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Abstract

Stress-dependent deformations of concrete may induce excessive deflections at service loads,
which can compromise the performance of a structure. Elastic shortening and the combined
effects of creep and shrinkage strains of concrete also cause loss of prestress force applied to
prestressed concrete member.

The knowledge of locally obtained materials, used in concrete manufacture, is necessary to
effectively model structure’s behaviour. Porous basalt rock is the primary source of concrete
aggregates in Iceland. Design codes and mathematical models are based on experiments and
experience using specific raw materials, not necessarily applying globally. It is therefore
essential to validate codes and models to assess their applicability. This thesis is intended to
contribute to better understanding of material properties using Icelandic raw minerals.

The focus of the thesis is on the mechanical properties, elastic modulus and creep, and
includes: An experiment, using several concrete mixes made from different combination of
porous and non-porous aggregates. The elastic modulus was measured and compared with
literature and design codes. Numerical evaluations for experimental concrete creep data, made
of porous and non-porous aggregates, were carried out, as well as a case study, comparing
deflection calculations and prestress losses, using valid codes and calculations based on
experimental data.

The results indicate substantial discrepancies in measured elastic modulus for concrete made
from limestone aggregates, compared to estimates based on mean concrete cylinder strength
according to Eurocode 2 (EC2). A fairly good correlation can be seen between aggregate
porosity and elastic modulus of concrete when using basalt aggregate. Experimental results
show that the elastic modulus drops well below the EC2 values, using correction factors from
Icelandic National Annex to EC2, if the porosity is excessive. Concrete containing porous
basalt aggregate shows greater creep than concrete with granite aggregate. Concrete
specimens with porous basalt aggregate are still deforming after twelve years under load. The
concrete containing basalt aggregates appears to increase its rate of creep after few months.
Environmentally friendly self-compacting concrete mixes, containing less cement but higher
water-binder ratio, shows greater creep than conventional self-compacting concrete. Addition
of air entraining admixture was shown to have limited effect on the specific creep of
environmentally friendly self-compacting concrete mixes. Higher cement content, while
maintaining constant water-cement ratio, is likely to increase creep-strain. Findings also
indicate that concrete with porous basalt aggregate exhibits greater creep than predicted by
well accepted mathematical models. A case study, for a post tensioned highway bridge, shows
some 10% increase in initial prestress force losses when using experimental results for
concrete with porous aggregate, compared to values predicted by EC2. A case study for a slab
shows up to 10.3% increase in deflection using experimental results for concrete with porous
aggregate, compared to values from EC2.

Keywords: concrete; material science; structural design; elastic modulus; creep; deflections.
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Titill & islensku: Alagshadar formbreytingar steinsteypu med gleypnum fylliefnum.

Alagshadar formbreytingar steinsteypu geta valdid 6hoflegri svignun i notmarkaastandi sem
geta ryrt notagildi mannvirkis. Stytting & fjadursvidi steinsteypu sem og ahrif skrids og
ryrnunar valda einnig spennutapi i forspenntum mannvirkjum.

pekking & stadbundnu efni er naudsynleg til ad dtbua nothaef reiknimddel. Gleypid ferskt
basalt er pad fylliefni sem helst er notad vid steypuframleidslu & islandi. Honnunarstadlar og
steerdfraedilikon eru byggd & rannséknum og reynslu med tiltekin hraefni i huga og eru ekki
naudsynlega algild. Pad er pvi naudsynlegt ad stadfesta nidurstoédur stadla og likana. bessu
verkefni er &tlad ad beeta pekkinguna a efnisfraedi steinsteypu med tilliti til islenskra hraefna.

Adaléahersla verkefnisins er & efnisfraedipetti eins og fjadurstudul og skrid, og inniheldur:
Tilraun med fjolda Olikra steypublandna, baedi med péttum og gleypnum fylliefnum.
Fjadurstudull var mealdur og borinn saman vid gagnreynda pekkingu og hoénnunarstadla.
Samanburd & nidurstdédum skridmalinga i steinsteypu med péttum og gleypnum fylliefnum,
vid gagnreynda pekkingu og stadla. Einnig var gerd tilviksrannsokn, par sem skodud var
nidurbeygja og tap i forspennukrafti midad vid honnunarstadla og nidurstodur skridmelinga.

Nidurstodur benda til misremis a meldum fjadurstudli i steinsteypu med fylliefnum ar
kalksteini i samanburdi vid evropsku polhdnnunarstadlana, byggdum & medalprystistyrk
steinsteypu. G6d fylgni er a milli holrymd fylliefna og fjadurstuduls ef notad er gleypio ferskt
basalt. Nidurstddur syna misremi & meldum fjadurstudli i samanburdi vid evropsku
polhdnnunarstadlana, pétt notud séu lekkunardkveedi Ur pjodarskjali vid stadalinn, ef
fylliefnin eru aberandi gleypin. Steinsteypa med gleypnu basalti skridur mun meira en
steinsteypa med granit fylliefnum. Steinsteypa med gleypnum basalt fylliefnum skridur enn
eftir ad hafa verid undir alagi i tolf ar. Steinsteypa med gleypnu basalti virdist auka skridhrada
sinn eftir nokkra manudi. Vistven sjalfatleggjandi steinsteypa (Eco-SCC), med skertu
sementsmagni og herra hlutfalli vatns og bindiefnis, skridur meira en hefdbundin
sjalfatleggjandi steinsteypa. Loftblendi i vistveenni sjalfatleggjandi steinsteypu (Eco-SCC)
hefur takmorkud ahrif & skrid. Aukid sementsmagn, ef haldid er sama hlutfalli vatns og
sements, veldur liklega auknu skridi. Steinsteypa med gleypnum basalt fylliefnum skridur
mun meira en reiknilikoén Ur hénnunarstddlum, par & medal peim evrépsku, gefa til kynna.
Samanburdarrannsokn & eftirspenntri pjédvegabru synir 10% aukningu & eftirspennutapi ef
notadar eru nidurstodur mealinga i samanburdi vid gildi fengin Gr evrdpska
polhdnnunarstadlinum. Samanburdarrannsokn & slakbentri plotu synir um allt ad 10.3% meiri
svignun ef notadar eru nidurstodur melinga i samanburdi vid gildi fengin Ur evropska
polhénnunarstadlinum.

Lykilord: steinsteypa, efnisfraedi, burdarpolsfradi, fjadurstudull, skrid, formbreytingar.
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Preface

Concrete is used extensively worldwide and has been the main building material in Iceland
for decades. Since its redevelopment in the early 19" century [1], there have been gradual
advances in concrete technology. The introduction of concrete to Iceland has often been a
costly journey. Icelandic concrete has been susceptible to alkali-silica reaction as well as
having inadequate frost resistance [2]. More recently there have been reports of excessive
deformation in slabs and beams. These costly flaws are due to insufficient knowledge of
locally quarried materials and improper implementations of good practices.

My interest in the area of concrete deformation is from BSc courses such as material science
and reinforced concrete design. The lecturers kept stating the different behaviour of Icelandic
concrete compared to textbooks and codes. | was taught to be conservative in design with
respect to Icelandic concrete and recognize the uncertainties in parameters such as elastic
modulus, creep, shrinkage and tensile strength.

When Olafur Wallevik suggested a thesis on deformations of concrete using porous
aggregates |1 immediately became interested. It is my hope that the thesis will contribute to
better understanding of concrete material properties using Icelandic raw minerals.

Johann Albert Hardarson
Reykjavik, January 2015
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Introduction

1 Introduction

1.1 Background

This thesis, which is within the field of material science and structural design, focuses on the
material properties of structural concrete with porous aggregate. The main focus is set on the
mechanical properties, elastic modulus and creep. Other material properties, such as
shrinkage, will be addressed but mainly to clarify and differentiate where the material
properties are related.

Design codes and mathematical models are based on experiments and experience using
specific raw materials, not necessarily applying globally. It is therefore essential to validate
codes and models to assess their applicability. This thesis is intended to contribute to better
understanding of material properties using Icelandic concrete aggregates.

1.2 Problem Statement

Stress-dependent deformations of concrete are often responsible for excessive deflections at
service loads, which can compromise the performance of a structure. Elastic shortening and
the combined effects of creep and shrinkage strains also cause loss of prestress force, applied
to prestressed concrete member.

The knowledge of locally obtained materials, used in concrete manufacture, is necessary to
effectively model structure’s behaviour. Porous basalt rock is the primary source of concrete
aggregate in Iceland and concrete made with Icelandic aggregate has been known to exhibit
different characteristics.

1.3 Aim and Objectives

The research presented in this thesis is primarily intended to elucidate the effect of porosity in
aggregates on the elastic modulus and creep of concrete.

The main objectives of the thesis are in three phases:

I.  Study of the elastic modulus of concrete based on an experiment done in the summer
of 2014 and presented at the XXII Nordic Concrete Research Symposium, 2014 in
Reykjavik.

Il.  Numerical evaluation on creep experiments, based on available data from Innovation
Center Iceland (IC1) and measurements done in the winter of 2014. Comparison of
experimental data to codes and known mathematical models.

1. Comparison between deflection calculations and prestress losses, using applicable
codes and calculations based on experimental data.
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1.4 Research Methodology

Phase | of this thesis is the subject of pure research involving the mechanical properties of
concrete. It is intended to elucidate the effect of porosity in aggregates on the elastic modulus
of concrete and making comparisons between concrete containing: porous basalt, non-porous
granite and limestone aggregate.

This part involves measurements on fresh and hardened concrete parameters. Concrete
samples were mixed, casted and measured at ICl according to valid codes and common
practices at ICI.

The experimental mechanical properties, i.e. compressive strength and elastic modulus, were
discussed and compared with literature and valid design code.

Phase Il of this thesis is a numerical evaluation of creep measurements. The aim is to
elucidate the effect of porosity in aggregates on the creep of concrete and to make
comparisons between concrete containing non-porous granite aggregate. Measurements were
also compared to valid design codes, mathematical models, etc.

Innovation Center Iceland (ICI) has been researching creep of concrete from the beginning of
the century. An impressive amount of test data has been accumulated over the years. The
research methods used to evaluate creep are those proposed by the American Society of
Testing and Materials (ASTM) [3].

The oldest creep specimens are from 2002 and contain conventional vibrated concrete (CVC).
The specimens were designed to include three strength classes: C40/50, C60/75 and C70/85
and contain aggregates from three Icelandic aggregate suppliers. The characteristic strength of
the mixes was however other than intended. The strength of the C40/50 concrete was higher
and the strength of the C70/85 concrete was somewhat lower than intended.

