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ABSTRACT

Concrete is one of the most widely used building materials in the construction industry in
the world. Time dependent behaviour of concrete is the major concern for the structural
engineers due to its significant effect in the long term serviceability and durability.
Reinforced concrete (RC) members are prone to the effect of time dependent deformations
that are known as shrinkage and creep, can produce substantial deformations and
deflections to the structure.

The mechanics of quantifying the serviceability deflection of RC beams is complex due
to flexural cracking and the associated partial interaction (PI) behaviour of slip between
the reinforcement and adjacent concrete. Add the additional complexity of time dependent
concrete shrinkage to this partial-interaction (PI) behaviour and the problem becomes very
complex.

Current design and analysis techniques to quantify serviceability deflection of reinforced
concrete (RC) members are generally built on two major principles which are full
interaction (FI) through the use of moment curvature approaches; and a uniform
longitudinal shrinkage strain esn within the member to simplify the analysis technique.
Both of the premises are gross approximations and with regard to the first premise, RC
beams are subject to flexural cracking and the associated partial interaction (PI) behaviour
of slip between the reinforcement and adjacent concrete. Furthermore with regard to the
second premise, numerous tests have shown that &sn varies along both the depth and width
of the beam and which is far from uniform. Hence there are two major sources of error in
the quantification of serviceability deflections of RC beams for design and which are due
to the PI mechanisms that occur in practice; and that due to the time dependent material
properties of creep and shrinkage.

This thesis deals with the development of Pl numerical mechanics models with non-linear
shrinkage strain variations achieved from a moisture diffusion model developed in this
study and that is required to simulate the Pl behaviour of RC beams in order to
considerably reduce the source of error occurred due to the application of numerical
mechanics model. Hence this new mechanics model will allow: the development of better
design mechanics rules for serviceability deflection; and also assist in the better

quantification of non-linear shrinkage and creep by removing or considerably reducing
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the existing mechanics source of error. Importantly, this research provides mechanics
solutions for all the facets that control the serviceability time dependent behaviour of RC
beams and it is envisaged that these numerical mechanics solutions can provide
researchers with the tools to develop simple design procedures as they simulate the major
mechanisms influencing cracking and tension stiffening in reinforced concrete beams.
Current shrinkage test methodology is having some limitations that are all surfaces are
exposed to the environment and they are small scaled which leads to a uniformity of
shrinkage strain and which are not present in real size RC beams. Therefore in this thesis,
a new form of experimental setup for shrinkage have been proposed to better quantify the
shrinkage variations along both the width and depth of RC members with varying the sizes
and surface boundary conditions.



STATEMENT OF ORIGINALITY

| certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name, in any university or other tertiary institution and, to
the best of my knowledge and belief, contains no material previously published or written
by another person, except where due reference has been made in the text. In addition, |
certify that no part of this work will, in the future, be used in a submission in my name,
for any other degree or diploma in any university or other tertiary institution without the
prior approval of the University of Adelaide and where applicable, any partner institution

responsible for the joint-award of this degree.

I give consequent to this copy of my thesis when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the Copyright
Act 1968.

The author acknowledges that copyright of published works contained within this thesis

resides with the copyright holder(s) of those works.

I also give permission for the digital version of my thesis to be made available on the web,
via the University’s digital research repository, the Library Search and also through web
search engines, unless permission has been granted by the University to restrict access for

a period of time.

Noor Md. Sadiqul Hasan Date



ACKNOWLEDGEMENT

At first 1 would like to express my deepest gratitude and sincere appreciation to my
principal supervisor Emeritus Professor Deric John Oehlers for his excellent supervision
during my PhD study. | also would like to express my sincere appreciation to my co-
supervisor Dr. Phillip Visintin for his wonderful supervision throughout the PhD research
were an enormous help to me in the completion of this work. Their invaluable advice,
continuing support, encouragement, patience and weekly regular meetings were generous

help throughout the PhD work reached me to the final level.

I would also like to thank Dr. Terry Bennett for his good collaboration in solving my

issues, providing guidance and his valuable advices throughout my PhD research.

