at
different depthsby measuringRH with dedicated probes, while shrinkage strains were
simultaneously measured using a humistedemountable mechanic@EMEC) gaugesA
series ofnumerical analyses (pure hygral and coupled hygechanical analyses) were
performed tomodel the experimentally observed drying and shrinkage behavmgain

additional insightsnto thedriving mechanisms.

4.2 Mathematical Modelling
4.2.1 Moisture Modelling

Over the years, many studies have bemied outo quantify moisture distributioWhile the
earliest modelgCarlson, 1937; Pickett, 1946pnsidered diffusion as a linear phenomenon
more recenmodels(Sakata, 1983; Akita et al., 1997; Xu et al., 2009; Jafarifar et al., 2014)
consider diffusion & a norlinear function of water content. Howeve,a g a n t and
(1971)consi der ed F iion &nd postlladed that diffusibn is d A@amear function
of moisture distribution in terms of RH, as givenkg. @.1). The RH is considered a more
representative parameter for various reasons discussed elsémbghsvar et al., 2022)The

basic equation of moisture distribution in concrete is:
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- (4.15)
Y Q000 dm

Wheret = time,D(H) = diffusion coefficient function of RldndH = RH

Meghwaret al. (2022) proposed a modified diffusion coefficient model. @.2), which is

also adopted in this study to model the experimental RH distribution.

. 4.2

Oy QX mnt/day
Where
Q wIC
" Cwo

« Y ¢xXoO

o 0 p p

Q w30 Y Coo Y cxo

a, b andn are fitting parameters for different types of concrhtis, a scaling parameter,is

the temperature in degrees Celsiuss the activation energy for migration of water along with

the adsorption layer in the capillary porasd’Yis the universal gas constant

4.2.2 Drying Shrinkage Modelling

Similar to moisture modelling, shrinkage modelling in concrete pavements has also been

investigated for a long tim&everal sidies(Bishop, 2001; Pettersson, 1998; Eisemann and

Leykauf, 1990; Losberg, 1978dnsidered shrinkage to be mainly due to temperature gradients

and restraint to the free movement of the concrete structures. However, other studies added that

concrete pavaents (outdoor SoG and concrete overlays) can be subjected to various other

environmental conditions like rain, summeinter temperature cycles, etc. Hence, shrinkage
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is due to the combined effect of temperature, moisture, and external and internaltsestra
(Mateos et al., 220; Leonards and Harr, 19598rying shrinkage is a lontgrm procesghat,

in most practical cases, dominates the other components of shrinkage. For example,
temperature change in eadge concrete is high due to the hydration process; but withgcurin
and maturityit stabilises quickly. As indoor SoG do not experience a huge change in ambient
temperature, the dominant differential shrinkage is due to theumidorm moisture
distribution and internal and external restra{@sang et al., 2018; Jafarifar et al., 2014; Jeong

et al., 2012)

The total strain aatime ¢) and alonghedepth §) of the drying specimens can be calculated
using the priniple of superpositio{Orta and Bartlett, 2014b)he total strairof a drying
specimerH ( yis,given byEg. @.3) and is a combination of total mechanical stigidy,t),
free drying shrinkage strahi(y,t), creep straimds(y,t), autogenous shrinkage stradgy,t) and

temperature straibk(y,t).

o o o oo oo oo (4.3)
Creep strain is ignored in this study since the-welight of the tested specimens is siaid
no external load is applied. The total strain chaseg¢ ( nd ¢hange in autogenous shrinkage

strainae k(y,t) with time are measured experimentally in controlled conditions. To model, the

total shrinkagé=q. @.4) isused.

~ v ~ Y ~ Y ~ ) ~

Yy «d Y v Y dadd Y odd Y (4.4)

The change in autogenous shrinkage and thermal s#edifyst) is directly subtracted from the
total measured strain change to remove the effect eflssi€cation and temperature. Although

the experimental measurements were taken in controlled corgdftimely2 0 , fluctuation
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in temperature was observadhichdirectly affected shrinkage strain measuremess.4.5)

is used to compute thermal straimdich are subtracted from the total measured strain.

Yy o 1Y Y (45)
Where

U coefficient of thermal expansiqmé _3 (fib, 2013a) T:is the temperature atriet; T, is

the reference temperature when the first experimental value is observed.

Change in free drying shrinkagek{y,t) is modelled in the finite elemebised software
Abaqus CAE(ABAQUS, 2019) Abaqus uses heat transfefframework to model heat flux

and temperature. The heat transfer model can also be coupled with a mechanical model to
compute the thermal strains, i.Eq. @.6) and the material constitutive modeé., Eq. @.7),

to compute the mechanical stressegd . Stresses are induced in the specimens due to

stiffness,0 0, and the strain component of Roniform shrinkage.

— 11— (4.6)

, v 00 Y (v (4.7)

The aeky,t) is modelled in Abaqus by exploiting the formal analogy betwegn @.6) and
(4.8). It is assumed that the rate of changé+ois proportional to the rate of change of RH

(Orta and Bartlett, 2014a; Bazant and Chern, 1985)

! SRS
I Q O ™o (4.8)

—n

ksn(H) is the hygral contraction coefficient (HCC) as a function of humidity. According to
(Jafarifar et al., 2014; Ayano and Wittmann, 2002LCC can be approximatds a power

function, asgiven inEq. @.9).
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Q 0O I O 00 (4.9)

b andoare constant parametek is relative humidity at the start of drying (i.e., 1.0), &t

is humidity at time.

4.3 Experimental Study
4.3.1 Materials and Mix Proportions
One plain mix and two recycled tyre steel fibres (RTSF) mixes were used to cast prism and
cube specimens. The specimeavere water cured for 7 days. The mix proportions used, shown
in Table4.1, are typical of SoGs in the UKAlshammari et al., 2023; Hu, 2018)ocally
sourced aggregates were used in the nm#, lzasic tests were performed to check the quality

of aggregates, as reportedliable4.2.

Table 41 Concrete mix dsign

Materials Plain | F30 | F40
Cement CEM Il 32.R (kg/m®) | 335 | 335 | 335
WI/C ratio 0.55 | 0.55| 0.55
Water(kg/mq) 185 | 185 | 185
Sand kg/md) 847 | 847 | 847
Gravet10 mm (kg/m?) 491 | 491 | 491
Gravet14 mm (kg/md) 532 | 532 | 532
SP (Itr/n?) 15 | 1.5 | 2.584
Sika ViscoCrete 30HE (UK)
RTSF kg/n®) 0 | 30 | 40

Table 42 Physical properties of fine amdarse aggregates.

Test Parameters | Sand | Coarse Aggregates

10mm 14mm
Water absorption (%] 1.23 0.91 0.88
Specific Gravity 3.21 25 2.6

To check the strength and diameter of RTSF, individual fibres from 11 samples of RTSF, each
comprising 10 fibredor a total of 110 fibres, were tested in tensfseeAppendix B). The

tests were performed in accordance with EN ISO 6B2R16. The initial crossectional area
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of each fibre was taken as the mean of two measurements carried out in two perpendicular
directions using a digital micrmeter with knife edget an accuracy of 0.0bm. The mean
strength and diameter of all samples were found to be 2909 MPa, with a standard deviation of
166 MPa and 0.3&hm, with a standard deviation of 0.04m, respectivelyFig. 4.1 presents

the histogram of tensile strengths from all the tested specimens.

4.3.2 Instrumentation for Moisture and Shrinkage Measurements
Generally, two methods are used to determine unidirectional moisture movement in concrete
(Jafarifar et al., 2014).e., probetype sensors embedded time concrete and gravimetric

method. The embedded RH sensor method is selected in thisastlidgussedn (Meghwar

et al., 2022).
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Figure 41 Cumulative strengthistribution forRTSF individual fibres.

The Rapid RH L& (Wagnermeters, 2019nd Rapid RH 5.0 (Wagnermeters, 2019a)
humidity and temperature sensors manufacturedvagnermetefSare used in this study. The
Smart Logge® (Wagnermeters, 2018)as used to log the ambient conditions (i.e., humidity
and temperature) in the coolled room where specimens were stored. The sensor was
specially designed according to ASTM F21(A5TM, 2019)for use in concrete floors to
monitor RH and temperature variations with time.
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Demountable mechanical (DEMEC) strain gauges are used to measure shrinkage strains. To
improve the quality of measurents, three gaugesth different gauge lengthge., 100 mm,
200 mm and 300 mm) are used for monitoring shrinkage. Three measurements were taken with

each gaugeand the average shrinkage is reported herein.

The RH sensors and DEMEC discs were installed after 7 days of curinginstidling the
sensors, the specimens were left for 24 hours in the controlled room before taking the first
readings. This time was necessary as the RH sensors need 24 howsn@msemreded by the
manufacturer) to achieve equilibrium conditions with the internal RH of the specimens and to
allow time for the DEMEC to adhere properly on the surface of the speci8ieirkage, RH

and temperature readings wéakenevery dayfor the frst two weeks after sensor installation,

and onceaweekthereafter

4.3.3 Experimental Design
The size of specimens needs to satisfy both parameters, moisture and shrinkage. For free
shrinkage measurements, BS EN 1281(EN, 2002)recommendshe use oprisms of 40 x
40 x 160 mm whilst ASTM C157 (ASTM C157457C, 2008)recommends prismwith
dimensions equal t@6 x 76 x 286 mm. However, to eliminate the effect of boundary
conditions on fibre and aggregate distributions, prisms of 150 x 150 x 500 mRigsé2a),
which are typical for flexural testingyere selecteébr this study The added benefit is that, at
the end of RH and shrinkage measurementsséimeeprisms can be tested in thrpeint
bending to determine the effect of fibre and curing age on the flexural tensile strength ef RTSF

reinforcedconcrete.

In total, five prisms were cast for each n{plain, F30 and F40)hree prisms were used for
all surface drying, one prism for drying from only one surface (with four RH sensors) and the

remaining prism was completely sealedtimonly one RH sesor). Forall surface exposed
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specimens, one prism was equipped with four RH sensors, whilst the other prisms had only
DEMEC points for shrinkage measurements. For the plain mix, one additional prism was cast
to assess the effect of curing on autogendumlsage. This prism was demoulded after 24
hours of casting, completely sealed and stored in the controlled T@die4.3 summarizes

the details of design parameters, whwe(Y) and (N)symbolsindicate whether a particular

parameter is considered mot, respectively.

All surfaceexposed (ASE) specimens were designed to achieve uniform drying. The
completely sealed (CS) specimen was intended to determine autogenous shrinkage. The one
surface exposed (OSE) specimens were used to mimic the exposnealohensional drying,

such as in SoGl'he duminium tape was used for sealing the specimens.

To evaluate the comprase strength of all the mixea,further 40 cubes (100 x 100 x 100

mm) were cast and tested at 4, 7, 14, 28, 56, 90 and 128 days after casting.

DEMEC
points
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Figure 42 Geometry of the Specimen and RH sensor locations: (a) 3D prism; (b) OS
ASE prisms; and (c) CS prism. All dimensions in mm.

Table 43 Specimens configuration and measured parameters.

Parameters Completely Sealed One Surface | All SurfacesExposed All Surfaces
(CS)with a hole Exposed(OSE) (ASE) with holes Exposed(ASE) no
with holes holes
Shrinkage Y Y Y Y
Measurements
RH and Temperaturg Y Y Y N
Measurements
Number of Specimens 1 1 1 2
Holesfor Sensors 1 at centre 4 at different 4 at different depths No holes
depths

4.3.4 Moisture and Shrinkage Specimens
Figures4.2a and4.2b show theprisms' geometry and the RH sensors' locatiour depths

(10, 20, 35 and 60 mm) were selected for RH and temperature monitoring. The sensors used in
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this study were designed for largeale SoG, and it was not feasiblédcatethematless than

10 mm depth. The maximum depth of 60 mm was selexgdtie depth at which drying was
expected to reach within the timeframe of the measurentegts!.2c shows the location of

the RH sensor in the completely sealed specimen. The RH is measured at the centre (75 mm)
of the specimenFig. 4.3 shows photos fahe arrangement of the RH sensors and DEMEC

discs in the observed specimens.