In 2004 new specimens were casted. They were intended to elucidate the effect of volume
percentage of cement on the creep of concrete. The specimens contain CVC and self-
compacting concrete (SCC) with both non-porous granite and porous basalt aggregate.
Unfortunately some material parameters have been lost over the years, affecting usage of the
test data.

In 2009, specimens were casted containing: CVC, with characteristic strength as C25/30 and
with both non-porous granite and porous basalt aggregate.

The newest creep specimens are from 2010 and contain SCC, with and without added air
entraining admixture (AEA). The specimens include both conventional SCC and Eco-SCC,
which contains less cement and supplementary cementitious materials (SCMs) than
conventional SCC.
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Phase 111 of this thesis is a case study, based on deflection calculations for a slab as well as
for prestress losses in post-tensioned concrete bridge. It involves calculations in service limit
state according to methods and material parameters from valid codes. Deflection and prestress
losses are then compared to values obtained by using material parameters from phase I and I1.

The deflection calculations relate to a roof slab on a residential house located in the Greater
Reykjavik Area. The house is above 100 m elevation and therefore it has higher characteristic
snow load than normal in Greater Reykjavik. The slab spans five meters and has additional
gravel on top of an insulating layer.

The effects of using material parameters from EC2 instead of experimental results are shown
in a case study. Prestress force losses for a post tensioned highway bridge are calculated using
material parameters both form EC2 and experimental results. The bridge is a structure
common on Icelandic highways. It has a 40.0 m single-span, is 9.0 m wide and located 30.0 m
above sea level. The load on the bridge is based on EN 1991-2:2003: Actions on structures -
Part 2: Traffic loads on bridges [4]. All calculations are based on EC2 in conjunction with the
INA and Reinforced Concrete Design: to Eurocode 2 by W.H. Mosley, J.H. Bungey and R.
Hulse [5].

1.5 Outline of the Work

The main body of the thesis comprises six thesis chapters and several chapter sections, with
the addition of references and appendices. To maintain clarity, some chapters are split into
phase I, 11 and 111 according to section 1.3.

The first chapter introduces the project of the thesis and clarifies the aim, objectives and
outlines of the work.

Chapter two is a literature review of subjects related to deformations of concrete. It gives
a brief overview of literature topics that are important in relation to the content of the
thesis, including:

Elastic Modulus of Concrete

Factors Affecting the Elastic Modulus of Concrete
Shrinkage and Swelling of Concrete

Creep of Concrete

Factors Affecting Concrete Creep

Physical Mechanism of Concrete Creep

The Effects of Concrete Creep

Icelandic Aggregates

Rheological Modelling of Concrete Creep
Eurocode Modelling of Concrete Creep

The fib Model Code 2010 and Concrete Creep
Model B3 and Concrete Creep.

ACI 209 Model and Concrete Creep

FEF R EEE




Introduction

Chapter three describes the methodology in obtaining parameters needed for the
evaluation of experimental data. Test methods for obtaining: aggregate parameter,
parameters for fresh and hardened concrete as well as relevant codes are described in
detail. The chapter also contains the methodology used in deflection calculations and
prestress losses.

Chapter four gives an overview of the materials used in phase I and Il. It also contains
tabulated results of measured material parameters, particle size distribution graphs, etc.

Chapter five reports the main findings of the thesis and discusses the results. Since the
results and discussion, between the various phases of the thesis, are interlinked; the
results and discussion have been merged into one chapter. This has been done for clarity
of result and for overall readability.

Chapter six summarizes the main findings of the thesis. It also reflects on unanswered
questions that could be the subjects of further researches.

Appendix A contains an article published in the proceedings of the XXII Nordic Concrete
Research Symposium, 2014 Reykjavik, Iceland, pp. 179-182.

Appendix B contains various calculations and derivation of equations.
Appendix C contains written MatLab functions used in various calculations.
Appendix D contains the parameters used for creep models.

Appendix E contains additional attachments in Icelandic, intended for clarification.
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2 Literature Review

Any material that experiences stress will deform. The quantity of deformation is dependent on
material properties. If the material is purely elastic, i.e. where Hook’s law applies, the
relationship between stress and strain is linear [6]. The slope of the linear relationship
between stress and strain is known as elastic modulus (E-modulus).

Hook’s law applies or is a good approximation for many structural materials, such as steel,
assuming relatively small deformations. Concrete however exhibits a non-linear relationship
between stress and strain. Furthermore it will also continue to deform under constant force, a
phenomenon known as creep.

The relationship between stress and strain is, strictly speaking, a function of time [7]. For
many structural materials, such as steel, the time-dependent influence is negligible and
ignored in calculations. Since concrete creeps, i.e. deforms under constant force, it is not
possible to ignore the effect of time. When calculating deformations, engineers often define a
lowered E-modulus that takes the effect of creep into account. The advantages are that
standard deflection equations still apply.

Creep is defined as the increase in strain under a sustained constant stress after taking into
account other time-dependent deformations not associated with stress, such as shrinkage,
swelling and thermal deformations [7]. To further describe creep, several parameters affecting
creep of concrete need to be explained in details e.g. E-modulus of concrete and shrinkage of
concrete.

2.1 Elastic Modulus of Concrete

Elastic modulus, often called Young’s modulus after the English physicist Thomas Young, is
a numerical constant that describes the elastic properties of a solid material undergoing strain
in one direction [8]. Elastic modulus is a vital engineering tool and used in deflection
calculations. It is best described by its mathematical definition of stress (o) divided by strain
(&), or by equation (2.1)

w0 F/A

o =D (2.1)

where E is the elastic modulus, F is the force exerted, A is the cross-sectional area through
which the force is applied, AL is the elongation in direction of exerted force and L is the
original length.

The elastic modulus (E-modulus) describes a linear relationship between stress and strain i.e.
where Hook’s law applies [6]. Hook’s law applies to many structural materials, such as steel,
assuming relatively small deformations. Concrete however exhibits a non-linear relationship
between stress and strain. To simplify calculations engineers attempt to define E-modulus for
concrete using various models.
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Concrete is a composite material consisting of dispersed material and matrix material. The
dispersed materials are aggregates (stone and sand) and the matrix material is a paste made
from cement or supplementary cementitious materials.

Several well-known theories exist on the E-modulus of composite materials. In 1960 B. Paul
wrote a paper predicting E-modulus of multiphase materials. He introduced an upper and
lower bound based on the individual properties, seen in eg. (2.2)

n n n
c.
(Z—‘) SESZciEi; ZCi:l' (2.2)
E; . .

i=1
where ¢; is the volume percent of each component and E; the relevant E-modulus of each
component [9].

The derivation of equation (2.2) is based on the assumption that each material has a linear
stress and strain relationship. More importantly that continuity of displacement is always
maintained at the interface of the two materials. Recent studies show that concrete has an
additional component, besides aggregate and paste. There is an interface or transition zone
(TZ) between aggregates and paste. The influence of TZ on the elastic properties of concrete
depends mainly on volume and modulus of elasticity of the TZ. The volume of TZ is related
to the total aggregate surface or the interface surface [10].

The non-linear stress-strain relationship of concrete is likely an influence from the TZ. In
normal strength concrete there is an initial nearly linear portion of deformation, lasting up to
about 30-40% of the ultimate load. With increasing strain micro-cracks at the paste-aggregate
interface or TZ begin to form. As the strain increases the cracks become larger and the E-
modulus drops [11] (see Figure 2-1).

In practice, strain is measured at different stresses and empirical equations then fitted to
results to obtain the E-modulus of the concrete. Since the stress-strain relationship for
concrete is non-linear it is not obvious how to derive E-modulus.

Several approaches for calculating E-modulus are known (see Figure 2-2). An initial tangent
modulus measures the tangent to the curve at the origin. It is also possible to find a tangent
modulus at any point on the stress-strain curve, but this applies only to very small changes in
load above or below the strain at which the tangent modulus is considered. Although rarely
used it is possible to measure an unloading modulus. The most common definition of E-
modulus is known as secant modulus. Secant modulus is usually measured at stress ranging
from 15 to 50% of the peak stress. The secant modulus is dependent on the level of stress and
the rate of application. The stress and time taken to apply the stress should always be stated

[7].

In the Icelandic Building Regulation there is a clause that states, that a structural designer
shall base his calculations on the Eurocode design standards [12].
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Figure 2-1: Propagation of cracks in the transition zone with increased strain.

Author unknown but the figure is based on J. Weiss, “Stress-Strain Behaviour of Concrete.” [11].

Eurocode 2 (EC2) presents an equation to calculate the E-modulus of concrete (E,,;,) in (GPa)
from the average cylinder compressive strength of concrete (f.,,,) in (MPa), or from eq. (2.3)*

E.p = 22 (’;—6”)03 2.3)

where f.,,, can by evaluated from eq. (2.4), also from EC2
fem = fer + 8 MPa, (2.4)

where f,, is the characteristic cylinder compressive strength in (MPa). Eq. (2.3) is a secant
modulus using 40% of average cylinder compressive strength (see Figure 2-3). EC2
recognizes that E-modulus of concrete is largely based on its composition (especially the
aggregates) and eq. (2.3) is valid for quartzite aggregates. For limestone aggregates the value

! For ultimate limit state calculations a partial safety factor, y.z, should be used to determine a design value for
the modulus, E.; = E.,/vee (Where yg is 1.2) [13].
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(Ecm) should be reduced by 10% and for sandstone aggregates reduced by 30%. For basalt
aggregates it is recommended to increase the value by 20% [14].

i Initial tangent e )
modulus

Tangent
modulus

fcm

Stress

Unloading modulus

0.4 fon

Secant modulus

Strain & - e
Eeq Eent &

Figure 2-2: Common approaches for evaluation of E- Figure 2-3: Secant modulus from Eurocode 2 (EN 1992-1-
modulus of concrete. Figure based on A. M. Neville and  1:2004).
J. J. Brooks, Concrete Technology.

There is a known discrepancy between the EC2 model for E-modulus and measured results,
using Icelandic aggregates. This is attributed to the prevailing porosity of Icelandic
aggregates, moisture content of these in saturated surface dry condition range normally from 3
to 8% [15]. In fact the Icelandic National Annex (INA) to EC2 suggests correction factors to
multiply the values obtained from eq. (2.3).

Following values shall be used [16]:

a) 0.9 for non-porous aggregates
b) 0.6 for porous aggregates

The ACI Building Code 318-05 presents an equation (2.5) for calculating E-modulus based
on specified compressive strength for normal weight concrete,

E. = 4700 \/fj , (2.5)

where E_ is the E-modulus of concrete in (MPa) and £." is the specified compressive strength
of concrete in (MPa). Eq. (2.5) is a secant modulus using 45% of the specified compressive
strength. ACI Building Code 318-05 also recognizes that E-modulus is sensitive to variations
in the concrete composition. Accordingly, the E-modulus may differ from 120 to 80% of the
specified value obtained by eq. (2.5) [17].