The financial support from the Adelaide Scholarship International (ASI) through the
University of Adelaide (UoA) are highly appreciated.

Finally, I am very much grateful to my parents, family members and relatives for their
love, continuing support, motivation, understanding and encouragement during my PhD
start to the final day. A special thanks goes to my beloved Wife for her continuous support
when it was needed, distraction when it was required and motivation when I lost mine.

Last but not the least, | would like to dedicate my PhD thesis to my beloved parents.



List of Publication

Based on the research work one journal paper has been submitted for publication in

Proceedings of the Institution of Civil Engineers — Structures and Buildings.

Hasan, N. M. S., Bennett, T., Visintin, P., Oehlers, D. J. (2016). “Mechanics of simulating
the serviceability deflection of RC beams allowing for partial interaction and non-linear
shrinkage” (Submitted to Proceedings of the Institution of Civil Engineers — Structures

and Buildings).



Table of Contents

AB ST R A CT .. I
STATEMENT OFORIGINALITY ..., I
ACKNOWLEDGEMENT ... e, v
LIST OF PUBLICATIONS . .. .o \Y
LIST OF FIGURES. ... e IX
LIST OF TABLES. .. e X1V
Chapter 1 INtrodUCHION..........coiiiiii e 1
1.1 INEFOGUCTION. ....eiiiiiiiiiie et bbb 1
1.2 SCOpe OF the RESEAICN......c.viiiiiiiie s 6
1.3 Aims and Objectives of the Research...........cccccoveveiiic i 6
1.4 Structure of the ThESIS......cciiiiiiiee e 7
Chapter 2 Literature REVIEW ..........cccveiieiie e 9
INEFOTUCTION. ...ttt ettt bbb 9
2.1 Shrinkage and itS tYPES ...ccuveeiiieie et 9
2.2 Effect of Shrinkage and Creep 0N StrUCLUIES .........ccovevierieneieninieneceeeeeeeen, 12
2.3 Prediction of Shrinkage Strains ..o 14
2.4 Using Moisture Diffusion to quantify Shrinkage ...........cccccooniiiniiiiinneen, 17
2.4.1  Moisture and Humidity Diffusion in Concrete..........cccocvvevieevee e cieesnen, 18
2.4.2  Shrinkage strain in CONCIEte ........ccoviiiieiie i 22
2.4.3  Correlations in between with Moisture loss, Humidity and Shrinkage strain

OF CONCIBLE ... 25

2.5 Member BERAVIOUT .........cooiviiiiiiiccc e 37
2.5.1  Models to predict long term Deflections...........cccoovvierenenienice e 37

2.6 SUMMIAIY ..ttt ettt st e e st e e sab e e sab e e e bt e e e bb e e e bneeenbnee s 41



Chapter 3 Journal Paper on Non-linear Shrinkage ..........c.ccccccevevveenen. 43

Chapter 4 Simulating Shrinkage Strain using Moisture Diffusion....... 84
4.1 INEEOTUCTION. ...ttt bbbt 84
4.2 Moisture diffusion EQUALTON.........cccviiiiirieieiere e 84
4.3 Moisture diffusion COBTFICIENT ..........ccoeiiiiiiiii e 86
4.4 Finite difference method on moisture diffusion analysis ...........cc.ccocveeieinenn. 87