The study on free and restrained shrinkage(AlyKamyani et al., 2018b; Younis, 2014)
showeda strong boundary effegtarticularlyon the surfaceHence measurements were taken
on the top and bottom sides, 10mm away from the edges. Only in the plain mix {ASE)
shrinkage of two prisms was monitored on the sides to check if the shrinkage gradiesd differ

in any way.
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Figure 43 Instrumented test specimens: (a) CS with one RH sensor; (b) ASE with fol
sensors; (¢) OSE with four RH sensors; (d) ASE without sensors

4.4 Experimental Results
4.4.1 Compressive strength and Flexural Modulus otlasticity
The compressive strength was determined according to BS EN-B2Z3¥0(seeAppendix
C). The elastic modulus was indirectly measured from the-diedfiéction curve of the three
point bending test by assuming linear elastic behaveeg £q4.10). The linear part othe
load-deflection curve (from 230 % to 4660 % of maximum bending load) was used in

calculating the flexural modulus.

T on

, 00
o) -] (4.10)

Where-is the slope (N/mm) ahelinear part otheloaddeflection curvel is the clear span
(mm) between supportsjs the second moment of area (fnand is the central deflection
(mm) of the prism.
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Figure 44 Experimental and predicted properties of concrete: (a) Cylinder compres
strength and (b) Young's Modulus of Elasticity

Theexperimentalalues of strength arftexural modulus of elasticitgre summarised in Fig.

4a and Fig. 4b, respectively, alomgth the predictions of design mod€h, 2013b; ACI
Committee 209, 2008; CEN, 2004ee Appendix GNhile the examinedesign codetend to
overestimate the compressive strength and flexm@dulus ACI yields more reasonable
predictons of flexural modulus The measured value of elasticity is in the range of 20168 to
30712 MPa. Though the modulus is expected to increase slightly with an increasing amount of
RTSF, this is not clearly seen bemost likely due to consolidation issues also reported by
others(Suksawang et al., 2018; Lee et al., 20I8)e CEIW specimens have the highest
stiffness, as expected due to prolonged curing. OSE specimens bgNesr value of elasticity

than CS, possibly because of less shrinkadaced damage (and thus less degradation of
elasticity). Surprisingly, CS giveslower value ofEm than OSE and CGIBV specimens, but

this might be due to possible torsional effects connected to the presence of holes. As described
in section 3.3, CS and OSE specimens were cast with four holes to embed the sensors at

different locations
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4.4.2 RH Measurement
Figs. 4.5,4.6 and4.7 showRH measurements at different depths in OSE, and ASE specimens
of plain, F30 and F4@oncrete, respectively. As expected, the ASE specimens afaster
loss in RH than OSE. Due to the size of the specimens and boundary cenditenate of

drying near the surface is faster thamhe core of the specimens.

Moisture diffusion near the surface is affected by the ambient environmental huiRidiat.

10 mm depth fluctuates as the RH of the ambient environment fluctuates, as shbiga. in

4.5(a), 4.6(a), and 4.7(a). This is due to the combined effect of boundary conditions (i.e.,
moisture convection or Robin boundary conditions) and diffusion. Moisturesegftromthe

concrete surface to the environment through conveatibith is mathematically expressed as

the convection coefficieniMeghwar et al., 2022)The convectiordiffusion depends on the

RH gradient between the ambient environment and the exposed surface of concrete, as well as

the surface conditions (i.e., rough, smooth etc.).

RH measurements are not affected by slight changes in temperature. The minimum and
maximum ambient temperatures recorded were 17and ,23 espectively. H
diffusion rate may vary if the temperature change is significant, as repor{@degihwar et

al., 2022; Kang et al., 2012; Bazant and Thonguthai, 1978)
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Figure 45 RH evolution in ASE and OSE plain concrete specimens at a depth of:rfaj1()
20mm; (c) 35mm and (d) 60nm.
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Figure 47 RH evolution in ASE and OSE F40 concrete specimens at a depth of: (a) 1
(b) 20mm; (c) 35 mm ad (d) 60 mm

4.4.3 Shrinkage Measurements
Figs. 4.8, 49 and4.10 show net drying free shrinkage (total measured shrinkage minus
autogenous and thermal shrinkage) of ASE, OSE and autogenous shrinkage in CS specimens,
respectivelyThe ptal shrinkage of all the specimens is givel\ppendix D. It is clear from
the results that shrinkage is affected by the combined effect of ambient temperature and
humidity. The temperature variation means that the increase in shrinkage is not mohatonic,
shrinkage does slow down with time, and there is a clear difference between the results from

the top (T) and bottom (B) surfaces
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Figure 410 Autogenous shrinkage of CS specimens.
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Overall, the shrinkage gradient (from top to bottonplain concrete is higher than F80and
F40mixes; it is also higher in OSE thamASE specimens. This is partly due to the fact that

a) aggregates settle more easily under their weight in plain mixes; b) the casting surface is
expected to be a bit weaker due to the bleeding of water duringotfagion of the specimens

(Jeong et al., 2015and (c) boundary conditions, as OSE is drying from the top surface only
which results in higher shrinkage than the sealed surfaces. This means that the specimens have
differential stiffness and, hence, resistiskage differentially across the degh -Kamyani,

2018; Kim and Lee, 1998)

In fibre reinforced mixes, the fibres prevent the aggregates from settling during vipration
resultingin a lower shrinkage gradient. Fibres also appear to provide additional internal

restraint as less overall shrinkage is observed in nkii28sndF40than n plain concrete.

4.4.4 Comparison of shrinkage results and prediction models
Figs. 4.11 and4.12 show a comparison of autogenous (of CS) and drying shrinkage (of ASE)
with theoretical predictive models (Eurocode 2; Model Code 2010; ACI 209; JSCE and B4).
The Eurocode, Model Code, JSCE and B4 models ymaelict the autogenous shrinkage, as
alsorepaedin( Marugi il and Gtirmer, 2016; Yoo et al
Vitek, 2017b; Vinkler and Vitek, 2017ayurther details of these models can be found in
Appendix G All the models consider only the effect of cement on autogenous shrinkage except
the B4 model. The B4 considers the aggregate effect along with theteratament ratio.
However, boundary conditions, aggregate distribution and internal restraint due tol8bres a

affect shrinkage (both autogenous and drying shrinkage).
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Eurocode 2, JSCEANnd B4 models ovesstimate, and ACI 209 and B3 underestimate the drying
shrinkage of all mixes. The Model Code offers the best estimates. However, no code considers
the effect of fibres on the shrinkage of concrete, nor differential shrinkage due northe

uniform distribution of the aggregates.

4.5Numerical Modelling
Numerical modelling is performed using ABAQUS CAE 2021. For hygezhanical analysis,
first hygral analysis is performed ondimensional (1D) and-8imensional (3D) diffusion
specimens to siulate the experimental OSE and ASE specimens, respectively. The procedure
of hygral analysis is discussed elsewh@veeghwar et al., 2022)Mechanical analysis is
performed in the second step using Btatic General Packagef the softwareThe hygral

model is coupled with mechanicahalysis to calculate drying shrinkage during this analysis

The concrete damage plasticity (CDP) model (see section 5.2) is used during shrinkage and
curvature analysis to capture the tenssoftening behaviour of RTSF reinforced concrete. The
CDP modelis calibrated througtan inverse analysis techniguéiu et al., 2019)against

experimentdy obtainedoad-deflection curves (from threepoint bending tes].

4.5.1 Hygral Modelling
A 3D deformable solid8-nodelinear brick typeslement was used for modelling. DC3D8 and
C3D&R element types were used for hygral and mechanical analysis, respe&ivaebsh
sensitivity analysis was also performed to assess the effect of mesh size on moisture
distribution and shrinkage. It was found that mesh size along the depth does not significantly
affect moisture distribution and shrinkage for the considered reésbment levels. However,
the tension softening part @he material constitutive model (i.e., CDP) is highly mesh

dependent (see sectidib.2). Hence, to avoid mismatch of meshes in different models and
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to maintain computational efficiency and numatiaccuracy, a 5mm uniform mesh is adopted

in all the models.

Fig. 4.13 compares the experimental resyl& of humidity distribution at different depths
with drying time and the numerical predictio(s). The figures show that the calibrated
parameters of diffusion coefficient (siq. 4.2 andFig. 4.14), as summarized ifiable4 .4,
capture moisture distribution with high accuracy. The diffusion coefficient of ASE specimens
is higher than OSE. As ASE spmens are exposed from all surfacdiffusion is 3Dwhile a

1D mechanism is predominant @SE specimens. Thus it is likely that 3D diffusion is not
uniform in all directions. Nomniformity can be dueo the different natureof the cast surface,

complexpore structure distribution, and naniform aggregate distribution.

Table 44 Hygro-mechanical alibrated parameters

Shrinkage parameters Hygral parameters
Concrete Mix OSE Specimens ASE Specimens
b b a b | f(mm/day)| n| a b | f(mm/day)| n
Plain 0.0025 0.88 0.12] 3.27 0.2 41 0.27| 3.27 0.5 4
F30 0.0020 0.88 0.12] 3.27 0.2 41 0.27 | 3.27 0.5 4
F40 0.0010 0.88 0.12] 3.27 0.2 41 0.27| 3.27 0.5 4

As RH drops faster nedhe surface thamn the core of the specimen because moisture takes
time to diffuse from the coref the specimens. This createég RH gradient that can result in

differential shrinkagewhich is furthenntensifiedby the non-uniform stiffness of concrete.

Fig. 4.15 shows mmerical prediction results based the implementation of thdiffusion
parametersuggested in M0 (seeTable4.5). These parameters lead to an ureltimation
near the surface (10mm) and an egstimation of moisture at deptgeeatethan 20mm. This

can result in undeprediction of overall shrinkage induced curvatures.
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for: (a) Plain, (b) F30, and (c) F40 mixes.
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Table 45 Model Code 2010 diffusiongvameters

Parameters rhOJv Be'! T4 . )
MC-10 Diffusion Parameterg Ip pm 10 0.80 15 0.05

4.5.2 Calibration of Concrete Damage Plasticity Model
After shrinkage and RH measurements, all the prisms are notched and tested-poititree
bending according to RILEM TC 16PDF, as shown irFig. 4.16. Details ofan individual
prismaregiven inAppendix E. The loaddeflection curves of experimentaliisms (OSE) are

calibrated by varying the CDP model parameters (i.e., inaralysis).

|2s] 450 |25

Figure 416 Threepoint bending: (a) test sep, and (b) specimen geometry.

Figure 417 Abaqus FE model
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Numerical analysis is performed on a tdimensional (2D) deformablganar shell element
and 4noce bilinear plane sess quadrilateral element (CPS4Rs shown irFig. 4.17. The

CDP model input parameters include the inelgstic- relationship in uniaxial compression
and tensile behaviour and multiaxial yield and flow parametersi@ge4.6). According to

(Hu et al., 2019)compressive strain remains in the linear elastic region in FRC prisms (with
140 kg/n? steel fibres) under flexural loading. Hence, to simplify the analysis, elastic
characteristics (according to MI{D) are used in compression. The multilingarm -
characteristics in tension are back calculatedKgge4.18b and4.19b) from the experimental
load-deflection curveskigs4.18a and4.19ashows the numerically calibrated |leddflection
curvesfor OSE specimenslong with the experimental data and predictions accordiltgto
10andRILEM (see Appendix G)Theuse of théback calculateq 1 - relationshipaccurately

fits the experimental loadeflection, while MG10 and RILEM over predict the loatkflection
which is also observed ljisa et al., 2021; Hu et al., 2019; Tlemat et al., 20Dé)ails of other

calibrated loaeteflectioncurves argiven inAppendix F.