Fedération internationale du béton (fib), or The International Federation for Structural
Concrete, recently presented the fib Model Code 2010. It is to serve as a basis for future codes
and present new developments with regard to concrete structures [18]. The code presents a
method for calculating E-modulus which resembles that of EC2. It first introduces eq. (2.6)
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that calculates the initial tangent modulus (E.;) which is approximately equal to the slope of
the secant of unloading, for rapid unloading (see Figure 2-4)

= Eo (fc—’”)l/g , (2.6)

fo+8 MPa)l/ 3
10

where E,, = 21.5 - 10®> MPa and aj is an aggregate coefficient found in Table 2-1 [18].

The fib Model Code 2010 also has an equation for the secant modulus.? The secant modulus
(E.) should be used if only elastic analysis of concrete structure is carried out, but it accounts
for initial plastic strain, causing some irreversible deformations (see Figure 2-4).

Ec=a; Ey, 2.7)

where «; is the ratio of secant modulus divided by initial tangent modulus, or

f
a;=08+02 = <1.0. (2.8)
88
| Eco O
Types of aggregate
0.4 7o yp ggreg Oe [MPa]
o . Basalt aggregates 1.2 25800
g ¥ ,/ Dense limestone aggregates | 1.2 25800
(7] 2 7
o ‘.-‘// Quartzite aggregates 1.0 21500
; I ,'/ 38 Limestone aggregates 0.9 19400
[ 7 unloading
§ E, // - Sandstone aggregates 0.7 15100
d
° il Eqg=Eem Table 2-1: Effect of type of aggregates on the
1 — modulus of elasticity [18].
concrete strain . <0 From fib Model Code 2010 Final draft (Table 5.1-6)

and includes coefficients for equation (2.6).
Figure 2-4: Definition of different modulus of elasticity
(according to fib Bulletin 42) [18].

From fib Model Code 2010 (Figure 5.1-2). Axes are
compressive stress and strain.

Note: E. is not to be confused with EC2. Here E, represents
average initial tangent modulus but in EC2 it stands for
average secant modulus.

All of the previously described methods are based on linear analysis. It is also possible to
derive a stress-strain relationship for non-linear structural analysis. However calculations
based on non-linearity are time consuming and require iteration, preferably with computer.
EC2 suggests the following non-linear relation between stress (o,) and strain (&.) in concrete

% The fib Model Code 2010 refers to the secant modulus as the reduced modulus.
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o kn-—n?
fom 1+ (k—2)n
n= gc/gcl

k =1.05Ecp - lecal/ fom

where &, Is the strain at peak stress according to equation (2.12)
£c1(°/00) = 0.7 £ >t < 2,8.

Equation (2.9) is valid for
0 < el < lecusl

where &.,,; is the nominal ultimate strain [14].

2.2 Factors Affecting the Elastic Modulus of Concrete

(2.12)

(2.13)

Equations (2.3) and (2.5) suggest an absolute correlation between compressive strength and
E-modulus. However, the factors affecting the E-modulus of concrete are considerably more
complex. Among these are factors such as: aggregate type and E-modulus of the TZ
(mentioned earlier); moisture; degree of hydration; water-to-cement ratio and the rate of

loading affect the E-modulus of concrete.
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Figure 2-5: Stress-strain curves for compression tests on 150 x 300-mm (6 x 12-in.) concrete cylinders at an age of 28

days (Hognestad, Hanson, and McHenry 1955).
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Wet concrete specimen can have E-modulus higher by 3-4 GPa than a dry one [7]. From
equation (2.2) it is evident that the volume percent of each concrete component affects the E-
modulus. Since fresh paste is plastic, has zero E-modulus, the degree of hydration is also a
factor when determining E-modulus of concrete. Figure 2-5 shows the effect of water-to-
cement ratio on compressive strength and consequently on E-modulus [19]. Finally, the type
of action and the rate of loading affect the E-modulus of concrete. Dynamic E-modulus is not
identically the same as the static E-modulus and increased rate of loading yields higher E-
modulus [15], [20].

2.3 Shrinkage and Swelling of Concrete

It is well known that concrete exhibits changes in strain with time when no external stress is
acting. These changes are simply referred to as shrinkage or swelling. To differentiate
between creep deformations and shrinkage or swelling it is necessary to measure, analyze and
understand both phenomena. The common practice is to consider the two as additive, i.e. the
overall increase in strain is the sum of: elastic deformation, thermal expansion, shrinkage or
swelling and creep. This approach has the merit of simplicity and is suitable for many
practical applications where creep and shrinkage occur together [21]. Volume changes that
are independent of load, excess moisture and temperature changes, are categorized as: plastic
shrinkage, chemical shrinkage, drying shrinkage, autogenous shrinkage and carbonation
shrinkage [15].

Plastic shrinkage occurs while the concrete is still in its plastic state, i.e. unable to resist
tensile stress. It is caused by loss of water by: evaporation from the concrete surface, suction
by dry concrete below the surface or loss of water by chemical reaction. This process causes
contraction and induction of tensile forces if the concrete is restrained by its non-shrinking
inner core or by external restrains [7], [15]. Since plastic shrinkage occurs during setting, or
before any external load can be applied to the concrete, it is unimportant with respect to creep.

Chemical shrinkage occurs as long as water hydrates or reacts with cement. The hydration
process is fast at first but slows down as hydration products build up. The absolute volume of
hydration products, of which the Calcium-Silicate-Hydrate (C-S-H) gel is most abundant, is
less than the absolute volume of water and unhydrated cement combined. This decrease in
volume causes contraction and it induces tensile forces if the concrete is restrained. Chemical
shrinkage is evenly distributed throughout the cross-section and does not propagate from the
surface as often is the case with concrete shrinkage [15].

Drying shrinkage is induced by the withdrawal of water from concrete stored in unsaturated
air [7]. As water leaves the capillary pores, they experience negative pressure causing the
concrete to contract. Drying shrinkage differs from plastic shrinkage because it occurs after
strength development has begun. Drying shrinkage is mostly early on but decreases with time,

11
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depending on ambient conditions such as: temperature, wind and relative humidity [15]. It
should be noted that only part of the contraction is reversible although the concrete is allowed
to submerge in water. For normal concrete the rewetting expansion represents about 40 to
70% of the drying shrinkage [7].

Autogenous shrinkage is a parallel occurrence to chemical shrinkage. As cements hydrates it
uses water from the capillary pores and thus causes contraction by the build-up of negative
pressure, similar to drying shrinkage. Autogenous shrinkage is independent of ambient
relative humidity [15].

Carbonation shrinkage occurs when ambient carbon dioxide (CO,) reacts with portlandite
(Ca(OH),) in the concrete to form calcium carbonate (CaC03) and moisture (H,0), as seen
in eq. (2.14) [15].

C0O; + Ca(OH), = CaC03 + H,0 => shrinkage (2.14)

Carbonation shrinkage can, in some instances, be relevant to creep [21] but favourable
conditions are needed for the chemical reaction to take place. These conditions are rare but
relative humidity of 50% is favourable for carbonation shrinkage as well as permeability and
high concentration of carbon dioxide in the ambient medium [7].

Volume changes other than shrinkage include swelling by excess moisture and thermal
movement. Like most materials, concrete has positive coefficient of thermal expansion; its
value depends both on the concrete composition and moisture condition at the time of
temperature change. In order to predict the coefficient of thermal expansion for concrete, a
knowledge of the various parameters that govern the two main constituents is needed, e.g. the
coefficient of thermal expansion for both cement paste and aggregate, the stiffness ratio of
cement paste to aggregate and the volume content of aggregate [7].

2.4 Creep of Concrete

In practice the term creep is often used to denote both the increase in strain under a sustained
constant stress and the relaxation of stress [21]. This thesis will mainly focus on time-
dependent deformations under constant stress but the relaxation of stress under constant strain
is a consequent of the same phenomenon.

Considering concrete specimen, loaded with constant compressive stress (a,), at the age (t,)
until some time t (t > t,) (see Figure 2-6). It is assumed that the concrete has been moist
cured until age (t,) and considerations have been made for volume changes other than elastic
deformation and creep [7]. At time (t,), there will be an initial elastic strain (&,) according to
equation (2.1) and as time passes additional strain will propagate due to the creep behaviour
of concrete (see Figure 2-7).

12
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Figure 2-6: Constant stress applied at time t,. Figure Figure 2-7: The propagation of strain as a function of
based on A. M. Neville and J. J. Brooks, Concrete time. Figure based on A. M. Neville and J. J. Brooks,
Technology. Concrete Technology.

Creep is generally defined as the increase in strain under static load, after taking into account
other time-dependent deformations not associated with stress, such as: shrinkage, swelling,
thermal deformations and initial elastic deformations. Creep of concrete is often categorized
as: basic creep and drying creep [15].

Basic creep is associated with deformations independent of ambient relative humidity. It is
possible to assess basic creep by moist curing or sealing a concrete specimen, keeping it under
stress and maintaining constant temperature.

Drying creep is the increase in strain when concrete is stored in unsaturated air. In practice
drying creep is a decisive factor in the creep behaviour of concrete. Drying creep is not
simply the addition of shrinkage to basic creep but has an extra factor, often referred to as the
Pickett effect [15]. The Pickett effect is the excess of creep at drying beyond the sum of
shrinkage and basic creep [22] (see Figure 2-8).

Creep is often ill distinguishable from other properties of concrete that often occur
simultaneously. If one wants to measure pure creep, it is necessary to exclude other
parameters. Let us consider the previous example of concrete loaded to a compressive stress
(op) at the age (t,) (see Figure 2-6). It is evident that concrete is subject to instantaneous
strain according to eq. (2.1) or stress divided by E-modulus (see Figure 2-7 & Figure 2-9).
Therefore the E-modulus at t, needs to be determined and subtracted from measured strain
(¢). To exclude shrinkage or swelling from pure creep it is necessary to measure strain (s;) in
a reference concrete sample, not subjected to stress. It is also possible to formulate pure creep
strain excluding strain from thermal expansion (s;). This is best explained in eq. (2.15) [15],

0o
c=s—EishisT, (2.15)

where c is the creep strain and ¢ is the measured strain in a sample under constant stress (a;).
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Figure 2-9, graph based on Concrete Technology by Neville and Brooks, clearly shows the
various aspects regarding creep of concrete. The time axis starts at initial loading (t,) and
shows the propagation of creep, as strain increase, until after stress has been removed.
Initially the strain will be according to eq. (2.1), i.e. behave in accordance with Hook’s Law.
As time passes strain increases due to creep but later the load or stress is removed and the
concrete is subject to instantaneous strain recovery, proportional to the initial strain. After the
instantaneous strain recovery some of the propagated creep will be recovered but what
remains is permanent or residual deformation.