4.5 Relationship between pore relative humidity and free shrinkage strain of

(010] 107 (1 TP P PP PP 88

4.6  Quantification of moisture diffusion coefficient ...........ccccceevvviiiieiie i, 90
4.7  Four way flow in rectangular beam ...........cccoveieiiiii i 92
4.8  Three way flow iN @AM .......ccocoveiiiiiic e 94
49  Two way Flow in aDeam ... 95
410 Oneway Flow iN @ DBAM ......ccoiiiiiiicee e 96
4.11 First simulation with Asad, Baluch et al. (1997) ..o 98
4.12 Second simulation with Jafarifar (2012).........cccceooiriiiiniiienenceeeee, 100
4.13 Third simulation with Kim and Lee (1999) ........cccoiiiieienineeeseeee e, 105
Chapter 5 Proposed Experimental Work............ccccoooeiiiiiiieciecie, 114
5.1 INEOTUCTION ...cuiiiiiieee ettt 114
5.2 PUIPOSE OF TESES ..ottt bbb 114
5.3 SizZeS OF SPECIMEN ..ottt 115
5.4  Testing for material Properties........ccccevvveiieie e 116
5.5  Standard shrinkage teSt ........cocoiiiiiiiii e 116
5.6  Instrumentation in detailS...........cccooiiiiiiiiiiii 116
5.7 ConClUdING FEMAIKS ....cc.viiiiiiiieieeiesie e 130

Vil



Chapter 6 Long term Beam Deflection using Segmental Approach...131

6.1 INTrOAUCTION. ...t 131
6.2  Partial interaction segmental analysiS..........cccovevieiiiiiininnee e 132
6.3  Prior to cracking segmental analysis .........cccocveviiiniinieniesee e 133
6.4  Accommodation of cracking in the segmental approach..............ccceoveriennnn. 135
6.5  Partial interaction tension stiffening model ... 137
6.6  Partial-interaction segmental model ...........c.ccoooriiiiiiinn 143
6.7  Constant longitudinal shrinkage along depth and width................cc.cceeeenen 144
6.8  Variation in longitudinal shrinkage strain along depth...............cccccoeveiienenn. 147
6.9  Variation in longitudinal shrinkage strain along depth and width.................. 149
6.10  ParametriC STUAY ......ccooiueeiieiie et 151
6.11 Application to teSt SPECIMENS ........ccveivieiiiiecie e 154
Chapter 7 Conclusions and Recommendations.............ccccoeveevveennnnnnn, 158
RETEIENCES ...ttt 161

Vil



List of Figures

Figure 1.1: Concrete strain component under sustained compressive stress (Gilbert and

T4 I 0 I ) USSP 1
Figure 1.2: Thesis layout of thiS reSEarch............cccoceviiiiiiiiieic e, 7
Figure 2.1: Shrinkage stages and types 0f CONCIete ..........cccveveveeveiic v, 10

Figure 2.2: Shrinkage strain components in normal strength concrete (Sakata et al., 2004
cited in Gribniak et al., 2008).........cc.ciiieiiiiiiiee e s 11

Figure 2.3: Experimental and predicted shrinkage strain in a plain rectangular concrete
prism (80 x 150 x 500 mm) using different codes and shrinkage prediction models..... 16

Figure 2.4: Experimental and predicted shrinkage strain in a standard concrete prism (50

x 50 x 300 mm) using different codes and shrinkage prediction models ...................... 17

Figure 2.5: Numerical moisture profiles compared with the experimental test results: (a)
Plain CC mix; (b) Plain RCC mix; (c) SFR-CC mix (2.5%); (d) SFR-RCC mix (2.5%)
(JAFArIFAr 2012) ..o et ra et e ares 19

Figure 2.6: Shrinkage strain variation along the thickness of concrete specimen for two

different mixes and comparison with the analytical results (Kim and Lee 1998)........... 23

Figure 2.7: Calculated relative humidity compared to modified experimental results due
to moisture diffusion only a) curing period = 3 days b) curing period = 28 days (Kim and
LB 1999) ...ttt et e et R et b ettt b et e 26

Figure 2.8: Relationship between relative humidity and moisture diffusion on different

moist curing period (Kim and Lee 1999) ........coviiieiiiieiieie e 27



Figure 2.9: Loss of moisture in concrete due to drying (Kim and Lee 1999)................. 28

Figure 2.10: Comparisons between experimental and numerical results (ambient
temperature 200 C): a) Exposed at 3 days (w/c = 0.28) b) Exposed at 28 days (w/c = 0.28)
c) Exposed at 3 days (w/c = 0.40) d) Exposed at 28 days (w/c = 0.40) e) Exposed at 3 days
(W/c = 0.68) (Kang et al 2012) .......ccooiiiiiieiecie e 29