25 - (@) Experimental (b)
Numerical 5
20 RILEM I
MC-10
\ 4
= 15 [ —
Z [
=
> | s3
8 B P
- 10 | s
(O]
327
ST 1
O L L 0 1 1 )
0 1 2 3 0 0.02 0.04 0.06
Mid -span Deflection (mm) Strain

Figure 418 Inverse analysis results for O30 mix; (a) loaedeflection curve, and (b) ba
calculated multilineay 17 - in tension.
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Table 46 FE modelling CDP arameters

Eccentricity | 9t Q |L% Viscosity parameter | Poisson ratio
r
Dilation angle
31 0.1 1.16 0.667 0.00002 0.18
25 _
(a) Experimental (b)
' *
Numerical
20 - RILEM 4t
i MC-10
=15 g3
< :
3 2
S10 | = 2
! g2t
\ ‘
5 1k
0 1 1 1 ] 0 1 1 ]
0 1 2 3 4 0 0.02 0.04 0.06

Deflection (mm) Strain

Figure 419 Inverse analysis results for O$#0 mix; (a) loaedeflection curve, and (b) ba
calculated multilineay 1 - in tension.

As expeatd amesh sensitivity analysis shows that varying mesh size does not affect the elastic
part oftheload-deflection curve. However, the strain softening part of the curve is highly mesh
dependent as energy dissipation decreases with decreasing size of tifisaneshl., 2021)

To avoid the mesh dependency, the characteristics length concept can be used (i.e., the ultimate
cracking strain is multipliedy the ratio of the characteristis length ofthe experimental

specimen to the characteristics length of the mesh).

4.5.3 Hygro-mechanical Modelling
Numerical analysis was performed only on OSE specimens. The OSE specimens have a higher
shrinkage gradient, so it was expected,thaia resultconcrete might crack on the top surface
during the analysis. To investigate the effect of shrinkage gradient on the mechanical
performance, both uniform and differential stiffness of concrete along the depth (see section

5.4) are examined.
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The constanparametersh ando of HCC inEq. 4.9, are calibrated by inverse analysis using
experimental shrinkage results. The calibrated parameters are giVablev.4. Fig. 4.20
shows the HCC of all the mixes. HCC of thlain mix is higher than foF30andF40 mixes,
as also observed Kyafarifar et al., 2014)This can be attributed to the higher shrinkage in
plain mixes, different aggregates distributions and pore structures, as well as theingstra

effect of fibres.

0014 - i

— Plain 0015
0012 |
........... F30
E 001 |
g o001 | T F40
g
o
(=]
S o008 | 0.005
2
I
ad
g 0006 | 0
o
E
g
o

099 0995 1
0.004 j
2

"
0.002 F H

.....

.....
______________________________________________

Figure 420 Hygral contraction coefficient.
Based on the calibrated parameters of HCC, the numerical predictions of OSE specimens are
compared against the experimentally measured shrinkage reskits 4121. The numerical
results at the top surfaceasonably follow the experimental results' tteHowever, at the
bottom surfacethe numerical analysis predicts moderate expansion in all OSE specimens,
something not seen in the experiments, possibly due to imperfect sealing of the bottom surface.
Differential drying results in a shrinkage gradi¢nat can cause mechanical stresses. The
compressive strains induced at the top are internally resisted by the adjacentwhiars
results in surface tensile stresses. These tensile stresses travel down from the exposed surface
to 35 mm asheconcrete des deeper with time (sé€g. 4.22).
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As the bottom surface does not dtys not predicted to shrink. However, the combined effect

of shrinkage curvature and internal restraint (due to fibres and aggregates)nrésdtile
stresses at the bottanfithe prism as wellJafarifar et al., 2014yhich leave the centre of the

prism in compressionn practice, these tensile stresses are amplified further by the additional
restraining effecof the ground, side walls, internal columns and applied loatgh can
impose an eccentric external tensile force along the depth. It is important that this is accounted

for in the design of SoG, as it will cause craftkappear at lower applied loads.
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Figure 421 Numerical and experimental drying shrinkage of OSE specimens, (a) Pla
F30 and (c) F40.
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Figure 422 Stress distribution along depth at different time intervals in F40 concrete; (a) L
and (b) differential stiffness.

4.5.4 Numerical Modelling of Shrinkage Curvature
Curvature kexp can be determined by dividing the difference in shrinkage strain frotoghe
(H) to the botton(Hy) of the prism by the distance between them (i.e.,r9). Curvature in
structural concrete is attributed to roniform shrinkage and creep strains, uneven aggregate
distribution andeccentricity of steel reinforcement from tpeometric centroid of the concrete
section(Gilbert, 2001; Gribniak etl., 2007; Jeong et al., 2015; Younis, 20Hywever, in
plain and FRC concrete SoGs, aamform aggregate and moisture distributions also need to
be considered. In this section, the effect of moisture distribution and concrete stiffness on
curvatures analysed and compared with the theoretiaayature modebf Al-Kamyaniet al,

(2018) see Eg4.11, andnumerical curvature models for plain and FRC.

The efect of nonruniform aggregate distribution on concrete aggregates is determined by using
models proposed b&l-Kamyaniet al, (2018) The nonuniform distribution causes higher

stiffness at the bottom than the top (concrete casting surface) of the concresectiosgsee
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Fig. 4.23). The calibratece of Eq. 4.11 is used to calculate th#E. During curvature and
shrinkage analysis, neuniform (NU) and uniform (U) stiffness are examined separately to

investigate the cracking and its effect on curvature.

— dE

2/3(h

dE

E+dE

Figure 423 Typical plain concrete crossection and section analysis.

The numerical shrinkagevaluation was calculated by bac&lculating the hygral contraction

coefficient (HCC), see section 5.3.

. - 0 0 0Q

Q o 5 (4.11)
Where

Q O O

o 0l

h 1] "O 'O

O —_

P C

keqt) is the theoretical curvaturéiq(t) is free drying shrinkage (ihe average of the top and
bottom shrinkage of the specimen&y;js the total area of concreteis the eccentricityc is
the geometric centroid (i.eh/2); Gcefis the effective centroid of concrete stiffneksis the
second moment of arebwidth of the specimer) is the overall depth of the specim&his
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the amount of coarse aggregat®ss the amount of bindey; is the density of concret&is
the amounof slump;F is the amount of fine aggregatéds the calibration factor; angd is

the size of coarse aggregates.

45.4.1 Curvature results
All values used to calculate the theoretical curvature are givéahte4.7. Figs. 4.24,4.25
and4.26 show the experimental, theoretical and numerical evaluatitrectirvature olOSE
andASE specimens. The curvature mogebposed byl-Kamyaniet al, (2018)is calibrated
by optimizing the calibration factok. The model accurately captures the experimental
curvature evaluation. Shrinkage induced curvature in the prisms evolves with time as shrinkage
progresses, which is also observedYounis, 2014; AlKamyani et al., 2018c; Jeong et al.,
2012) However, in plain (both OSE and ASE), F30 and F40 (only OSE thaexperimental
curvature drops gradually after 200, 110 and dai’, respectaly. This drop was presumed
to indicate the onset of surface cracking, but no visible cracks were observed in the

experiments.

Table 47 Al-Kamyani et al(2018) curvature grameters

Curvature Parameters | Plain | F30 | F40
C (kg/nd) 1023 | 1023 | 1023
B (kg/mP) 335 | 335 | 335
A (kg/mP) 2339 | 2360 | 2389
S (mm) 200 | 50 40
h (mm) 150 | 150 | 150
F (kg/mP) 847 | 847 | 847
D (mm) 14 | 14 | 14
k for OSE 0.1 | 053 | 0.55
k for ASE 0.03 | 0.05 | 0.055
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Figure 424 Curvature prediction in OSE and ASE of plain concrete
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Figure 425 Curvature prediction in OSE and ASE of F30 concrete
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4.5.4.2 Drying Shrinkage and Cracking

In the CDP model, the inelastic strain (IE) or cracking strain can be used to estimate the crack
width over an effective length. IE is plotted at critical regions (i.eth@tentre of the top
surface) of the OSE specimendgHig. 4.27 for plain, F30 and F40 mixes. IE is highest in the
plain mixes and it is higher in nomniform than uniform stiffness specimens. This is because
the plain mix has higher shrinkage and stiffndssan be seen ikig. 4.27 that at the top
surface IE stabilizes quickly after reaching a maximum value in all samples, whilst this
stabilisation is slower in deeper layers. Though the IE values indicate the initiation of cracking

in concrete, these was do not escalate sufficiently to result in a sudden drop in;dtersas,

any cracks are likely to be small and relatively veslhtrolled.

Cracki occurs when i nternal stresses due

ng
Cracks occuat thetop surface angropagate inside the concrete with time. After cracking at

the top, internal stresses redistribute and travel inside the concrete as the drying front travels
down from the exposed surface of the specimens Kgeed.22). Cracking occurslightly

earlier in the noruniform stiffness specimens (s&able 4.8) and penetrats up to 20mm,

15mm and 10mm, in plain, F30 and F40 mixes, respectively.

Table 48 Onset of cracking time (in Days) in different mixes along depths

Depth Plain F30 F40

Uniform | Non-Uniform | Uniform | Non-Uniform | Uniform | Non-Uniform
Top 1.47 1.00 3.32 2.21 11.22 7.48
10mm 11.22 9.35 18.82 15.44 172.9 76.97
15mm 31.75 28.15 80.6 47.65 - -
20 mm 83.94 74.28 - -
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Figure 427 Inelastic grain at the centre of Plain, F30 and F40 specimens withundiarm
and uniform stiffness distribution é) top, (b) 10 mm, (c) 15 mm, and (d) 20 mm.
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Figs. 4.28,4.29 and4.30 show the 3D stress development with depth over time of plain, F30
and F40 concrete with uniform stiffness. The stress drop near the surface confirms that the
concrete is cracking anthat the cracking propagates down the depth slowly with time.
Nonetheless, as the IE strain is not increasing after it reaches its maximumrasilebe is
reducing, this is an indication of stress relaxation as deeper drying releases the strésp at the

surface. This iafurther indication that these cracks are unlikely to develop into visible cracks.

The figures also show that the tensile stress at the bottom of the prism is high but not high
enough to cause cracking. For equilibriuhre centre of the prism is always in compression
which increases over time as the tensile stresses also increase. The implication of this stress
distribution is thatin practice cracking is likely to develop further with loading (both at the

top and bttom of an SoG) and at a much earlier stage than would be expected if the drying
stressesvere not considered. Nonetheless, these cracks cannot penetrate very deep, as the
middle of the section is under compression. Hence, the stress development duago dry

shrinkage changes the way the slab will behave underdodddue consideration needs to be

given in design.
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Figure 428 3D Stress distribution of plain concrete with uniform stiffn:
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Figure 430 3D Stress distribution of F40 concrete with uniform stiffn

4 .6 Discussion and Conclusion

This study investigated moisture distribution and free differential shrinkage in plain and fibre

reinforced concrete and cracking due to shrinkage curvature. The adopted numerical modelling
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approach (i.e., hygrmechanical modelling) yieldsbetter prediton of the drying shrinkage

and associated cracking. Though these cracks are likely to be small, their impact is higher at
the top surfaceparticularlyfor the plain mixes, as they are likely to develop rapidly as loads
are applied. In addition, the caete casting surface is more prone to cracking as a result of

nortuniform slab stiffness due to aggregate settlement.