2.5 Factors Affecting Concrete Creep

Concrete is a composite material consisting of dispersed material and matrix material. The
dispersed materials are aggregates (stone and sand) and the matrix material is a paste made
from cement and/or supplementary cementitious materials.

The source of creep is the hardened cement or supplementary cementitious materials but the
aggregates are not liable to creep at the level of stress existing in concrete [7]. The aggregates
have the tendency to restrain creep in concrete. Hence, stiffer aggregates yield lower creep of
concrete (see Figure 2-10).

The water-cement ratio is the main factor influencing the porosity of concrete. The strength of
concrete is related to porosity, i.e. strength decreases as porosity increases, since air-voids
have no strength. Strength of concrete is often the basis of creep estimations and has a
decisive effect on the result, hence also does the porosity of concrete.

The magnitude of creep is dependent on many parameters but one of the most important is the
time since application of load. For practical purposes, what is of interest is the creep after
several months or years or even the ultimate (or limiting) value of creep [7]. The literature
does not agree on when the ultimate value of creep is reached, some say that the increase in
creep beyond 20 years is small [7] but others have shown that concrete is still deforming after
30 years [23]. As a guide or a rule of thumb, one can assume that [7]:
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about 25% of the 20-year creep occurs in 2 weeks;
about 50% of the 20-year creep occurs in 3 months;
about 75% of the 20-year creep occurs in 1 year.

The time of initial loading (t,) is also a very important factor in creep quantity. Figure 2-11
shows the benefit in delaying the application initial load with respect to creep. The creep
obtained with t, equal to 300 days is only about 40% of the creep if t, was 7 days. This is not
surprising since concrete strength increases with age and consequently creep will decrease
with delayed application of initial load.
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74 1.09
6 g 08
, Red sandstone o 06
5 2
o _- Green sandstone o
g ' = 04
o -
o 4 02}
5 sk /Marble 0 ! | L L L,
e / Crushed quartz 7 14 28 60 100 300
Al / Rounded quartz Age at application of load (log scale) - days
River gravel /00 Basalt
sl Granite o/ A Figure 2-11: Influence of age at application of load on
creep of concrete relative to creep of concrete loaded at 7
, . L days, for tests of different investigators: concrete stored
0 40 80 120 at a relative humidity of approximately 75%.
Modulus of elasticity of aggregate - GPa Figure based on A. M. Neville and J. J. Brooks, Concrete

Technology. (Originally from: R. L’HERMITE, What do
Figure 2-10: Effect of E-modulus of aggregate on relative \ve know about plastic deformation and creep of
creep of concrete (equal to 1.0 for an aggregate with a  concrete? RILEM Bulletin, No. 1, pp. 21-25, Paris,
modulus of 69 GPa). March 1959).

Figure based on A. M. Neville and J. J. Brooks, Concrete
Technology. Note: The basalt in this figure is not
representative of the basalt found in Icelandic aggregate
quarries.

Other factors influencing creep of concrete are: relative humidity of ambient air and
temperature. But creep of concrete will rapidly increase in excessive temperatures [7].
Generally admixtures have no direct effect on concrete creep [15]. However it is possible to
indirectly affect creep by reducing mixing water, using water-reducers, and therefore water-
cement ratio. It is also necessary to mention that workmanship affects the properties of
concrete and therefore also creep.

2.6 Physical Mechanism of Concrete Creep

There are still debates on the origin of creep of concrete. Generally, creep is considered to be
caused by the movement of water between gel pores and capillary pores [15], [24]. Concrete
specimen that has been allowed to dry for a long time shows little creep behaviour compared
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with specimen with higher degree of hydration or even saturated specimen, provided that the
age is the same [15], [24].

Ordinary portland cement (OPC) is made from calcareous materials, such as limestone and
chalk, and silica and alumina found as clay or shale. The pure clinkers are composed of the
following chemical compounds, using common chemical abbreviations:

e Tricalcium silicate — 3Ca0.SiO, = C3S

e Dicalcium silicate — 2Ca0.Si0O; = C,S

e Tricalcium aluminate — 3Ca0.Al,03; = C;A

e Tetracalcium aluminoferrite — 4Ca0O.Al,03.Fe,03 = C,AF

Note: To control the rate of reaction from C3A it is necessary to add gypsum (Ca0.SO32H,0)
= (CSH,) to the cement [25].

The hardening of OPC is an exothermic chemical reaction. The hydration process of the most
important pure chemical compounds can be seen in eq.: (2.16), (2.17) & (2.18) [26]

2C3S + 6H — C3S,H, + 3CH, (2.16)
2C,S + 4H - C3S,Hs + CH, (2.17)
CsA + 3CSH, + 26H — C,AS3Hs, . (2.18)

After adding water to the cement, a chemical reaction or hydration starts (see Figure 2-12).
Porosity in the concrete decreases but shrinkage begins.

The most important chemical compound in the hydration process is the product of tricalcium
silicate (C3S) and dicalcium silicate (C,S). C3S and C,S, in OPC, begin to react chemically
with water, yielding calcium silicate hydrate or (C-S-H). Calcium hydroxide (Ca(OH),), or
portlandite, is considered a by-product. Pozzolan, such as silica fume, is often added into
concrete to react with the portlandite to form additional binder, very similar to the C-S-H
[25].

C-S-H is often referred to as C-S-H gel since it has very special properties. “In fact, concrete
IS a heterogeneous visco-elastic material that develops delayed deformations.” [27] The visco-
elastic behaviour is, in layman's terms, best described as sponge-like behaviour.

C-S-H gel has solid sheets composition separated by absorbed water [28]. Movement of water
is possible, allowing sliding of the solid layers. In the early-ages, when more unhydrated
water is present, maximum creep is observed (see Figure 2-7 & Figure 2-9). This hypotheses
IS supported in the findings by R. L’Hermite (see Figure 2-11), were it is shown that the
delayed application of load has a reducing effect on creep.
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In mechanism modelling, creep strain for aggregates is considered equal to zero [29]. Since
aggregates do not creep they will restrain deformations. Figure 2-10 shows the restraining
action of aggregates, stiffer aggregates yield less creep.

Porosity C-S-H
I=
=3
O
<
G(A, F)H; 4
wiate
>
Eftringite
| | 1 |
Q0 5 3072 6, 7 2 7 28 90
~ " ~
Age: Minutes Hours Days

Figure 2-12: Hydration of pure clinkers as a function of time. Figure from lecture presentation on the
sustainability of concrete at Reykjavik University.

2.7 The Effects of Concrete Creep

The effect of creep on structures is variable. Creep increases deflection of reinforced concrete
beams and slabs. The limits that the Icelandic Building Regulation sets on slab deflections are
strict, max 20 mm for residential slabs [12]. This makes creep often a critical design
objective.

In reinforced concrete columns, creep results in a gradual transfer of load from the concrete to
the reinforcement. Once the steel yields, any increase in load is taken by the concrete, so that
the full strength of both the steel and concrete is developed before failure [7].

Creep can be a positive parameter in walls and pavements subject to shrinkage. Stress
development, fuelled by drying or autogenous shrinkage, is gradually reduced by creep. In
such cases it is preferable to design concrete prone to creep, in order to reduce the effects of
other shortcomings, such as shrinkage.

In calculations of post-stressed elements, the effects of creep are known and vital in
evaluating the loss in post-stressing force.
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Another instance of the adverse effects of creep occurs in tall buildings. Different creep
between inner and outer columns, due to different stresses, may cause movement and
cracking of partitions [7].

2.8 Icelandic Aggregates

Iceland is a volcanic island, containing mainly basaltic rock types, and geologically it is
young [30]. Basalt contains < 52% silicon oxide (Si0,) [31] and is formed from rapid cooling
of exposed lava near the planet’s surface. The rapid cooling traps volcanic gases inside the
lava and the results are generally rather porous aggregates (see Figure 2-13). Some Icelandic
aggregate suppliers offer non-porous aggregates (see Figure 2-14). Icelandic aggregates are
quarried from seabed quarries and inland quarries, both gravel and crushed stone.

Figure 2-13: Porous Icelandic aggregate [31]. Figure 2-14: Non-porous Icelandic aggregate [31].

The difference in porosity can be quantitated by the moisture content of aggregates in
saturated surface dry (SSD) condition.® Moisture content in SSD condition is an indirect way
of quantitating porosity by measuring absorption and surface moisture but absorption is
related to porosity. “The internal structure of an aggregate particle is made up of solid matter
and voids that may or may not contain water [19].” The moisture conditions of aggregates are
designated as (see Figure 2-15 & Section 3.1) [19]:

+ Oven dry—fully absorbent

+ Air dry—dry at the particle surface but containing some interior moisture, thus still
somewhat absorbent

+ Saturated surface dry (SSD)—neither absorbing water from nor contributing water to
the concrete mixture

<+ Damp or wet—containing an excess of moisture on the surface (free water)

® The methods of measuring moisture content in SSD condition are inaccurate. The researcher has to assess
visually when the aggregates are SSD. This may lead to fluctuating results between researchers.
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Saturated, Damp
State Ovendry Air dry surface dry or wet
Total None Less than Equal to Greater
moisture: potential potential than
absorption absorption absorption

Figure 2-15: Moisture conditions of aggregate [19].

Dry aggregates added to concrete mix will absorb mixing-water. Wet aggregates will however
add extra mixing-water. If precautions are not made, and the amount of water not adjusted to
the moisture conditions of aggregates, the extra water will increase the water-cement ratio,
resulting in: less strength, reduced E-modulus and higher creep coefficient of concrete.
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Figure 2-16: Effect of mineralogical character of aggregates on creep. Figure based on G. E. Troxell, J. M. Raphael
and R.E. Davis, Long-Time Creep and Shrinkage Tests of Plain and Reinforced Concrete, excluding individual
measurements.

Specimens, 4- by 14-in. cylinders. Fineness modulus 5.75, except gravel which had fineness modulus 5.61. Cement type
I. Aggregate-cement ratio by weight, 5.67. Water-cement ratio by weight, 0.59. Curing, 28 days in fog at 70 F. Age at
loading, 28 days. Sustained compressive stress, 800 psi. Storage after loading, in air at 70 F and 50 per cent relative
humidity. Instantaneous deformations in millionths: sandstone, 281; gravel, 275; basalt, 224; limestone, 222; quartz,
212; granite, 205.
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Although some Icelandic aggregates are categorized as non-porous, they are all in fact quite
porous. Moisture content of 3-8% (by weight) in SSD condition is common in Icelandic
aggregates, compared to about 0.5% in neighbouring countries [15].