Figure 2.11: Relationship between ultimate shrinkage and relative humidity for cement

paste and mortar specimens (Bissonnette, Pierre et al. 1999) .......cc.cccevvevviiiiieveciiennnn, 30

Figure 2.12: Relation between shrinkage and weight loss for various types and sizes of

paste, mortar and concrete specimens (Bissonnette, Pierre et al. 1999) ..........c.cccocvnee. 30

Figure 2.13: Relationship between free shrinkage strain and interior relative humidity
(RH) of a) C30 concrete and b) C80 concrete (Zhang, J, Dongwei and Wei 2010) ....... 32

Figure 2.14: Calculated free shrinkage strains and measured relative humidity at different
depths of the slab from exposed surface against drying period (Zhang, J, Dongwei and
AT 20 ) SO PRPSSSRSST 33

Figure 2.15: Relationship between free shrinkage strain and moisture loss (ACI1209R-92
1997; ASAU, M 1995) ... ettt ettt ans 34

Figure 2.16: Experimental results of different concrete specimens drying shrinkage as a
function of weight loss (Granger, Torrenti and Acker 1997) ........ccccoovivieiieiiic e, 36

Figure 4.1: Flow chart diagram to perform moisture diffusion modelling process ........ 89
Figure 4.2: a) Gilbert and Nejadi (2004) Beam Bla b) Sectional elevation of beam Bla at

A-A c) Four way flow in beam Bla d) Three way flow in beam Bla e) Two way flow in

beam Bla f) One way flow in beam Bla .........ccccceviiieiiiii i 90



Figure 4.3: Moisture diffusivity vs moisture content or pore relative humidity, h for the
beams tested by Gilbert and Nejadi (2004) .........cooveiiiieiieiiiie e e 92

Figure 4.4: Shrinkage strain profile in a four way flow Gilbert and Nejadi (2004) Beam
Bla after 100 days, 250 days and 400 days of drying..........cccceevveveiievivenesie s, 94

Figure 4.5: Shrinkage strain profile in a three way flow Gilbert and Nejadi (2004) Beam
Bla after 100 days, 250 days and 400 days of drying..........cccceevveveiieviveiesie e 95

Figure 4.6: Shrinkage strain profile in a two way flow Gilbert and Nejadi (2004) Beam
Bla after 100 days, 250 days and 400 days of drying..........cccceeereneiencnenienisieeeees 96

Figure 4.7: Shrinkage strain profile in a one way flow Gilbert and Nejadi (2004) Beam
Bla after 100 days, 250 days and 400 days of drying..........cccceeerereiencnenenienieeeees 97

Figure 4.8: Relationship between moisture content or pore relative humidity, h and

MOISTUrE AITFUSIVILY D ..oooveiiice e 98

Figure 4.9: Numerical simulation of experimental and predicted values of moisture loss at
1 cm from the drying surface using finite difference method ............cccccoovvvveieiiennenn, 100

Figure 4.10: Moisture diffusivity versus pore relative humidity or moisture content for

various types of concrete mixes (Jafarifar 2012) ..........ccooovviimiiiiiniienseeeee e, 101

Figure 4.11: Numerical moisture profiles compared with the experimental results
simulated using finite difference method: (a) Plain CC mix; (b) Plain RCC mix; (c) SFR-
CC MiX; (d) SFR-RCC MIX .ttt bbb 104

Figure 4.12: Relationship between moisture diffusivity and moisture content for three
different types of concrete a) H (w/c = 0.28) b) M (w/c = 0.40) ¢) L (w/c = 0.68) with
moist cured for 3 days and d) H (w/c = 0.28) €) M (w/c = 0.40) f) L (w/c = 0.68) with
MOISt CUIEd FOr 28 UAYS .....ecvveiiee et nae e 109



Figure 4.13: Numerical simulation of experimental results for three different types of

concrete after moist CUred FOr 3 dAYS ......eoviiiiiei e 111

Figure 4.14: Numerical simulation of experimental results for three different types of

concrete after moist cured fOr 28 days .........cceviveiiiie i 113

Figure 5.1: Arrangements of demec gauge points along the depth at front (shown only)
and rear surfaces and at both ends through the depth as well as width of the prism for
measurements of shrinkage strains and total deformations of the prisms in one direction