Design codes like Eurocode 2 and Model Code 10 do not consider the effect of differential
shrinkage curvaturéAt the same timg, h e OdRdiede Society updated Technical Report

34 completely neglects the effect of drying shrinkage and curvature in SoGs. Omitting the
shrinkage induced stresses will lead to underestimation of concrete cracking and lead to
serviceability issues. To accomnate cracking specifically in SoGthe nominal moment
carrying capacity in the critical regions (i.e. at the top drying surfacaraimterface between

the slab and subgrade) should be reduced. However, further experimental and numerical studies
are still required to investigate the exact reduction level required in the tensile capacity due to

thedifferential shrinkage of the concrete.

Based on experimental and numerical modelling, the following specific conclusions can be

drawn:

1. Plain and fibre reinforced concrete dry similarly with slightly faster diffusion in SFRC
mixes, possilyl due to more entrained air. However, 1D diffusion @agr than 3D
diffusion in all the mixes. The faster diffusivity is due to different boundary conditions
and noruniform pore and aggregate distribution.

2. Numerical analysis can predict with high accuracy the moisture distribution if the
appropriate diffusin coefficient is used. Coupling the hygral model with the
mechanical model (i.e., hygimechanical analysis) yields a better prediction of

shrinkage strains.
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3. Plain concrete shrinks faster than SFRC mixes. It is likely that fibres provide additional
restrant to shrinkage.

4. Differential shrinkage is higher in plain concrete than in SFRC mixes. Aggregates in
plain mixes tend to settle at the bottom moesultingin denser concrete in the bottom
half of the prism. The noeaniform distribution of aggregates wses noruniform
shrinkage. In SFRC mixes, fibres prevent the aggregates from settling rdswiting
in less additional shrinkage curvatures.

5. Design codes underestimate autogenous shrinkage and do not consider the effect of
differential shrinkage. Nonniform shrinkage can cause additional stresses that can
lead to higher stresses and deformations in structural members. Structural members
such as SoG, which usually dry from the top only, are more prone to shrinkage cracks

and curling deformations (i.eifting up of edges).
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Chapter 5: Stateof-the-Art Review of Slabson-Grade and Numerical

Modelling

Thefirst part of thischapter critically reviewtheliterature oncurling stresses and differential
shrinkage in slabsn-grade (SoG). It discusses design aspects and limitations of current design
guidelines for SoG, specifically in the United Kingdoim.the second part of this chapter
numerical modelling is performedn a typical fullscale SoG to investigate the critical
parameters that dominate the complex behavio8a® whendrying shrinkageeffects are

considered

5.1Curling Stresses in SoG
According toACI-360R,(2006) curling is dhe distortion of an originally essentially linear or
planar member into a curveshape, such as the warping of a sthle to differences in
temperature or moisture content in the zone
definesvarping whi ch is the 6deviation of a slab or
caued by either temperature or moisture diffe
these terms are used interchangeably and commonly referredudiag. The primary cause
of curling is differential shrinkagiwrough the depth d80G. The togxposed surface of SoG
is more prone tshrinkage than the bottom surfaesit is commonly free to dry faster and has
a higher unit water content at the time of the final set. The entire length of the slaiotdes
as a result of curlingout thepart near the edge of the sldbes, as shown iRig. 5.1. The
curled length is calledritical length(0 ), and it is defined athe length from the edges of the
slab where the internal stresses arising from theumsiorm shrinkage are equal andpogite
to the stresses resulting from the sedight of the unsupported end section of the slab

(Eisemann and Leykauf, 1990)
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Figure 51 Critical length [cr)) of the slab; (a) total length of the slaiss than or equal t
(Ler); (b) total length of slab greater thdn{.

Theloss of contact between the slab and the ground caused by cantitge prevented by
making a certain lengthiecritical length) ofthe slab thicker However thisinduces tensile
cracks on the surface dueth® higher level ofestraint atheends(Ytterberg, 1987¢)in
addition, the shrinkage strains are further restrained by side imakscolumns, applied
loads, ground friction etc. which cause tensile strains that ultimately lead to inelastic or

tensile cracking on the surface of the conc(€f-34, 2013)

5.2 Mathematical Models of Curling Stress
Variousanalytical and empirical models of curling streses to shrinkage, critical length of
slab and upward deflection of the end have been proposed by different researchers. For
example,Eisemann and Leykau{1990) and Pettersson(1998) (cited in Bishop, (2001),
showed that the critical length dependshothe depth of the slab; , coefficient of thermal
expansionp T temperature gradient at the top and the bottom surfacte sfab; O, the
elastic modulus of concrete;, drying shrinkage strain at the tdQ;, depth of slald} , density
of concrete;Q acceleration deito gravity andQ load factoras given inEgs. 6.1), (5.2) and

(5.3) (derived based on Sl units).

——

0 QB a  podB [ O (5.1)
0 Q#&ra T nagsm 22 % (5.2)
N e 2 8 8 8 8
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This curling can be upward or downward depending on positive or negative temperature or
moisture gradien(Hiller and Roesler, 2010)The study carried out b&CI-325 (1956 and
Leonards and Harr (19%8ited inYtterberg (1987ajecognisedwo modes of slab curling as
given in Fig. 5.2 (after ACI-325, 1956) Structural design guidelines of the ACI 360R

Committee on Design of Slab on Ground adopt these deflection modes

()

q Ib/sq.in. bt ——~

-

ZONE 2 ZONE 2

Figure 52 Curling of slabs; (a)ilghway slab during day time when teen warms the top
surface, (b)ndoor slab due to moisture differential between the top and bottom of the

Fig. 5.2 (a)depicts the positive gradient due to temperature difference at the top and bottom of
the slab, especially exposed to sunshine. This behaviour is typical in highway concrete
pavements where ambient environmental conditioeguently fluctuateevery day wih hot

(daytime) and coldnight-time) cycles. During the day, the top surface is hotter than the bottom
surface (positive temperature gradient of 3

temper atur e gr @tterberg) 19870)f 1 F/ inch)

Indoor slabssuch as warehouse ground slabs or industrial ground ala&sot much affected

by sun heabutare affected by moisture movement. The moisture content at the bottom surface
is higher than at the top. This is duetie use oimpermeable polyethene sheatshe bottom

The sheet are provided underneath the slab before construction, as recommend&s4
(2013)design guidelines to (a) avoid the friction between the subgrade and slab for unrestricted
movement and (b) prevent the cement gel of the concrete from penetrating inside the ground

which can degradehe quality of the concrete. The moistugradient causes differential
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shrinkage strains, higher at the top than the bottom, resulting in upward slab curling at the

edges, as shown Fig. 5.2(b).

Destrée Yao and Mobasher (2015) carried out a parametricssutya 1D finite difference
modelof sequential cracking and opening of restrained.Sd® studyconcluded thaa higher

level of restraint from either friction or fibres insidlee concrete or higher bond strength
reduced the predicted crack opening by restricting the movement of crslekedections.
Similarly, a study carried out byicholson (1981)pn three fuliscale slabs (54 x 13 ft) cast on

three different bases (i.e. imperviquayethenepervious sand, and sandment treated base)
investigated the shrinkage and cracking behaviour of the slabs. It was observed that the slab on
the impervious base had more plastic shrinkage cracks due to the evaporation of extra bleeding
water from the togonly surface that led to faster drying of the top surface. The slab tended to
curl, while earlyage strength gaiwvas less thathedevelopedensile stressdsading to cracks
However, these ecks were lower in the sand base slab becauseooé evenmoisture loss

due toevaporation from the top and penetratidnvaterinside the sand, enabling the concrete

to densify without creating anyftirential stresses, which prevented curling and resulted in

the elimination of plastic shrinkage cracking.

5.3 Differential Shrinkage Cracking
Nonruniform shrinkage strain induces differential stresses inside structural concrete. These
stresses are flexurat tensile in nature; if at any stage of concreggurity, the magnitude of
induced stress becomes higher than the tensile strength of the concrete, then concrete can crack
(Ytterberg, 1987a)As perACI-360R (2006 andTR34 (2013, the size of these cracks can be
micro or macro depending on the time they appear. At an early age, these cracks are very fine,
known ascrazing,and with time, they progress alotige length and width due to drying

shrinkage and applied loadsdcan be seen with the naked eye. Althoagdzingonly affects
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surface appearance rather theading toany serviceability or structural issjenacro cracks

can severely affect the performance of SoG.

In SoG, cracking is often associated wigstraint shrinkageThe restraining effect idue to
resistance to free movement. Accordindestrée, Yao and Mobasher (201there are two
restraining effects: internal and external. While internal restraint is caused by thaifaym
distribution of aggregates and steel reinforcem@itKamyani, 2018) external restraint is
caused by interaction with the ground, side walls and col§Biskop, 2001; Loshg, 1978;
Robins et al., 2003; de Sa et al., 20@8jound restraint is dominant in SoG as compared to
other types of restrainRestraint inducedtresses can be calculated udbgs.(5.4) and(5.5)

(Losberg, 1978)

K 188 & (5.4)

” — 8— (5.5)

Where; A pure tensile stress due to ground restrainipad correction factor, 1.5 to 1.8
between pure tensile stress and bending tensile stressisity of concreté, coefficient of
friction between subgrade and slablength of the slab, warping or curling stressQ
modulus of elasticity of concrete, Poi s s o n 0 3 diffaréntiabshrimkage strain due

to temperature gradient at the top and bottom of the slab.

Losberg (1978fuggested adding both stresses (from ground restraint apthg)a and the
consdidated amount should be subtracted from the tensile strength of concrete during the
structural designing o80G Though this formulation quantifies both ground restraint and
temperature gradient, moisture gradieeieds to beaccountedfor, which is signficantly
dominant in indoo60G The study bys.A. Leonards and Harr (1958hows curling is due to

the combined effect of thermal and hygral or moisture gradient known as the equivalent thermal
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gradient (ETG). The ETG considers the total shrinkage straimt timet and the coefficient

of thermal expansian , to calculate equivalent shrinkage strais given irEq. (5.6).

%4 — (5.6)

As the slab thickness is notamgh to cause a sufficient temperature gradient, this gradient can
be significant in the early age when concrete starts the hydration process, which releases heat

and increases the internal temperature of the concrete.

Temperature variation and inducedasts were observed through temperature and strain
gauges at various slab locations along the length and depth up to 28 days-scéaléudilabs

in England byBishop (2001) Based on field observations and finite element analysis (FEA)
onthermal modelling, it was observed that the temperature gradient was generallgsihall
section of the slab was not enough to generate sigmtificzat inside the concretstill, ETG

of 1.5 C/cm and 0.74 C/cm wasnglexperi me
pTti O1 Xo#Er large pour areas and thick and reduced joint spaciegpectively.
Moreover, the stresses from uniform contraction were significantly less than those from
differential contraction. In the longer term, when warping arutidmal restraint are accounted

for, the maximum tensile stresses in a slab will liketgur at the top surface. The warping
restraint was more significant than the longitudinal restraint, and the-nfiedcdured
longitudinal restraint between gauges waghbr thanpredicted bythe current frictional
restraint theory. This means that the curling stresses influencearamiéngthan uniform

shrinkage restraint stress.

5.4S0G Design Guidelines
TR 34 (2003yecommend providing a slip membrane to avoid frictional resistance between
the slab and the ground. Further, the TR34 report suggests using a 0.2 restraining factor (RF)

to estimate stress due to external restraint to shrinkage as gikgn($7), and if the sla is
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fully restraired then RF = 1. To account for curling due to internal restraint, this report suggests
the use of theformula proposed bylLosberg (1978)seeEq. (5.7). Instead of differential
shrinkage due to temperature gradighte report consider the shrinkage due to moisture

gradient (se&q. (58), and considers the creep relaxation factor in both of the stresses.
U Uniform stress due to external restraints

QYO ; 8 (5.7)

Where

"Q = long-term shrinkage stress

'O = Secant modulus of elasticity of concrete

- = Free drying shrinkage

O = Effective modulus of elasticity

%& Creep relaxation factothe report suggests, i.e), 2

U Curling stress due to internal restraints

Q  -0—8— (5.8)

Where
"Q = Curling stress
3- = Differential drying shrinkage at the top and bottom of the slab

"= Poissonb6és ratio
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Finally, this report concludes that shrinkage stresses due to restraint and loadiogplex
and suggests subtracting 1.5 N/Afnom the tensile strength of concrethile computing the

hogging moment capacity of the slab in severe loading areas.