Figure 2-16 shows the effect of mineralogical character of aggregates upon creep [23]. The
concrete containing basalt aggregates increases its rate of creep after about three months, then
levels out. It has yet to be seen if the Icelandic aggregate behave similarly.

The aggregate comprises about 70% of concrete volume and is stiffer than the cement paste
[13]. In the most general terms, greater volume of aggregate will stiffen the concrete,
according to eq. (2.2), and transfer stresses from the binder to the stiffer aggregate. Hence the
E-modulus and volume of the aggregate has significant effect on the E-modulus and creep
coefficient of concrete.

2.9 Rheological Modelling of Concrete Creep

Rheology is the science of flow and deformation of matter and describes the interrelation
between force, deformation and time. The term comes from Greek rheos meaning to flow
[32]. It may seem strange to refer to a solid material as concrete as having fluid behaviour.
“The idea is that everything flows if you wait long enough, even the mountains.” [33].

Rheological models are used to portray the general deformation behaviour and flow of
materials under stress. A model is basically composed of simple elastic springs and ideal
dashpots [34]. There are two basic rheological models used to model creep.

The first basic rheological model is the Maxwell model (see Figure 2-17a). It is composed of
serially connected elastic spring and ideal dashpot. While load is sustained the deformational
response of a Maxwell model is a line, with the y-intercept representing initial elastic
deformations. After the load has been removed, instantaneous recovery will occur, equal to
the initial elastic deformations and then the deformation will remain constant [21].

The second basic rheological model is the Kelvin model (see Figure 2-17b). It is composed of
elastic spring and ideal dashpot, working in parallel. When a load is applied to a Kelvin
model it exhibits no instantaneous deformation but the deformation increases with time
exponentially. After the removal of load, full recovery will eventually be achieved [21].

The Kelvin and Maxwell models can by combined to build up more complex models. One
such model is the Burgers model (see Figure 2-17c). The deformational response of a Burgers
model resembles the propagation of strain as a function of time, described in section 2.4 (see
Figure 2-7).

Mathematical modelling of concrete creep is based on models, such as the Burgers model, and
then experimental data is compared to the models. Some more complex models can be made
to represent some material characteristics (see Figure 2-17).

20



Literature Review

P
(a) P (b)
%(IM O g VK
I:.:. Vg
p P
P o, (1)
() @ * ., (f)
o, : P
o, (7) lh, 1 1
o
o, = Vs
% o, %
¢ 0
Vl p
p P v(t)=a+b(t—t,)

Figure 2-17: Some existing rheological models: (a) Maxwell model, (b) Kelvin Model, (c) Burgers model, (d) Ross
model, (e) Feng model and (f) US Bureau of Reclamation model [35].

2.10 Eurocode Modelling of Concrete Creep

The structural Eurocodes are a set European design standards which provide a common
approach to structural design across the European Union (EU) [36]. The structural Eurocodes
are divided into 10 areas and are made up of 58 parts that have been adopted in full by all EU
Member States since April 2010. The area that deals with structural concrete is in four parts
and is commonly called Eurocode 2 (EC2). The first part of the code deals with the general
rules and when referring to EC2 it is to this part, unless otherwise stated.

Article (2.3.2.2) in EC2 states: “Shrinkage and creep, are time-dependent properties of
concrete. Their effects should generally be taken into account for the verification of
serviceability limit states”. It also states that shrinkage and creep shall be evaluated in
ultimate limit state where their effects are significant, e.g. second order effects [14]. EC2
defines creep as a function of two variables, time of consideration (t) and time of initial
loading (t,), it then defines a creep coefficient (¢) based on the two variables, i.e. ¢(t,¢ty).
Often it is of interest to define final creep with the mathematical limit of the formulation or
(oo,ty) [14]. A worked example of obtaining the final value of creep coefficient, i.e.
¢ (oo, ty), can be found in Appendix B.
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The creep coefficient in EC2 is related to the tangent modulus (E,s)) not the secant modulus

(Ecm)- According to the code the tangent modulus may be taken as 1.05 E.,,, [14]. The creep
deformation of concrete is, according to EC2, defined by eq. (2.19)

gcc(tr tO) = ¢(t: tO) ’ (GC/EC(ZS)) = ¢(t' to) ) (Uc/l-OS Ecm): (2-19)

where €., is the compressive strain in the concrete due to creep and o, is the constant
compressive stress in the concrete.

Figure 2-18 shows a schematic representation of the creep coefficient. It shows creep
coefficient for 500 x 1000 mm beam, exposed to 80% relative humidity and 250 mm slab,
exposed to 50% relative humidity similar to the worked example in Appendix B.

To be able to use standard deflection calculations it is beneficial to define a reduced E-
modulus that takes into account the effect of creep. Since the creep coefficient is equal to the
ratio of creep strain to elastic strain it is possible to derive eg. (2.20)

. ~ Ec28) B 1.05 E.,
eff "1+ ¢t ty) 1+ ¢t ty)

(2.20)

where E ¢ is the effective modulus of elasticity. The derivation of equation (2.20) can be
seen in Appendix B.
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Figure 2-18: Schematic representation of the creep coefficient using two examples [13].
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The statement that creep is a function of two variables is incomplete since creep is dependent
on many other parameters. If one studies EC2 various parameters, other than time of
consideration (t) and time of initial loading (t,), affect creep. Parameters such as: type of
cement, cylinder compressive strength, area of concrete exposed to ambient air, relative
humidity of ambient air and ambient temperature, also affect creep.

Where great accuracy is not required, EC2 gives a schematic approach to obtain the final
creep coefficient i.e. ¢(oo,t,), provided that the concrete is not subjected to a compressive
stress greater than 0.45 f,,. Figure 2-19 is an example of the schematic approach where two
graphs are needed to be read together in order to obtain the final creep coefficient.
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Figure 2-19: Schematic approach to obtain the final creep coefficient if ambient relative humidity is 50% (inside
conditions) [14].

@(xo,ty) s the final creep coefficient

ty is the age of concrete at first loading in days

h, is the notional size 2A/u, where A. is the concrete cross-sectional area and u is the perimeter exposed to drying
S is for slow hardening cements

N is for normal hardening cements

R is for rapid hardening cements

If the compressive stress of the concrete exceeds the value 0.45 f.,, or 45% of the
characteristic compressive strength, then creep non-linearity should be considered. Such a
high stress can occur as a result of pretensioning. In such cases the final creep coefficient
should be obtained by eq. (2.21)

$ie(e0, t0) = ¢(<0,ty) exp (1.5 (0¢c/f ,,(to) — 045)), (2.21)

where ¢, (e, tp) is the non-linear final creep coefficient and f.,,,(t,) is the mean concrete
compressive strength at the time of loading.

A detailed method of calculating the creep coefficient can be found in Annex B of EC2. The
method is time consuming and is better suited to formulate in a computer than writing out on
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paper. Appendix C contains a MatLab program that calculates, in details, the creep
coefficient, according in EC2. This method should be used if accuracy is required.

2.11 The fib Model Code 2010 and Concrete Creep

Fédération internationale du béton (fib) or The International Federation for Structural
Concrete is a pioneering organization in codification. The objectives of the fib Model Code
2010 (MC 10) are to serve as a basis for future codes and present new developments with
regard to concrete structures [18].

As with EC2, the fib MC 10 bases creep predictions on the initial tangent modulus of
elasticity (see section 2.1). The total strain, a member undergoes, is split into stress-
independent strain and stress-dependent strain, creep strain at time t > t, being part of the

latter. Equation (2.22) describes the stress-dependent (ew(t)) strain as

O-c(to) O-c(to)

+ ot ty), (2.22)
Eci(to) Eci 0
where €.;(t,) is the initial elastic strain at t,, €..(t) is the creep strain evaluated at time t,
E.;(to) is the initial tangent modulus evaluated at ¢t,, E; is the initial tangent modulus at 28

days, o.(t,) is the constant stress applied at t, and ¢ (t, t,) is the creep coefficient [18] [38].

Eco(t,to) = &ci(tg) + £cc(t) =

The stress-dependent strain, from eq. (2.22), can by expressed according to eg. (2.23)

d)(t; tO) _
Eci B

1
o (t, to) = ac(to) [E @) + oc(to) J(t, to), (2.23)

where J(t,t,) is the creep function or creep compliance, representing the total stress-
dependent strain per unit stress [18].

Two additions were introduced to fib MC 10 from the older Model Code 1990. The older
Model Code lacked asymptotical limit for the function expressing time development of the
basic creep [38]. Secondly, new both to the Model Codes and EC2, the fib Model Code 2010
defines the creep coefficient as the sum of basic creep coefficient and drying creep coefficient
[18], [38] (see section 2.4) or by eq. (2.24)

d(t, tg) = Ppc(t, ty) + Pac(t, to) , (2.24)
where ¢, (¢, ty) is the basic creep coefficient and ¢ 4. (t, t,) is drying creep coefficient [18].

Appendix C contains a MatLab program that calculates, in details, the creep coefficient,
according to the fib Model Code 2010.

2.12 Model B3 and Concrete Creep

Among many models for predicting the creep of concrete, model B3 by Z. P. Bazant and S.
Baweja is the most detailed. It is based on a systematic theoretical formulation of the basic
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physical phenomena involved. It is also a statistical optimization with regard to most of the
test data that exist in the literature [39].

Model B3 introduces several new parameters for creep prediction [40]. Water-cement ratio by
mass (w/c) is a parameter ignored by EC2 and fib MC 2010. The water-cement ratio is the
main factor influencing the porosity of concrete (see section 2.5) and as a consequence
affecting the compressive strength of concrete. Since creep predictions in EC2 and fib MC
2010 are based on the average cylinder compressive strength (see Appendix C), the two codes
indirectly evaluate water-cement ratio.

Another interesting parameter, in model B3, is the aggregate-cement ratio by mass (a/c).
Since the aggregate is stiffer than the cement paste, stresses will transfer from the binder to
the stiffer aggregate (see section 2.8). Hence less aggregate, more creep.

Model B3 also introduces a parameter for cement content of concrete (c), water content of
concrete (w) and the age when drying begins.