MOISTUIE AITFUSION PrOCESS......eiueieiieite sttt 119

Figure 5.2: Arrangements of demec gauge points along the depth at front (shown only)
and rear surfaces of the prisms and at both ends through the depth as well as width of the
prisms for measurements of shrinkage strains and total deformations of the prisms in two

direction moisture diffuSION PrOCESSES ........coverueriirieriirierieieee et 121

Figure 5.3: Arrangements of demec gauge points along the depth at front (shown only)
and rear surfaces of the prisms and at both ends through the depth as well as width of the
prisms for measurements of shrinkage strains along its depth and total deformations of the

prisms in three direction moisture diffusion ProCesSeS .........cccevevveeveeieieeseeie e, 123

Figure 5.4: Arrangements of demec gauge points along the width at top (shown only) and
bottom surfaces of the prisms and at both ends through the depth as well as width of the
prisms for measurements of shrinkage strains along its width and total deformations of the

prisms in three direction moisture diffusion ProCeSSES ........cccvvvveerieviieeviesie e 125

Figure 5.5: Arrangements of demec gauge points along the depth at front (shown only)
and rear surfaces of the prisms and at both ends through the depth as well as width of the
prisms for measurements of shrinkage strains along its depth and total deformations of the

prisms in four direction moisture diffusion ProCeSSES..........ccuverrirreririene s 127

Xl



Figure 5.6: Arrangements of demec gauge points along the width at top (shown only) and
bottom surfaces of the prisms and at both ends through the depth as well as width of the
prisms for measurements of shrinkage strains along its width and total deformations of the

prisms in four direction moisture diffusion ProCESSES.........ccccvvvvieriieieiiesiese e, 129
Figure 6.1: A standard multi-crack segmental analysis ..........cccccooveviniiiinneniesieennnn, 133
Figure 6.2: Separating elements of RC beam (Concrete element) ............ccocceevrrvenene 135
Figure 6.3: Separating elements of RC beam (Reinforcement element)..................... 135
Figure 6.4: Flexural properties (M/0, M/y and M/EI) .......cccccooviiiiniiiiiiiieceee, 136
Figure 6.5: Cracked segmental analysiS..........cccoevveiieiiiiiiiieiecc e, 137
Figure 6.6: Tension StIffening PriSM ..........ccoeiiiiiiieiesee s 138
Figure 6.7: Local deformation of n segment in Prism...........cccccveeeeeeveeseersesneesenens 140
Figure 6.8: Tension Stiffening analysSis ..o 141
Figure 6.9: Linear shrinkage strain over width and depth (Concrete element)............. 146

Figure 6.10: Linear shrinkage strain over width and depth (Reinforcement element).. 146

Figure 6.11: Non-linear shrinkage strain over depth (Concrete element)..................... 148

Figure 6.12: Non-linear shrinkage strain over depth (Reinforcement element)............ 149

Figure 6.13: Non-linear shrinkage strain over width and depth (Concrete element 2b1)

X1



Figure 6.14: Non-linear shrinkage strain over width and depth (Concrete element 2b2)

Figure 6.17: Predicted deflection of six beams tested by Gilbert and Nejadi (2004) ... 156

Figure 6.18: Influence of exposed surfaces on member deflection...............c.ccceueenen. 157

List of Tables

Table 5.1: Specimen size details with V/S ratios for one up to four direction diffusion

PIOCESSES ..ttt ettt e ettt e et e ekt e e et e e e e et e e R e e e e e e e e e e e e e e e e e e e nnrree e 115

Table 5.2: Test details for material Properties...........cccovvevieveiieere e 116

XV



	TITLE: Time Dependent Flexural Analysis of Reinforced Concrete Members
	ABSTRACT
	STATEMENT OF ORIGINALITY
	ACKNOWLEDGEMENT
	List of Publication
	Table of Contents
	List of Figures
	List of Tables