The morerecentTR 34 (2013)publicationmadea significantrevision regardingndustrial

ground floor curling and restraint stress&his report, however, does not consider the effect

of shrinkageinduced stresses butsteademphasises (a) minimising the shrinkage by using
suitable concrete mix design, (b) minimising contact with externates (ground, walls etc.),

(c) the use of slip membranes, and (d) adequate provision of joints that can release the induced
stresses. In addition, this report recommends sawn joints ap&omgfor fabric-reinforced
concrete and load transfer joints3& mspacingfor jointless slabs to avoid the risk of drying
shrinkage cracking. At the same tinms, sawn joints are recommended for fipeenforced
concrete due to the high risk of the joints opening, which can lead to the progressive reduction
of load transfer capacity and thimrmation of free edges. This can result in significant

deflections, cracking, vertical movement at joints, loss of slab support and joint damage.

However, just ignoring the curling stresses does not mean that they are mitgaiadtely,

but they need to be analysed quantitatively to know the complex behaviour of shrinkage. In
pursuing that objectivedafarifar (2012fonducted experimental and finite element analysis to
assestheimpactof moisture gradient on curling stresses in concrete pavement (10086 x 3360
x 200 mm) for up to 365 days. The numerical results showed that due to drying shrinkage, in
the top quarter of the crosgction of the pavement, the tensile strength reache(bédi) of

the ultimate tensile strength capacity. On the other hBR®B4 (2003yecommends reducing

by 30% the flexural tensile strength capacity throughout the slab’'s top TRIf34 (2013)

ignores the effect of drying shrinkage, which is very dominarthe surface.
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Similarly, Bishop (2001)performed experimental and 1D numerical modelling (thermal
modelling) on earlyage (i.e., 28 days) concrete pavements (40000 x 40000 x 225 mm). The
author measured strains and temperature irstidle slabs at défent locations along length

and depth usingibrating wires gaugef/W) and thermocouples, respectively. The induced
strains were higher three days after casting dudedigher initial temperaturecaused by
cement hydrationwhich then decreased uniioty. Although the author did fulicale
modellingandmeasued strains aspecific locations (e.gmid of concrete slab, in some cases
near edgeslocal straingnay not give a representatiresult of theshrinkage effectMioreover

drying shrinkage is a lontgrm phenomenon, so eaidge shrinkage might nanform the
expectedong-term behaviour of pavements. For theoretical calculations, the author did not
consider the effect of temperature and moisture individually but rathévadéent thermal
gradient in place of differential shrinkage strains, as suggest&l By Leonards and Harr

On the other hand,R 34 (2003uses differential shrinkage instead of ETG in the curling stress
equation, as given iag. 6.8).In comparisonJafarifar (2012yonsidered the moisture analysis
only without considering the effect of temperature by assuming that the hygral coefficient

varies with the properties of concrete and internal moisture content.

The differential shrinkage strains, therefprare due to both moisture and temperature
gradients. At an early age, the thermal strains are dominant, but with time as the concrete dries,
the moisture gradient playsnaoreimportant role. Due to the provision of the slip membrane
underneathSoG the moisture does not penetrate the ground from the bottom but instead
evaporates only from the top surface. This phenomenon will induce a higher moisture gradient,
low at the top and high at the bottom (almost 100% RH). Thus, there is a need to quantify the
temperature (ithe case of earhage concrete) and moistureduced strains (experimentally

and numerically) in fullscale SoG at not only the middle strip but also rikaredges to

understandhe complexong-termbehaviour ofSoG
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5.5Numerical Modelling of SoG
FE numerical modelling is performed in Abaqus CAE 2021 on 3Bsfidle SoG (i.e., 10000
x 10000 x 150 mm)The 3D modelling approach givesbetter approximation than 2D of
curled shapedue to differential shrinkage. First hygral analysis is peréatrand then time
history moisture data is coupled withe mechanical model (for detajlseeChapter 4 to

guantify the behaviour of the slab in drying without external loading.

Typical SoG are constructed using FRC withdZBKg/n? steel fibresTR 34 013) considers
residual flexural strength values (i.&€2 and™Q ) to calculate the moment capacity ERC
SoGs based oRILEM TC 162TDF. In this studythe RTSFRC with 40 Kg/Aof RTSF is
used.F40 concrete mix sharacteristicproperties stiffness and calibrated CDP material

modelare used for the analysis.

5.5.1 Modelling Assumptions
As discussed earlieBoGdries from the top only surfageso all the Bb surfacesre sealed
except the topwhere moisture diffuses to the environment. The calibrated diffusion coefficient
and hygral contraction coefficient ttie F40 mix (i.e., OSE prism) are used in hygral and
shrinkage analysis, respectively. As geg TR34 design recommendaticamminimum depth

of 150 mm for the slab and silase is selected.

Due to symmetry alondhe length and width of the slab and shbéise,and to reduce
computational timgonly a quarter (i.e., 5000 x 5000 x 150 mm) of the slab andbsise is

modelled, as shown iRig. 5.3.
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Figure 53 FEA geometry of the slab.

To model the contact between the slab andbade the Coulomb friction model is adopted.
According to the model (as given k. (5.9)), the shear stress goportional to the contact
pressure before sliding surfac&nce shear stress reachies critical value sliding of the

surfaces occur

toa (5.9)

Wheret is the shear stress is the coefficient of friction; and is the contact pressure
The woefficient of friction (0.5),critical shearstress (100 kPaglastic modulus (8 GPa) and
Pois® n 6 s r a tthesublfafeand interfbce between the slab and-Babeare assumed

after (Jafarifar et al., 2016)

The @il underneaththe subbase also known as subgrades modelled according tthe
Winkler soil model. According t@Vinkler (1867) thefoundation defletton under vertical load
is directly proportional to the force without shear transmission to the adjacent layers. This

model is defined in terms ¢ie modulus of subgradé) of the elastic foundation. According
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to TR 34 (2003, k varies between 0.01 talON/mn? for different types of soils. An average

value of 0.06 N/mrhis adopted in this study.

DC3D8 and C3DS8R, -8ode solid brick elementsvere used for hygral and mechanical
analysis, respectively. During analysis, 5 x 100 and 50 x 200 mm (5 and 50 mm along the
depth and 100 and 200 mm along length and width) mesh sizes for the slab-badesaie
adopted, respectively. Mesh sensitivihadysis shows that in 1D diffusion problerti'emesh

size alonghediffusion direction does not signiatly affect moisture distribution and not

mesh sensitive in other directions (see Chapter 3). In Chapter 4, shrinkage analysis and CDP
material malel calibration veredone usinga5 mm mesh size. In addition, the slaied along
thedepth only, s@5 mm mesh size alorthe depth and 100 mm alorige length and width

is considere@ppropriate

5.5.2 Drying Creep
The drying creep of concrete includescro crackingand intrinsic creepMicro crackingis
associated with microstructural damage due teumaform drying.At the same timantrinsic
creep has its own mechanism and dependfi®properties of concrete. The tensile stresses

are dominant in the design 806G hence drying creep here refers to tensile creep.

During numerical modellinghe micro crackingcomponent of the creep is considered by the
CDP material model. According tltoubat and Lange(2002; and Jafarifar et al.(2016)
intrinsic creep occurs ithe pre-cracking stage when concrete is elastic. It only releases 7% of
the total drying shrinkage strains in the critical regions (i.¢hatop drying surface where
shrinkage is highWwhich is much less than the cracking stsaltbencetheintrinsic component

is not considered in the analysfdter cracking, the tensile stresses are released by the crack

opening.
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5.5.3 Modelling Results
5.5.3.1 Ciritical Length

Figs. 5.4 and B showthecurling length of the slab from the centre to the edgetaacdentre
to the corner. The edge and corner lift up 3.46 mm and 10 mm, respediftetyl 19days.
After that deflection startedo decreas slowly, as shown irFig. 56. This relaxation of the
deflectiondefinestheonset of cracking near the edge awiner Due tothe selfweight of the
slalh some portion of the deflection releasedrhe total length from the centre to the edge and
corner is 500@0nm and 7071 mm, respectively. After 318 days of drying, 1500 mm and 4384
mm lengths of the edge and corner from the centre are curled up due to differential shrinkage.
This is half of the critical length (ségg. 51). Lifting up causes complete loss fosub-base
support, as shown iRig. 57. However, half of the critical length is higher at 119 days due to
higher curling of the corner. After this time, cracks occur, which release part of the curling. At
this stage,fithecurled length igurtherloadal by anyexternal loadssuch asnaterial handling

equipment (MHE), it can causevegecracking.
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5.5.3.2 Drying Shrinkage and Cracking
As mentioredin Chapter 4theinelastic strain (IExomponentf the total strain in Abaqus is
thecracking strain. | Es afthercriid@lUagiortaer, at the demire)t e d  a
as shownn Fig. 58. Fig.5.9 showsthegraphical distribution of the strains over the top drying
surface. These strains are higher at the centre rédggoredge and corner becaus#®@ nm

of thelength is unsupporteavhich shifts the cracking at the start of the critical length.

IEs start athe topafter 10 days angenetrate inside the slab with time up to 20mm. They are
higher at the top than 20mm depth which means cracks are wider at thetogxternal load
is applied over the slab at an early apese cracks will further open uppecifically a load

appliedat the edge or corner can causeesecracks in the critical regions (where curlings

started).
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Figure 58 Inelastic strain distribution along the depth at the centre of the
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Figure 59 Inelastic strain distribution at the top of the slab.

5.5.3.3 Curling Stresses
Fig. 5.10showsthe curling stress distribution along the depth at the corner of theAfldhe
top, after 13lays of dryingthe stress reaelsamaximum value of 4 MPa and then redistrilsute
along the depthAs for the prisms in Chapter 4i$ redistribution happens #gedrying front

travek from the top stface towards the core of the slab.
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Figs.5.11, 512 andb.13show 3D stress distribution at the centinemidpoint of the edge and
thecorner of the slablhe dressvaluesdrop at theop after reaching the maximum vajtleus
confirming cracking but as the IEs are lgwhese cracks are likely to be smalhe figures also
showthat tensile stresses travel along the depth up to 50mm, 40mm and 2@heroemttre,
edge and corner, reggively. The slab's bottom half mainly has compression at the centre and
edge While underneatthecorner tensile stresses increase with time ém@not high enough

to cause cracking. However, they can cause cradkilnging continues for a long time aiifd

aload is applied at the corner.
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Figure 513 3D stresses distributions at the corner of the slab

5.6 Summary
Full-scale modelling of SoG based on the calibrated diffusionsandkage parameters is
performed in this chapter as a case study. The modelling results show that calyifoam
drying can cause cracking on the top surface and 10mm curling of the corners of the slab. If
this drying shrinkage is further coupled wisitructural loading (i.e., hygrmechanical
structural analysis)the loading will cause serious macro cracking in the critical regions.

Further analysis shows that curling stresses are of the magnitude of 4 MPa inacgtsal

The experimental shrinkagbserved in F40 concrete (with 20168 MPa stiffness )i order
of35200 and 272 OU (including autogenous shr
respectively. Based on TR 34 (2003) formulations Ege 6.7) and(5.8)), this shrinkage can

induce 1.2 to 1.5 MPa shrinkage stresses and 1.4 MPa curling stresses without creep. The
numerical prediction shows that the induced stresses are of the magnitude gfwihidRas

much higher than TR 346s esti matopupmo.50mmhese t
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inside the slab, but they might further penetrate when external loading is apgledslab.
Therefore, it is highly recommended to consider these stresses in the designSofGthe

specifically in the critical regions which are moreme to cracking.