The prediction of the model is restricted to Portland cement concrete with the following
parameter ranges:

035<w/c<085; 25<a/c<135; (2.25)

17 MPa < f_ <70 MPa; 160 kg/m® < ¢ <720 kg/m®, (2.26)

where ]_‘C is the mean value of 28™ day cylinder compressive strength [40].

The creep compliance, see eq. (2.23), is decomposed, using notation from EC2 and fib MC
2010, as

J(t, ty) = q1 + Co(t, ty) + Ca(t, to, ta), (2.27)

where g, is the instantaneous strain due to unit stress, C,(t, t,) is the compliance function for
basic creep, C4(t, to, t4) is the additional compliance function due to simultaneous drying and
tq 1S the age when drying begins (only t; < t, is considered) [40].

By rewriting eq. (2.23), the creep coefficient can by calculated from the creep compliance as
(L, to) = E(to) J(t,tp) — 1, (2.28)
where E;(t,) is the initial tangent modulus evaluated at ¢,,.

Appendix C contains a MatLab program that calculates, in details, the creep compliance,
according to model B3.
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2.13 ACI 209 Model and Concrete Creep

American Concrete Institute (ACI) committee 209 has published creep and shrinkage
prediction model, known as ACI 209R-92.* This model was initially developed for the
precast- prestressing industry and has been used in design of structures for many years [41].

The ACI 209R-92 method requires the following parameters: the age of concrete at loading,
curing method, relative humidity, volume-surface ratio or average thickness, slump, ratio of
fine aggregate to total aggregate by mass, air content and cement type.

The model is simple to use with minimal background knowledge but has several
disadvantages. It is limited in its accuracy, particularly in the method of accommodating
member size [41]. It does not differentiate between basic creep and drying creep as fib MC 10
and model B3. The slump parameter is also questionable. It is meant to represent the
composition of concrete but with the use of superplasticizer in concrete, the slump will
increase without altering the concrete’s composition.

ACI 209R-92 models the creep coefficient according to eq. (2.29)

(t—t)?¥ = bu (2.29)

¢(t, tO) = d+ (t _ to)

where (t — t,) is time since application of load, ¢, is the ultimate (final) creep coefficient
according to eq. (2.30), d and W are constants for a member shape and size. The value of d
and ¥ can be determined by use of data obtained from tests performed in accordance to
ASTM C 512 [42]. In practice these values are unknown and the recommended values of 10
and 0.6 for d and ¥ are used.

The ultimate creep coefficient is as follows
¢, =235y, =235 Yeto Ve,rH Yews Yes Ve Yesha s (2-30)

where v, is a correction factor for other than standard conditions and composed of six factors,
depending on particular conditions.

Appendix C contains a MatLab program that details individual factors for particular
conditions and calculates the creep coefficient, according to ACI 209R-92.

* The ACI209R-92 model has been reapproved in 1997 and 2008.
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3 Methods

This chapter describes the methodology in obtaining parameters needed for the evaluation of
experimental data. Test methods for obtaining: aggregate parameter, parameters for fresh and
hardened concrete as well as relevant codes are described in detail. The chapter also contains
the methodology used in deflection calculations and prestress losses.

3.1 Aggregate Parameters

Water absorption or moisture content (MC), as a percentage of dry mass after immersion for
24 hours (W A,,), is calculated according to the European standard EN 1097-6 (see Figure
3-1), oreg. (3.1)

M, —-M
L %.100%), (3.1)

Wiy == —

where M, is the mass of the SSD aggregate in the air and M, is the mass of the oven-dried test
portion in air [37].

It is also possible to quantify porosity as a measure of the void in the aggregate, but first
another aggregate parameter needs to be defined. Particle density on a SSD basis (pssq) IS
calculated according to the same standard as the water absorption, EN 1097-6 (see Figure 3-1
for pycnometer method), or eqg. (3.2)

Posa = P by = (My = M3)”

3.2)

where M; is the mass of the SSD aggregate in the air, M, is the mass of the pycnometer
containing sample of saturated aggregate, M, is the mass of the pycnometer filled with water
only and p,, is the density of water at the temperature recorded when M, was determined
[37].

Porosity is the ratio of voids by volume by the total volume [43]. Figure 3-2 shows a saturated
aggregate element in SSD condition with total volume equal to 1. By using common
approaches from geotechnical engineering, eg. (3.3) for porosity can be derived

n= (WA24/100%) pssd
(1 + (WAz/100%)) p,,

(3.3)

The derivation of equation (3.3) can be seen in Appendix B.

Cumulative particle size distribution was conducted in accordance with EN 933-1:1997. The
aggregate is sieved into particle size categories (see Figure 4-1) [44]. Before sieving, samples
were divided and reduced in accordance with EN 932-2:1999 [45].
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My = N oy Water Vy=Vy=n

M=Vpssd V=1

Mg Solid Vg=1-n

Figure 3-1: Schematic representation of EN 1097-6 from  Figure 3-2: Saturated aggregate element (SSD) with total
the geotechnical laboratory at the Innovation Center volume equal to 1 [43]. Mass to the left and volume to the
Iceland. right.

3.2 Parameters of Fresh Concrete

Traditional slump test is carried out, according to EN 12350-2:2000, using a mould known as
slump cone. The cone is placed on a hard surface and filled in three stages, each time tamped
using a rod. At the end of the third stage, concrete is struck off flush to the top of the mould.
The mould is carefully lifted and the concrete subsides. The subsidence is measured and the
measured value is known as slump value [46].

The slump test is suitable for concrete in “normal” workability ranges or for mixes that yield
slump value between 5 and 260 mm. It fails to determine the difference in very stiff mixes
and “wet” mixes or collapsing slumps [47]. Despite its shortcomings the slump test is

appropriate in the proper range and in “normal” circumstances e.g. conventional vibrated
concrete (CVC).

An alternative way of measuring slump is known as the slump flow test. It is preferable when
dealing with concrete mixes with collapsing slumps. The slump flow test is simply the
measurement of the diameter of the concrete after it has collapsed in conventional slump test
[48].

The slump test has been criticized since it fails to fully describe the rheological properties of
fresh concrete. The slump test, both the traditional slump test and the slump flow test, gives
only a single value, namely the slump value. Concrete with the same slump value can have
different rheological properties [49] and therefore it is not adequate when evaluating self-
compacting concrete (SCC).

As an alternative to the slump test is a measurement of the fundamental rheological properties
of concrete. Figure 3-3 shows a fluid element under shear stress (z) and the deformation angle
(y). In fact it is the derivative with respect to time or rate of shear (y) that is of interest. The
relationship between shear stress and rate of shear is dependent on the properties of the fluid
in question and is given by the eq. (3.4)
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=07V, (3.4)

where n(y), sometimes referred to as apparent viscosity, is a function of the rate of shear and
is dependant on fluid properties [50].

If the apparent viscosity is constant the fluid is said to be Newtonian fluid. Water is an
example of Newtonian fluid but concrete is an example of a non-Newtonian fluid.

Concrete can often be regarded as a Bingham fluid where the relationship between shear
stress and rate of shear can by described by eq. (3.5) and (3.6)

ny)=p+1/v ., 121, (3.5)
y=0,1<1, (3.6)
where 7, is the yield value and u the plastic viscosity [50].
If equations (3.4) and (3.5) are combined, the result is
T=Uy+1,T=1. (3.7)

This relationship can best be illustrated graphically, where shear stress is plotted as a function
of the rate of shear (see Figure 3-4). It can be seen that the plastic viscosity is the slope of the
straight line from equation (3.7) and the line intercept, if present, the material yield value.

T 4 Bingh
Ingnam
. ; g A >
,Y T=NY=UY+ T,
1
\ T .
Newtonian
T =Ny = [constant]y
n
1
> .
¥
Figure 3-3: Deformation of a fluid element [50]. Figure 3-4: Flow curve for Newtonian and Bingham fluids
[50].

The yield value can therefore be described as the shear stress that the material can resist
before it starts to flow. The plastic viscosity is on the other hand a property that describes the
materials resistance to increasing rate of shear.

Some measurements were done using a portable rheometer that gives the yield value as so
called G-yield value in amperes (A) and the plastic viscosity as H-plastic viscosity in ampere-
seconds (A-s). There is a fairly good correlation between the fundamental rheological
properties and G-yield value & H-plastic viscosity [51].
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Determination of air and density for fresh concrete was carried out according to EN 12350-
7:2000. Air and density was measured using the same concrete sample, first weighing a
known volume for density then using air pressure to measure air content [52].

3.3 Parameters of Hardened Concrete

Determination of static modulus of elasticity in compression was carried out according to 1SO
1920-10:2010. A basic stress of 0.5 MPa was applied to a test specimen and the stress was
steadily increased at a constant rate within the range 0.20 to 0.60 MPa/s until it was equal to
one-third of the cylinder strength. The modulus of elasticity was when calculated by dividing
the difference between the basic stress and the upper stress by the difference between the
corresponding strains [53]. The measurements were done on two moulded cylinder test
specimens, 150 mm in diameter and 300 mm in height.

Determination of creep of concrete in compression was carried out according to ASTM C512
/ C512M - 10. Strain measurements were done with a strain gauge that measures length
changes using 200 mm as a control length (see Figure 3-5). Figure 3-6 shows the equipment
setup but the spring was replaced by a jack and screw threads, adjusted regularly to maintain
constant force.

M UPPER JACK PLATE

LOAD BARS

0 e LOAER JACK PLATE

7:@ “— UFPER LOAD FLATE
|5ox75MM{exaM
PLUG (CONCRETE) ¢

C =130 X300 MM [6 X 12 IN]

TEST CYLINDERS ¢
¢
Figure 3-5: A strain gauge and equipments to measure 150 X 15 MM [6 X 2 IN]
creep. PLUG (CONCRETE) \ ¢
The strain gauge used to measure creep is old but [
accurate equipment. To convert the readings to LOWER LOAD PLATE

millimetres it necessary to multiply by 0.156 (see
Appendix E). ~—— SFRINGS
LOWER BASE PLATE

Figure 3-6: Spring-loaded creep frame [3].
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Concrete creep is proportional to stress as long as stress is within 0 to 40 % of concrete
compressive strength [3]. Accordingly the stresses need to be kept within these limits and
compensated for the loss of stress due to relaxation. In the experiments both 0.3 f,; and
0.4 f;, were used as constant stress.

After 28 days of curing, load is applied and thenceforward the specimens are stored at
temperature of 23.0 £ 1.0 °C and relative humidity of 50 + 4%. Environmental conditions as
well as load are monitored (see Figure 3-7). The specimen diameters are 150 = 1.5 mm and
the length shall be at least 290 mm. Before strain readings, load is measured and adjusted if
the load varies more than 2 % from the correct value [3]. Strains readings on control
specimens, under no load and kept in the same conditions, are made to account for shrinkage.

Determination of compressive strength of test specimens was carried out according to EN
12390-3:2009. Specimens were tested with the constant rate of loading within the range 0.6 +
0.2 MPa/s. The specimens need to show a satisfactory type of failure (see Figure 3-8). The
compressive strength is the maximum load at failure divided by the cross-sectional area of the
specimen on which the compressive force acts, calculated from the average of six diameter
measurements [54].

GROLP e |
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21,52 16. 1o

Figure 3-7: Screenshot of a program that logs
measurements.

J

Tonn means metric ton and the fluctuations in RH and
°C are due to exposure during measurements.
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Figure 3-8: Satisfactory failure of cylinder specimen [54].
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When determining the compressive strength, an average of three 100 x 200 mm cylinders was
used.® When measuring the static modulus of elasticity, according to 1SO 1920-10:2010, a test
was first carried out on a 100 x 200 mm cylinder to estimate compressive strength. E-modulus
was then measured using 150 x 300 mm cylinder and stress proportional to the ultimate
strength, based on the estimation. Finally the 150 x 300 mm cylinder was used to access the
compressive strength.

3.4 Deflection Calculations

Deflection calculations are based on the Euler-Bernoulli beam theory. The assumption is that
the cross section is perpendicular to the bending line. The alternative would be the
Timoshenko beam theory where rotation between the cross section and the bending is
allowed. This rotation is caused by shear force, which is not included in the Euler-Bernoulli
theory [57]. Euler-Bernoulli beam is therefore stiffer. However, if the ratio between length
and height is large enough the discrepancy between models is relatively small.

All deflection calculations are based on linear elastic assumption. Creep deformations are
allowed for by reduction in E-modulus, according to eq. (2.20).

Deflection calculations are based on service limit state (SLS) according to EN 1990 - Basis of
structural design [58] and actions are according to EN 1991 - Actions on structures [59].

Structural members which are expected to crack under loading, but may not be fully cracked,
will behave in a manner intermediate between the uncracked and fully cracked conditions. To
take an advantage of the stiffer sections where the members are uncracked, eq. (3.8) is used

a=dJa;+(1—-0a, (3.8)

where « is the deformation parameter considered which may be, for example, a strain, a
curvature, or rotation. «; and «a;; are the values of the parameter calculated for uncracked and
fully cracked conditions [14]. ¢ is a distribution coefficient according to eq. (3.9) (see Figure
3-9)

Usr 2
=1-8(—] , 3.9
¢=1-p(%) 39)
where S is a coefficient taking account of the influence of the duration of loading or of
repeated loading on the average strain (1,0 for a single short-term loading and 0,5 for
sustained loads or many cycles of repeated loading). o, is the stress in the tension

> Note: According to EN 206-1:2000, the compressive strength of concrete is classified with respect to 150 x
300 mm cylinders [55]. It is the common practice at ICI to reduce the results from 100 x 200 mm cylinders by
5%. This is due to the tendency of smaller specimens showing greater strength. The 5% deduction has been
difficult to confirm but the previously described tendency can be verified here [56].
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reinforcement calculated on the basis of a cracked section and g, is the stress in the tension
reinforcement calculated on the basis of a cracked section under the loading conditions
causing first cracking [14].°

Appendix B contains further derivation of equations, used in deflection calculations.

Crack Crack Crack

Steel

steel
stress

stress

W Concrete

stress
£5 —{1 ~£)S €S

I
|
Idealised :
|
I

Where
¢ = ‘distribution coefficient’ allowing for
tension stiffening at a section.

Figure 3-9: Stress behaviour in uncracked and cracked beam [60].

It is common practice to use the mean values of E-modulus and tensile strength as bases for
deflection calculations [60]. It is, however, the opinion of the author that basing calculations
on average tensile strength is not warranted. This is due to lack of case studies where tensile
strength of concrete with porous aggregate is compared with values from EC2. It is possible
that the tensile strength might by lower, when using porous aggregate, since it is strongly
dependant on the interfacial transition zone (see section 2.1). It is therefore considered
conservative to use the characteristic axial tensile strength (f.;) (5% fractile) as flexural
strength.

The deflection calculations are for a roof slab on a residential house located in the Greater
Reykjavik Area. The house is above 100 m elevation and therefore it has higher characteristic
snow load than normal in Greater Reykjavik. The slab spans five meters and has additional
gravel on top of insulating layer.

® Note: o, /0, may be replaced by M, /M for flexure or N,./N for pure tension, where M., is the cracking
moment and N, is the cracking force [14].
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See section 3.5, eq. (3.10), for evaluating creep coefficient based on different conditions for
drying creep.

3.5 Prestress Losses

The prestress force applied to prestressed concrete member continuously decreases during the
lifetime of the structure. Immediately after release of the strands, the initial prestress force
decreases due to the elastic shortening of the concrete. From then on, it continues to decrease
due to the combined effects of creep and shrinkage strains of the concrete and relaxation of
the steel [61].

The effects of using material parameters from EC2 instead of experimental results are shown
in a case study. Prestress force losses for a post tensioned highway bridge (see Figure 3-10)
are calculated using material parameters both form EC2 and experimental results (see
Appendix E for construction details).

Figure 3-10: Side view of the highway bridge.

The structure is common on Icelandic highways. It has a 40.0 m single-span, is 9.0 m wide
and located 30.0 m above sea level. The load on the bridge is based on EN 1991-2:2003:
Actions on structures - Part 2: Traffic loads on bridges [4] (see Figure 3-11). All calculations
are based on EC2 in conjunction with the INA and Reinforced Concrete Design: to Eurocode
2 by W.H. Mosley, J.H. Bungey and R. Hulse [5].

The experimental data is based on specimens exposed to 50% relative humidity and relatively
large surface exposed to drying (see section 3.3). The conditions for drying creep are
consequently different for the bridge deck, exposed to outdoor conditions, 80% relative
humidity, and relatively small surface exposed to drying. The described differences affect the
creep coefficient and need to be accounted for. Equation (3.10) is based on the assumption
that the relative difference between EC2 value for creep coefficient and creep coefficient from
experimental results is the same for both exposure conditions.

¢m,1 _ d)m,z

¢EC2,1 ¢EC2,2 '

(3.10)

where ¢,, 1 is the measured creep coefficient for condition no. 1, ¢, , is the measured creep
coefficient for condition no. 2, ¢gc,, is the creep coefficient from EC2 for condition no. 1
and ¢, » is the creep coefficient from EC2 for condition no. 2.
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Figure 3-11: Load on bridge structure (cross-sectional view), the vectors Ry, Ry, R; & R, are the four bridge beams.
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4 Materials

This chapter gives an overview of the materials used in phase | and Il. It also contains
tabulated results of measured material parameters, particle size distribution graphs, etc.

4.1 Phasel

Phase | of the thesis is a study of the elastic modulus of concrete. It is based on an experiment
done in the summer of 2014 and presented at the XXII Nordic Concrete Research
Symposium, 2014 in Reykjavik.

Six concrete mixes were made using different combination of aggregates. The mass-ratio of
fine aggregates (< 4.0 mm) was the same in all mixes, 47% of total aggregates. This made the
accumulative particle size distribution fairly homogeneous, except maybe for the basalt mix
no. 4 (see Figure 4-1). Abbreviations and aggregate composition is as follows:

Granite: Norwegian granite aggregates.

Limestone: Dune sand and limestone aggregates from Abu Dhabi, UAE.

Basalt no. 1: Basalt aggregates from Hardikambur, Icelandic inland quarry.

Basalt no. 2: Basalt from Bjorgun, Icelandic seabed quarry and sand from Raudimelur,
Icelandic inland quarry.

Basalt no. 3: Basalt aggregates from Bjorgun, Icelandic seabed quarry.

Basalt no. 4: Basalt aggregates from Vatnsskard, Icelandic inland quarry.

Particle density and porosity, expressed as moisture content (MC) in saturated surface dry
(SSD) condition and the ratio of voids by volume, can be seen in Table 4-1.

Required mass content was calculated for the six mixes by maintaining a constant volume of
30 litres. Cement content in all the mixes was 315 kg/m® and water content 174 kg/m?,
maintaining a water-to-cement ratio of 0.55 and a paste volume of 27.7%. Cement from the
Danish Aalborg Portland was used (CEM 1 52.5 N), p = 3130 kg/m?, tricalcium silicate (C3S):
55%, dicalcium silicate (C,S): 18%, tricalcium aluminate (C3A): 8%, tetracalcium
aluminoferrite (C4AF): 12%. Blain (particle size): 423 m?/kg. Water demand: 27%.

MC in SSD condition  Particle density SSD basis Porosity

(%) (kg/m®) (%)
Granite 0.3 2730 0.8
Limestone 0.6 2630 1.6
Basalt no. 1 1.7 2790 4.6
Basalt no. 2 2.9 2790 7.9
Basalt no. 3 3.0 2770 8.2
Basalt no. 4 4.8 2710 125

Table 4-1: Aggregate parameters according to equations: (3.1), (3.2) & (3.3) and based on weighted average.
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Figure 4-1: Cumulative particle size distribution of mixes containing various aggregates.
Particle size distribution by Pérdur I. Kristjansson.

The amount of superplasticizer in each mix was arrived at with acceptable workability in
mind. Additives: Omnicon SPC-25 (polycarboxylic ether) p = 1100 kg/m®, dry content
39.3%. Additional information for mixes can be seen in Table 4-2.

SPC-25" Air Slump G-yield value  H-plastic viscosity

(kg/m?) (%) (mm) (A) (A=s)
Granite 1.0 4.1 215 0.68 1.87
Limestone 15 3.3 190 0.73 2.10
Basalt no. 1 1.0 4.3 235 0.64 1.50
Basalt no. 2 2.2 55 185 - -
Basalt no. 3 2.0 4.2 185 - -
Basalt no. 4 1.9 3.2 170 0.92 5.21

* Omnicon SPC 25 (polycarboxylic ether)
Table 4-2: Parameters of fresh concrete, measured prior to casting.

T
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Figure 4-2: Arbitrary photo of specimens from phase I. Figure 4-3: Arbitrary photo of specimens from phase I.
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4.2 Phasell

Phase 11 of the thesis is a study of the creep of concrete. It is based on an experimental data
recorded, for over twelve years, at ICl. Some material parameters have been lost over the
years. In the case of missing material parameter, tables will indicate a dash symbol (-).

The aggregate used in creep test specimens are from three Icelandic quarries and imported
aggregate from Norway. Abbreviations and aggregate composition is as follows:

Granite quarry: (GQ) Norwegian granite aggregates.