In the numerical modellinghe intrinsic creep is ignored, as previous studies show that it
releases 50% of the elastic strains before cracking in the highly distressed,n@gichsre
around 7% of the total strains. This relaxation oasult in 7% fewerinduced stresses in the
numerical predictions. However, further studies are still required to mod&loBGavith an
evaluation of the concrete stiffness and CDP material model paranTétese parameters are
time-dependentso they ca affect the behaviour of the eadge concrete. In addition,
parametric studies on friction between the slab anebssk, properties of the sbhse and

subgradewill yield abetter prediction of the behaviour 86G
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Chapter 6: Conclusionsand Recommendations for Future Research

6.1 Conclusions
This research aimetb quantify the moisture and shrinkage distributiorRinSFreinforced
concrete A stateof-the-art literature review was carried out to investigate the parameters
which causenonuniform moisture distribution in the concrete. Based tha identified
parametersamodified diffusion model was generated and calibrated using humiditjrdata
the literature. The diffusion modelwas validated using experimental data obtained from
extensve lab work.For almost a year, moisture in terms of relative humidity and shrinkage
was monitored in prismsFinally, numericalmodelling of moisture and shrinkagevas
performedon 3D fullscale slakbn-grade to investigate the drying shrinkage perforraasfc

the slab. The @in findings of this work are summarized below.

6.1.1 Instrumentation and Pilot Study (Chapter 2)

1 The RH sensor installation methodology worked effectively. Inserting steel rods in
concrete moulds to create voids results in a rich cemer giagte bottom of the hole,
hence preventing moisture movement. The rich cement layer needsdogbened
before sensor installation.

1 The ambient temperature and temperature inside the concrete are proportional. No
temperature gradient is observed ia pecimens.

1 Changes in ambient humidigffectRH at shallondepths more thaatthe core of the
concrete.

1 Moisture distribution is highly nehinear whether drying is 1D or 3D. 1D drying is
slower than 3D due to boundary conditions and the complex nafutlke pore
distribution.

1 Both ambient temperature and humidity affect drying shrinkage. As temperature
increases, shrinkage slows down due to thermal expansion. Lower ambient humidity
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causes a higher humidity gradient between the environment and coneseaténg in

faster diffusion and more drying shrinkage.

6.1.2 Numerical Determination of Moisture Diffusivity in Concrete (Chapter 3)

The diffusion coefficient increases significantly with increasing w/c ratio, and
temperature, while it decreases marginalith concretematurity.

The material parameters proposed by Model Ch@lecan lead to a large
underestimation of shrinkage strains. As a result, the magnitude and extent of
shrinkageinduced phenomena, such as the development of cracking and curling
streses and deterioration phenomena, can be largely underestjiwaitedample for
slabson-grade.

A modified model is proposed to accurately assess moisture profiles for different
temperatures (up to 80 ), concr edsiy mat ur
implemented in current practice to carry out a more reliable assessment of crack

development and structural performance of drying concrete elements.

6.1.3 Hygro-mechanical Analysis of Drying Shrinkage of Recycled Tyre Steel
Fibre Reinforced Concrete (Chaper 4)

Plain and fibre reinforced concrete dry similarly with slightly faster diffusion in SFRC
mixes, possilyl due to more entrained air. However, 1D diffusion is slower than 3D
diffusion in all the mixes. The faster diffusivity is due to different bompdanditions

and noruniform pore and aggregate distribution.

Numerical analysis can predict with high accuracy the moisture distribution if the
appropriate diffusion coefficient is used. Coupling the hygral model with the
mechanical model (i.e., hygrechanical analysis) yields a better prediction of

shrinkage strains.
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Plain concrete shrinks faster than SFRC mixes. It is likely that fibres provide additional
restraint to shrinkage.

Differential shrinkage is higher in plain concrete than in SFRC mixegrefgtes in

plain mixes tend to settle at the bottom moesultingin denser concrete in the bottom

half of the prism. The noeaniform distribution of aggregates causes -noiform
shrinkage. In SFRC mixes, fibres prevent the aggregates from settlimgy rdswiting

in less additional shrinkage curvatures.

Design codes underestimate autogenous shrinkage and do not consider the effect of
differential shrinkage. Nomniform shrinkage can cause additional stresses that can
lead to higher stresses and defaiores in structural members. Structural members
such as SoG, which usually dry from the top only, are more prone to shrinkage cracks

and curling deformations (i.e., lifting up of edges).

6.1.4 State-of-the-Art Review of Slabson-Grade and Numerical Modelling
(Chapter 5)

Coupling moisture with mechanical modelling yields a reliable assessment of the drying
shrinkage performance of the SoG.

Drying shrinkage alone can induce tensile stresses reaching the tensile strength (4 MPa)
at the drying surface; with time,dbe stresses penetrate inside the slab (up to 50 mm at
thecentrg. Induced stresses can easily cause cracking at the top surface first and then
travel inside the concrete (up to 20 mand 40 mmdepth at corner and edge,
respectively.

Due to differential shrinkage, the edges and corners of the slab duyrlBu6 mm and

10 mm, respectively. The maximum curling occurs at 119, dawgkthen it drops slowly

due to cracking in the critical regions.
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1 The updated UK design guidelines (i€oncr ete Societyds Tech
ignore the curling stresses in the slab entirellgwever, the numerical analysis shows
that differential shrinkage induces curling stresses which causes cracking and lifting of
the exterior edges of the slab. Thedeesses will further increase once the slab
experience external static or dynamic loading. Thus it is highly recommended to

consider these stresses when designing the slabs, specifically in critical regions.

6.2 Recommendation for Future Work

This study focuss orthedrying shrinkage performance of RT-8&inforced concrete. Initially,
thedrying shrinkage performance lodthlab specimens arfdll-scale industrial ground floors
(i.e., SoGwas planned to be investigatddowever, due talisruptions caused ke Covid
19 pandemic and the closure of the labs, it was impossible to physically moniswdielislabs
in the field Therefore, this works mainly based on smadicale lab specimens. Althougfe
drying of concrete and its shrinkage aslong-term plenomenonthe lab specimens are
monitored for up to 330 days due to the limitation of {imvkich is enough to get the overall

drying trend in the concrete.
To complement this workhe aspects discussed below should be exanfimtgbr.

6.2.1 Parametric study an moisture distribution and shrinkage
1 The modified diffusion model is calibrated based on limited available humidity data.
Only three parameters (concrete maturity, w/c ratio, and ambient conditions) are
considered in this study. This work can be extenbgedconsidering the effect of
aggregate amount, superplasticizers, and different types of cement.
1 Only fibre dosage and its effect are considered on moisture and shrinkage distribution
in the concrete. This can be further extended by considering diffeveatete mixes

varying from normal concrete to higitrength concretes.
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This study monitored drying and autogenous free shrinkage in the 1D prisms with holes
of different depths along the length. However, shrinkage in SoG is 2D, so shrinkage
shouldbe monibred along both dimensions (i.e., length and wigib¥sibly in the field

on full-scale slabs or in controlled laboratory conditiondargescale prototype slabs
(e.g., with different ground conditions and with or without polyethene sheet between
the shb and the sigradeto mimic real site conditions)

The design codes undpredict autogenous shrinkage and do not consider differential
shrinkage. The experimental results show that the shrinkage at the top surface is always
higher than at the bottorand this gradient decreases with increasing fibre dosage
However, these findings are onyased ora selecteadoncrete mix desigrDifferent
mixesshould be examined to gain a moredigpth understanding of threlationship
between shrinkage, curvature antoete strength.

Differential shrinkage and curvature are attributed towmaiform drying and aggregate
distribution. Nonuniform drying is monitored in this study, but the effect of aggregate

distributions still needs quantification.

6.2.2 Full-scale field masurements and modelling
In this study RH and shrinkagaremonitored in controlled labonditions However,
field conditions vay, as doambient conditionsRH field measurementsn full-scale
SoGare required tdurther validate th@roposedmodified diffusion model.
Numerical modelling can be performed different sizes of the Sa@ investigate the
effect of nonuniform moisture distribution andifferential shrinkageon curling
stressesin addition, structural loading can also be applied to ctiexkberformance of

SoGwith shrinkage and without shrinkage.
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9 Due to noruniform moisture distributionSoG tends to curl up which caninduce
stresses and result in crackifigne curling of edges can be monitored easily in practice

using conventional laségvels Further, it can be verified using numerical modelling.

6.2.3 Investigation of cracks in SoG

1 Non-uniform moisture induces differential shrinkage in structural concrete. Shrinkage
gradientcau®s curvature in plain and FRC concrete. This curvaturetfssiuncreased
due tothe non-uniform distribution of aggregates. Shrinkage curvature is neglected in
design codes like Eurocode and Model Coli@s implies that the moment cging
capacity of SoG is overestimateuhich should be reduced to counter @féect of the
shrinkage gradientn this study, numerical modelling is carried out to quantify the
curvature by varying the concrete stiffness in the top layers. Howeeesfiffness of
concrete evolves with time, and at an early age, it is significémtter, which can
easily cause cracks. Further work can be done by considering the representative
stiffness evolution and aggregate distribution

1 Crack density and width can be monitotesing appropriate craakonitoring tools in
full-scale field slab. Numerical analysis can further verify this to decouple the cracking
strains fronthetotal strains.

1 Experiments are also needed to determine the extent of tensile creep relaxation.

1 Parametric study on slab geometry, concrete mix, different types ofusatlloading,
subgrade stiffness and interaction between the slab and subgrade can help to understand

the complex behaviour of the slabs.
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Appendix A: Sensor Calibration Certificates

This appendix provides theapid RH 5.&andRapid RH L6sensor calibration certificates.

These sensors have 1.2% to 2% and 1.8% to 3% traceable accuracy for RH measurements of
0-90% and 96100%, respectively.
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Appendix B: RTSF Testing Results
This appendix presents the tensile test results of recycled tyrdils¢ee(RTSF) collected at
equally spaced intervals during a single production shift. Each sample comprised ten
specimens. All specimens included in the report failed within the gauge length. The results
from specimens that failed at the grip have been ignored.
Individual fibersfrom 11 samples of RTSF, each comprising 10 specimens for a total of 110
specimens, were tested in tension. The mean strength and diameter (Diam) of all samples were
found to be 2909 MPa, with a standard deviation of 166 MPa and 0.3®&itlma standard
deviation of 0.036mm, respectively.

B.1 Experimental Setup

The tests were performed in accordance with EN ISO-G82216, except as indicated below.

The test setup is illustrated in Figure B.1. Test pieces with a minimum gauge length of 20 mm
were mounted on countersunk snubbing grips with a 1mm radius to increase the probability of
failure occurring at the free length of the specimen and produce valid test results. The results
from specimens that failed at the grip were ignored. The initessectional area of each

specimen was calculated from the arithmetic mean of two measurements carried out in two

perpendicular directions to an accuracy of 0.01mm using a digital micrometre with knife edges.

All tests were performed under displacememttica at a displacement rate of 2 mm/min.
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Figure B1 Tensile test setup

B.2 Test Results
B.2.1 Sample 1

Table B.1 summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample Rigure B.2 shows the individual tensile strength results against
the mean strengttsdlid blackline), which for Sample 1 is 2627 MPa (standard deviation 355

MPa).
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Table B1 Diameter measurements, maximum load and tensédagth results for Sample 1

) _ _ _ Max Tensile
Specimen | Diam 1 | Diam 2 | Mean Diam
Load strength
ID (mm) (mm) (mm)
(N) (MPa)
G1 0.360 0.361 0.361 1915 1876
G2 0.319 0.332 0.326 236.1 2837
‘; G4 0.332 0.331 0.332 198.1 2295
g G7 0.348 | 0.346 0.347 270.6 2861
@
2 G10 0.351 0.347 0.349 258.6 2703
G1l1 0.316 0.318 0.317 229.3 2905
G12 0.330 0.329 0.330 230.1 2698
G13 0.315 0.323 0.319 198.5 2483
G15 0.332 0.333 0.333 217.0 2499
G16 0.332 0.338 0.335 274.3 3112
o )
S S o 2
e o
°
°

Figure B2 Individual tensile strength results aadthean value for Sample 1
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B.2.2 Sample 2

Table B.2summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 2. Figure B.3 shows the individual tensile strength results against
the mean strengttsdlid blackline), which for Sample 2 is 3073 MPa (stardideviation 263

MPa).

Table B2 Diameter measurements, maximum load and tensile strength results for Sample 2

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
G17 0.325 0.327 0.326 229.5 2749
G18 0.331 0.334 0.333 248.5 2862
~ G19 0.326 0.325 0.326 257.8 3098
%_ G20 0.318 0.315 0.317 251.4 3195
§ G21 0.225 0.220 0.223 122.0 3136
G23 0.320 0.322 0.321 261.2 3227
G24 0.325 0.322 0.324 248.7 3026
G25 0.329 0.334 0.332 270.4 3133
G27 0.196 0.197 0.197 109.3 3603
G28 0.340 0.333 0.337 239.9 2698
Sample 2
4500
4000
T 3500 e
= 3000 —_—
£ ® ¢ °
D 2500
o
£ 2000
2 1500
2 1000
500
0
G17 G18 G19 G20 G21 G23 G4  G25 G27  G28
Specimen ID

Figure B3 Individual tensile strength results aadhean value for Sample 2
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B.2.3 Sample 3

Table B.3summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 3. Figure B.4 shows the individual tensile strength results against
the mean strengtisdlid blackline), which for Sample 3 is 2835 MPa (stardi deviation 305

MPa).

Table B3 Diameter measurements, maximum load and tensile strength results for Sample 3

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
G29 0.324 0.329 0.327 249.2 2977
G30 0.323 0.318 0.321 241.6 2995
- G31 0.320 0.320 0.320 198.5 2467
%_ G33 0.327 0.313 0.320 199.5 2480
§ G34 0333 | 0.337 0.335 222.4 2523
G35 0.333 0.332 0.333 244.4 2814
G36 0.330 0.329 0.330 221.4 2597
G38 0.311 0.320 0.316 235.2 3008
G40 0.300 0.316 0.308 246.6 3310
G41 0.318 0.309 0.314 245.7 3183
Sample 3
4500
4000
= 3500
o ® °
2300 o @ °
= v
S 2500 ® ® ° L
)
= 2000
= 1500
& 1000
500
0
G29 G30 G31 G33 G34 G35 G36 G38 G40 G4l
Specimen ID

Figure B4 Individual tensile strength results aadthean value for Sample 3
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B.2.4 Sample 4

Table B.4 summarises the main results in ternasasheter, maximum load and tensile strength
for all specimens in Sample 4. Figure B.5 shows the individual tensile strength results against
the mean strengthsdlid blackline), which for Sample 4 is 2696 MPa (standard deviation

422MPa).

Table B4 Diameter measurements, maximum load and tensile strength results for Sample 4

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) | (mm) (mm) (N) (MPa)
G42 0.347 0.343 0.345 199.5 2133
G43 0.325 0.327 0.326 242.1 2900
< G44 0.328 0.323 0.326 222.2 2670
%_ G45 0.326 0.328 0.327 2775 3304
% H1l 0.348 0.313 0.331 271.3 3162
? H2 0.326 0.326 0.326 187.7 2249
H3 0.317 0.315 0.316 246.9 3147
H4 0.374 0.386 0.380 282.0 2486
H6 0.329 0.341 0.335 2351 2667
H7 0.385 0.386 0.386 261.1 2237
Sample 4
4500
4000
T 3500
Z 3000 - e e
%- 2500 “ ° “
S o000 ® ‘ °
= 1500
é 1000
500
0
G42 G4A3 Ga4 G45 H1 H2 H3 H4 He HY
Specimen ID

Figure B5 Individual tensile strength results aadhean value for Sample 4
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B.2.5 Sample 5

Table B.5 summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 5. Figure B.6 shows the individual tensile strength results against
the mean strengthsdlid blackline), which for Sample 5 is 2951 MPa (standard deviation

392MPa).

Table B5 Diameter measurements, maxim load and tensile strength results for Sample 5

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
H8 0.320 0.315 0.318 230.0 2904
H10 0.324 0.325 0.325 268.6 3247
o H11 0.320 0.323 0.322 249.5 3073
%_ H12 0.323 0.316 0.320 220.5 2749
§ H13 0337 | 0.332 0.335 197.7 2249
H14 0.338 0.345 0.342 262.4 2864
H16 0.332 0.327 0.330 227.3 2665
H17 0.200 0.197 0.199 112.2 3626
H18 0.323 0.323 0.323 227.1 2771
H19 0.312 0.318 0.315 261.7 3358
Sample 5
4500
4000
— [ ]
T 3500 . °
<3000 o L] -
£ ° o ¢
© 2500
o °
£ 2000
= 1500
2 1000
500
0
H8 H10 H11 H12 HI3 H14 H16 H17 H18 H19
Specimen ID

Figure B6 Individual tensile strength results aathean value for Sample 5
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B.2.6 Sample 6

Table B.6 summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 6. Figure B.7 shows thiithaal tensile strength results against
the mean strengthsdlid blackline), which for Sample 6 is 2892 MPa (standard deviation

303MPa).

Table B6 Diameter measurements, maximum load and tensile strength results for Sample 6

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) | (mm) (mm) (N) (MPa)
H20 0.269 0.263 0.266 133.0 2392
H21 0.380 0.379 0.380 327.5 2895
© H22 0.335 0.333 0.334 252.6 2883
%_ H23 0.327 0.327 0.327 2721 3240
§ H24 0.377 0.387 0.382 310.9 2713
H25 0.315 0.316 0.316 260.8 3335
H26 0.334 0.330 0.332 230.6 2664
H27 0.395 0.398 0.397 361.9 2931
H29 0.309 0.308 0.309 197.7 2645
H31 0.314 0.313 0.314 248.8 3223
Sample 6
4500
4000
T 3500 .
2_. 3000 . ° - °
%"- 2500 o ¢ ¢ e
£ 2000
= 1500
2 1000
500
0
H20 H21 H22 H23 H24 H25 H26 H27 H29 H31
Specimen ID

Figure B7 Individual tensile strength results aadthean value for Sample 6
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B.2.7 Sample 7

Table B.7 summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 7. Figure B.8 shows the individual tensile strendth agsunst
the mean strengthsdlid blackline), which for Sample 7 is 3131 MPa (standard deviation

602MPa).

Table B7 Diameter measurements, maximum load and tensile strength results for Sample 7

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) | (mm) (mm) (N) (MPa)
H32 0.310 0.317 0.314 241.8 3133
H33 0.322 0.329 0.326 302.4 3634
H35 0.329 0.318 0.324 244.6 2975
H36 0.209 0.212 0.211 91.3 2623
N~
o H37 0.397 0.396 0.397 281.6 2281
Q.
% H38 0.326 0.328 0.327 268.1 3192
n
H41 0.190 0.198 0.194 101.9 3447
H42 0.264 0.265 0.265 140.9 2564
H43 0.307 0.308 0.308 325.6 4384
H44 0.319 0.327 0.323 252.5 3082
Sample 7
4500 .
4000
_ L ]
T 3500 i °
= 3000 . »
S 2500 e .
] ®
£ 2000
= 1500
& 1000
500
0
H32 H33 H35 H36 H37 H38 H41 H42 H43  H44
Specimen ID

Figure B8 Individual tensile strength results aadtheanvalue for Sample .7

156



B.2.8 Sample 8

Table B.8 summarises the main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 8. Figure B.9 shows the individual tensile strength results against
the mean strengtlsdlid blackline), which for Sample 8 is 3097 MPa (standard deviation 197

MPa).

Table B8 Diameter measurements, maximum load and tensile strength results for Sample 8

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) | (mm) (mm) (N) (MPa)
H45 0.316 0.320 0.318 227.4 2863
H46 0.323 0.317 0.320 237.3 2950
© H47 0.329 0.325 0.327 275.9 3285
% 11 0.336 0.344 0.340 264.9 2917
§ 15 0305 | 0.325 0.315 245.9 3155
16 0.333 0.333 0.333 266.3 3058
17 0.314 0.330 0.322 230.9 2835
19 0.331 0.337 0.334 288.9 3297
111 0.323 0.328 0.326 271.4 3261
112 0.316 0.314 0.315 261.3 3353
Sample 8
4500
4000
S 3500
% 3000 o7 - —— = R
S 2500
% 2000
= 1500
2 1000
500
0
HA5 H46 H4A7 11 15 16 7 19 11 12
Specimen 1D

Figure B9 Individual tensile strength results aadhean value for Sample 8
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B.2.9 Sample 9

Table B.9 summariséle main results in terms of diameter, maximum load and tensile strength
for all specimens in Sample 9. Figure B.10 shows the individual tensile strength results against
the mean strengtisdlid blackline), which for Sample 9 is 2817 MPa (standard dexia815

MPa).

Table B9 Diameter measurements, maximum load and tensile strength results for Sample 9

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
113 0.320 0.333 0.327 214.2 2559
114 0.332 0.327 0.330 220.4 2585
o 115 0.335 0.338 0.337 282.6 3178
%_ 116 0.352 0.348 0.350 2125 2209
§ 117 0.331 | 0.337 0.334 270.0 3081
119 0.211 0.208 0.210 93.7 2716
120 0.323 0.325 0.324 244.4 2964
121 0.317 0.319 0.318 213.8 2692
122 0.375 0.343 0.359 315.0 3111
123 0.339 0.338 0.339 276.9 3076
Sample 9
4500
4000
= 3500
(a8
= 3000 e ® ® e ®
%2500 ° ® ¢ ¢
] °
£ 2000
= 1500
2 1000
500
0
M3 ™4 M5 M6 M7 M9 10 1 12 123
Specimen ID

Figure B10 Individual tensile strength results aadhean value for Sample 9

158



B.2.10 Sample 10

Table B.10 summarises the main results in terms of diameter, maxioagrand tensile
strength for all specimens in Sample 10. Figure B.11 shows the individual tensile strength
results against the mean strengtblifl blackline), which for Sample 10 is 2840 MPa (standard

deviation 452MPa).

Table B10 Diameter measurements, maximum load and tensile strength results for Sample 10

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
124 0.308 0.309 0.309 214.7 2871
125 0.318 0.319 0.319 260.0 3264
o 126 0.338 0.337 0.338 296.9 3319
% 128 0.321 0.315 0.318 171.5 2159
% 129 0.308 0.307 0.308 216.6 2917
v 130 0192 | 0.103 0.193 55.6 1912
131 0.320 0.313 0.317 235.7 2996
132 0.325 0.326 0.326 242.9 2918
133 0.320 0.327 0.324 244.8 2978
134 0.336 0.318 0.327 257.7 3068
Sample 10
4500
4000
T 3500
% 3000 ° ° ) ® o
= - 2 )
S 2500
% 2000 e -
= 1500
é 1000
500
0
24 25 6 128 129 130 31 132 133 134
Specimen 1D

Figure B11 Individual tensile strength results aadhean value for Sample 10
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B.2.11 Sample 11

Table B.11 summarises the main results in terms of diameter, maximum load and tensile
strength for allspecimens in Sample 11. Figure B.12 shows the individual tensile strength
results against the mean strengtblifl blackline), which for Sample 11 is 3045 MPa (standard

deviation 218 MPa).

Table B11 Diameter measurements, maxim load and tensile strength results for Sample 11

) Diam 1 | Diam 2 | Mean Diam | Max Load | Tensile strength
Specimen ID
(mm) (mm) (mm) (N) (MPa)
135 0.311 0.317 0.314 251.3 3245
136 0.316 0.317 0.317 239.3 3041
- 137 0.331 0.323 0.327 256.7 3056
—
% 138 0.337 0.336 0.337 260.5 2928
% 139 0.333 0.331 0.332 245.3 2833
n
141 0.318 0.307 0.313 219.8 2866
142 0.311 0.320 0.316 245.0 3134
143 0.320 0.328 0.324 292.1 3542
144 0.302 0.312 0.307 213.9 2890
145 0.334 0.331 0.333 253.0 2914
Sample 11
4500
4000
= 3500 ]
= 2 2
< 3000 B < = = - =
D 2500
T
£ 2000
= 1500
2 1000
500
0
35 136 137 138 139 141 142 143 144 145
Specimen ID

Figure B12 Individual tensile strength results aadhean value for Sample 11
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B.2.12  All samples

Figure B.13 shows the average tensile strength results of each individual sample against the
mean strength of all sampleso(id blackline), whch is 2909 MPa (standard deviation 166

MPa). Figure B.14 presents the histogram of tensile strengths from all tested specimens.

All samples
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Figure B13 Mean tensile strength results amchean value from all Samples
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Figure B14 Histogram of tensile strength results from all specimens
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Appendix C: Compressive and Flexural Strength Results
This appendix summarises compressive strength, mass density, residual flexural values and
flexural modulus of plain, F30 and F40 concrete mixes. Three cubes (100 x 100 x 100 mm)
were tested at each curing age, and the average of all (20, 15 and 14 cubes for plain, F30 and
F40 mixes, respectively) is reported herein. The residual flexural véduetp, fr 3 andfr 4)
were obtained from thregoint bending tests (after 389, 339 and 320 days for plain, F30 and
F40 mixes, respectively, after casting) of prisms, 500 x 150 x 150 mm. Details of the flexural

tests are given in Appendix E.

The flexural capcity of the prisms (all time in wateASE_W) is nofaffected by curing time.

This means prolonged curing for the considered mix doelsamefitthe flexural strength.

162



C.1 Compressive Strength

Plain F30 F40
Curin | ID | Strength | Density | Curing | ID | Strength | Density | Curing | ID | Strength | Density
g Time (MPa) | (Kg/m®) | Time (MPa) | (Kg/m®) | Time (MPa) | (Kg/m?3)
4 1 1987 |2322 |7 1 | 2310 |2343 |7 1 | 2260 | 2390
Days 712060 |2326 |Pas [2 [2370 |2352 |PaS [2 [2340 | 2383
17.33 | 2342 3 | 2330 | 2344 3 | 2260 | 2389
Avg. 1927 | 2330 | Avg. 2337 | 2346 | Avg. 2287 | 2387
7 1 | 25.76 | 2340 | 14 1 |27.10 | 2356 |14 1 | 2830 | 2388
Days 572445 |[2343 |DPays [ (2680 |2357 |DP&S [2 [2770 | 2390
2491 | 2329 3 | 2890 | 2340 3 | 2890 | 2379
Avg. 25.04 | 2337 | Avg. 2760 | 2351 | Avg. 28.30 | 2386
14 1 |30.02 |2329 |28 1 | 2993 |2361 |35 1 | 3230 | 2387
Days 5712892 |2347 |DPaS [2 [2096 |2361 |PS [2 [3260 | 2389
3040 | 2342 3 | 31.00 | 2357 3 | 3170 | 2391
Avg. 2078 | 2339 | Avg. 30.30 | 2360 | Avg. 3220 | 2389
21 1 |30.00 |2355 |56 1 |30.75 | 2365 |56 1 | 3460 | 2387
Days 5712838 |2336 |DP&S [2 [3352 |2352 |DPaS [2 [3430 | 2381
3 | 3153 | 2357 3 | 3218 | 2353 3 | 3450 | 2393
Avg. 2097 | 2349 | Avg. 3215 | 2357 | Avg. 3447 | 2387
28 1 | 3350 |2338 |90 1 |3510 |2360 |90 1 | 3532 | 2386
Days 572958 |2330 |DPas [2 [3a50 |2353 |DPa&S [2 [3492 | 2392
3 | 35.08 | 2348 3 | 3430 |2357 |Avg. 3512 | 2389
Avg. 3272 | 2339 | Avg. 3463 | 2357
60 1 |33.10 | 2364
Days 573061 | 2319
Avg. 31.86 2341
128 1 |36.80 | 2336
Days 573580 | 2342
35.00 | 2351
Avg. 36.30 | 2339
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C.2 Residual Flexural Strength and Flexural Modulus

Mix fem.cube frotL Residual flexural Strength
Specimen (MPa) Flexural (MPa) (MPa)
ID Modulus(MPa) fr,1 fr,2 fr,3 fr4
ASE-1 27597 4.85 - - - -
ASE-2 23241 4.92 - - - -
ASE-WRHS - 4.54 - - - -
.% ASE_W-1 33 34757 3.90 - - - -
o | ASE_W2 26574 3.78 - - - -
ASE_W-3 30807 3.86 - - - -
OSEWRHS - 4.20 - - - -
CS 22881 3.84 - - - -
ASE-1 20410 542 | 3.32 | 322 | 2.89 | 2.38
ASE-2 21275 477 | 3.59 | 353 | 3.09 | 2.73
ASE-WRHS 24051 6.00 | 346 | 3.32 | 3.04 | 257
Q ASE_ W1 30.3 29593 345 | 276 | 264 | 2.33 | 1.96
L | ASE W2 : 27683 408 | 4.04 | 3.14 | 247 | 1.92
ASE_ W3 24051 377 | 284 | 249 | 206 | 1.72
OSEWRHS 23741 470 | 297 | 288 | 252 | 2.21
CS 20499 453 | 3.06 | 267 | 2.39 | 2.00
ASE-1 22404 572 | 441 | 429 | 3.74 | 3.26
ASE-2 18264 573 | 537 | 501 | 432 | 3.64
ASE-WRHS 19835 539 | 399 | 3.73 | 3.25 | 2.84
Q [ASE_ W1 32.2 24823 426 | 470 | 439 | 3.89 | 3.26
L | ASE W2 22422 402 | 3.79 | 353 | 3.05 | 2.66
ASE_ W3 25005 4.07 | 5.00 | 424 | 354 | 291
OSEWRHS 28330 494 | 3.62 | 3.48 | 3.08 | 2.66
CS 23913 502 | 3.71 | 3.07 | 254 | 2.09
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Appendix D: Total Shrinkage of All the Specimens
This appendix summarizes all the experimental results of total drying and autogenous
shrinkage. For each concrete mix (plain, F30 and F40), 1 completely sealed (CSyrtae#
exposed (ASE), and 1 omiserface exposed (OSE) prism were used for shrinkage
measurements. One additional prism (completely sealed with no curing) for the plain mix only
was used for autogenous shrinkage.
Three DEMEC gauges (100, 200 and 300 mm) were used for shrinkage measurements. To
improve the accuracy of measurements, theadings were taken on the perpendicular side of
the concrete casting surface with each gauge (at 10mm from the top, T and the bottom, B), and
the average is reported herein.
Total drying shrinkage of all surface exposed specimens is also comparedsigtin dedels
(ACI 209, Eurocode 2, Model Code 2010, B3, B4 and JSCE). No design code considers drying

shrinkage in fiber reinforced concrete.

165



D.1 Plain ConcreteASE Specimens
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Plain Average (8, 2 & 3)
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D.2 F30 Concrete ASESpecimens

F30(S1)
0.0008
0.0007
0.0006
2 0.0005
g
£ 0.0004
c
v 0.0003
0.0002 —@—10mmT
0.0001 —— 140mmB
0
1 51 101 151 201 251 301 351
Time (Days)
F30(S2)
0.0008
0.0007
0.0006
2 0.0005
IS
X
€ 0.0004
c
v 0.0003
0.0002 —A—10mmT
0.0001 =é=140mmB
0
1 51 101 151 201 251 301 351
Time (Days)
F30(S3)
0.0008
1 51 101 151 201 251 301 351
Time (Days)

168



Q
(@]

Shrinka

0.0009
0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

3E-19

-1E-04

Average F30 (8, 2 & 3)

51

—¥=10mmT

—ACI209

101 151 201

Time (Days)
—#—140mmB ——EC2
B3 —JSCE

169

251

301

= MC10

—B4

351



D.3 F40 Concrete ASE Specimens
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Average F40 (8, 2 & 3)
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D.4 Plain Concrete OSE Specimens
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D.6 F40Concrete OSE Specimen
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D.8 F30 Concrete CS Specimen
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Appendix E: Experimental Three-point Bending Results
This appendix presents experimental laedlection and crack mouth opening displacement
(CMOD) results for all 24 prisms (8 for each concrete mix, Plain, F30 and F40) tested in the
threepoint bending setup. Sections E.1, E.2 and E.3 summarise the cfqulash, F30 and
F40 concrete mixes, respectively. Tables in each section summarise each specimen's
geometrical parameters and flexural strength. Whilst photographs are taken before and after

the testing of the specimens.
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E.1 Plain Concrete Mix

Specimen Name WP1-ASE-1
Depth (mm) 149.5
Width (mm) 150
Notch depth (mm) 127
Flexural Strengthfs;, (MPa) | 4.85
20 ¢ —LVDT-1 20
) ——LVDT-2
15 Avg. 15
z <
T 10 | g 10
g g
5 5
0 - — 0 - - - -
0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Mid-span deflection, mm CMOD, mm
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Specimen Name WP1-ASE-2

Depth (mm) 150.5
Width (mm) 150
Notch depth (mm) 126.5

Flexural Strengthfi;, (MPa) | 4.92

20 20
N ——LVDT-1
——LVDT-2
15 |+ Avg. 15
Z Z
< X
T10 T 10
o o
- —
5 5
0 I I _ ) 0 L L )
0 0.2 0.4 0.6 0.2 0.4 0.6
Mid-span deflection, mm CMOD, mm

v\l?-LguExpOse

Z

csed
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Specimen Name WP1-ASE-WRHS

Depth (mm) 149.5
Width (mm) 150.5
Notch depth (mm) 125.5

Flexural Strengthfi,,. (MPa) | 4.54

20 ——LVDT-1 20 ¢
——LVDT-2
— Avg.
15 15 |
£ z
310 -%‘ 10 -
3 3
S 5
0 1 1 ] 0 . .
0 0.2 0.4 0.6 0 02 04
Mid-span deflection, mm CMOD, mm
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Specimen Name

WP1-CExposed IW-1

Depth (mm) 149.5
Width (mm) 149
Notch depth (mm) 126
Flexural Strengthfi,,. (MPa) | 3.90
15 ——LVDT-1 15
——LVDT-2
—— Avg.
10 | 10
< <
x=} g
g g
5 5
O L L 1 J O 1 1 1 ]
0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Mid-span deflection, mm CMOD, mm
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Specimen Name

WP1-CExposed W2

Depth (mm) 151
Width (mm) 150
Notch depth (mm) 127
Flexural Strengthfi;, (MPa) | 3.78
15 ——LVDT-1 15
' LVDT-2
“( Avg.
10 L 10
Z Z
X X
g s
(@] o
- —
5 5
0 L ) 0 I I )
- 02 0.4 0.6 0 0.2 0.4 0.6
Mid-span deflection, mm CMOD, mm
Before
After
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