Basalt quarryno. 1:  (BQ1)  Basalt aggregates from Bjorgun, Icelandic seabed quarry.
Basalt quarry no. 2:  (BQ2)  Basalt aggregates from Vatnsskard, Icelandic inland quarry.
Basalt quarry no. 3:  (BQ3)  Basalt aggregates from Seljadalur, Icelandic inland quarry.

Sieve size MC in SSD Particle density SSD Porosity

range condition basis (%)

(mm) (%) (kg/m?)
Granite quarry: - 0.3 2650 0.8
Granite quarry: 0-8 0.3 2660 0.8
Granite quarry: 0-8 0.6 2650 1.7
Granite quarry: 8-16 0.5 2650 1.3
Granite quarry: 8-16 0.6 2700 1.6
Granite quarry: 8-16 0.7 2660 1.8
Basalt quarry no. 1: 0-8 3.3 2660 8.4
Basalt quarry no. 1: 0-8 3.3 2750 8.7
Basalt quarry no. 1: 0-8 4.2 2680 10.8
Basalt quarry no. 1: 0-8 4.8 2610 12.0
Basalt quarry no. 1: 8-16 2.0 2830 55
Basalt quarry no. 1: 8-16 2.4 2850 6.6
Basalt quarry no. 1: 8-16 2.6 2820 7.1
Basalt quarry no. 1: 8-16 3.0 2800 8.2
Basalt quarry no. 2: 0-8 6.1 2670 154
Basalt quarry no. 2: 8-19 7.2 2530 17.0
Basalt quarry no. 2: 8-22 7.0 2620 17.1
Basalt quarry no. 3: 8-12 2.3 2930 6.6
Basalt quarry no. 3: 12-16 1.7 2960 4.9

Table 4-3: Aggregate parameters according to equations: (3.1), (3.2) & (3.3).

In all test specimens but those in the last creep rig, blended silica fume cement from an
Icelandic cement producer (Sementsverksmidjan) was used, classified as CEM II/A-M 42.5
R, and containing 6% silica fume and 3% rhyolite [62], Blain (particle size) 4600 cm?/g. The
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test specimens in the last creep rig contains Danish Aalborg Portland cement (CEM 1 52.5
N),’ 6.7% silica fume was added to the EcoSCC mixes and 26.7% fly ash to the SCC mix.

Table 4-4 shows various measured fresh concrete properties for the test specimens in creep
rigs from 2002.

Creep | Quarry Water-cement Cement content Air Slump Density Paste volume
rig ) (kg/m®) (%) (mm) (kg/m°) (%)
BQ1 0374 440 71 210 2270 31.0
2?)/0(:22 BQ2 0.373 452 80 130 2230 31.8
BQ3 0.372 454 60 190 2370 31.9
BQ1 0312 512 47 80 2410 33.0
%’0(323 BQ2 0.313 505 62 100 2270 325
BQ3 0.310 513 47 90 2440 32.9
BQ1 0.291 549 20 60 2470 34.2
%’0(324 BQ2 0.290 539 66 170 2310 335
BQ3 0.292 555 38 160 2520 34.7

Table 4-4: Various measured fresh concrete parameters for the specimens in the CVC creep rigs from 2002.

Table 4-5 shows various measured fresh concrete properties for the specimens in the CVC
creep rig from 2004. Measurements on test specimens in the SSC creep rig are not displayed,
since the available data is not considered reliable.

Creep | Quarry Water-cement Cementcontent Air Slump Density Paste volume

rig @) (kg/m?) (%) (mm) (kg/m’) (%)
GQ 0.380 440 84 190 2230 314

%’&0 GQ 0.384 360 53 140 2330 25.7
BQ1 0.394 359 35 30 2430 26.0

Table 4-5: Various measured fresh concrete parameters for the specimens in the CVC creep rig from 2004.

Table 4-6 shows various measured fresh concrete properties for the specimens in the CVC
creep rig from 20009.

Creep | Quarry  Water-cement  Cement content Air Slump Density Paste volume

rig ) (kg/m?®) (%) (mm) (kg/m®) (%)
BQ1 0.550 321 56 110 2350 28.1

gg’(% BQ2 0.510 317 55 130 2300 26.4
GQ 0.550 322 49 150 2300 28.2

Table 4-6: VVarious measured fresh concrete parameters for the specimens in the CVC creep rig from 2009.

" Note: Cement is classified according to EN 197-1:2000 where only two classes for early strength is used, i.e. N
and R [63]. This classification is not to be confused with EC2 where both CEM II/A-M 42.5R and CEM | 52.5N
are, according to article 3.1.2 (6), classified as R [14].
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Table 4-7 shows various measured fresh concrete properties for the specimens in the SCC
creep rig from 2010. The supplementary cementitious material (SCM) used in the SCC AEA
mix was fly ash and in the Eco-SCC mix, silica fume was used. Slump measurements are
excluded from the table since the measurements were above 260 mm and therefore fail to
determine the difference in consistency (see section 3.2). The difference in consistency for
SCC mixes should be quantitated by the slump flow test or preferably by measuring the
fundamental rheological properties (see section 3.2).

Water-binder Cement  SCMs Air  Density  Paste
Creep rig Quarry ratio content content content ofcon. volume
) kam’)  (kg/m’) (%)  (kg/m’) (%)
SCC AEA GQ 0.336 402 146 7.2 2180 45.3
Eco-SCC GQ 0.604 295 21 1.3 2340 30.8
Eco-SCC AEA GQ 0.576 295 21 5.7 2250 34.4

Table 4-7: Various measured fresh concrete parameters for the specimens in the SCC creep rig from 2010.

|

09/09/2014 09/09/2014

Figure 4-4: Arbitrary photo of creep rig specimens. Figure 4-5: Arbitrary photo of creep rig specimens.
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5 Results and Discussion

This chapter reports the main findings of the thesis and discusses the results. Since the results
and discussion, between the various phases of the thesis, are interlinked; the results and
discussion have been merged into one chapter. This has been done for clarity of results and
over all readability.

5.1 Phasel

This section contains an extended version of results presented at the XXII Nordic Concrete
Research Symposium, 2014 in Reykjavik, involving the elastic modulus of concrete.

Table 5-1 shows results from both 7™ and 28™ day compressive strength as well as 7™ and 28"
day E-modulus; calculated values, using eq. (2.3) from EC2, based on 28" day compressive
strength and the ratio of measured 28" day E-modulus to EC2 E-modulus.

7" day ” 7"day 28"day” 28"day E-mod.”  Ratio of
Comp. st. E-mod. Comp. st. E-mod. fromEC2 E2s10 Egco
(MPa) (GPa) (MPa) (GPa) (GPa) ()

Granite 30.9 29.4 40.5 29.4 33.5 0.88
Limestone 314 35.9 41.7 39.4 33.8 1.17
Basalt no. 1 315 28.9 42.0 30.8 33.8 0.91
Basalt no. 2 37.9 27.9 47.0 28.3 35.0 0.81
Basalt no. 3 38.8 27.8 51.0 29.6 35.9 0.83
Basalt no. 4 41.8 19.2 54.6 22.3 36.6 0.61

* Mean value of concrete cylinder compressive strength.
** Value calculated according to equation (2.3) and without modification factor.

Table 5-1: Measured parameters of hardened concrete and compared to EC2 values for E-modulus. The specimens
are listed in the order of increasing porosity.

Article 3.1.3, in EC2 states that eq. (2.3) is valid for quartzite aggregates, but the outcome
should be reduced by 10% for limestone and increased by 20% for basalt [14]. There is a
known discrepancy between EC2 values for E-modulus and measured results, using Icelandic
aggregates. This is attributed to the prevailing porosity of Icelandic aggregates, MC in SSD
condition from 3 to 8% [15]. In fact the Icelandic National Annex (INA) to EC2 suggests a
correction factor to multiply the values obtained from eq. (2.3); 0.9 for non-porous aggregates
and 0.6 for porous aggregates [16] (see section 2.1).

Due to the inherent stiffness and large volume fraction that the aggregates occupy in concrete,
it exerts major influence on the E-modulus of concrete [64]. The E-modulus of quartzite
aggregate is higher than that of granite aggregate [65] (see also Figure 2-10) and therefore it is
not surprising that the E-modulus of the concrete mix with granite is lower than the EC2
value, since the aggregates have the tendency to restrain creep in concrete (See section 2.5).
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This tendency can by validated in literature [64] but as for the precise value of 88% reduction
from EC2, it is more difficult to validate.

The result for the mix containing limestone aggregate, above the EC2 value, was unexpected,
especially since EC2 recommends 10% reduction. The codification society has however
seemed to realize their error by adding a clause into the new fib MC 10. Table 2-1, from fib
MC 10 final draft, recommends an aggregate coefficient for dense limestone, that increases
calculated values by 20%. The clause from fib MC 10 was unknown to the author prior to the
experiment.

Figure 5-1 shows the measured E-modulus plotted as a function of MC in SSD condition. If
the values obtained from granite and limestone aggregates (values with low MC) are ignored,
a fairly good linear correlation emerges between porosity and E-modulus.

Weighted Porosity [%6]
00 20 40 60 80 100 120
0 —+—tt—t
— 40
o
-(% —— 7th day E-modulus
=2 30
E — & 28th day E-modulus
2
w 20
10
0.0 1.0 2.0 3.0 4.0 5.0
Weighted Moisture Content (SSD) [%6]

Figure 5-1: E-modulus of concrete as a function of aggregate porosity and MC in SSD condition.

The measured results, for basalt 1-4, agree fairly with the EC2 model if the correction factors
from INA are used. It is however interesting to exclude the granite and limestone aggregates
and plot the E-modulus of concrete, with basalt aggregates, as a function of aggregate
porosity (see Figure 5-2).

It is not good practice to extrapolate a fitted line outside the range of data, since the linear
relationship may not hold there [66]. But with the given statistical reservation, it is however
interesting to predict the E-modulus for higher aggregate porosity. The MC in SSD condition
for Icelandic aggregate can be as high as 8% [15]. By using the linear regression (arrived at in
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Figure 5-2), the equation predicts the E-modulus of basalt with MC of 8% at SDD condition
to 14.4 GPa. This value is likely to be outside the reduction suggested by INA.

Measuring the E-modulus of concrete is a rather simple task for concrete manufacturers,
especially since it can be done using the same specimens as for the compressive strength test.
It is the author’s opinion, that basing the E-modulus of concrete on a single parameter such as
the compressive strength is not acceptable. The E-modulus of concrete is a vital parameter in
design and should be listed by the manufacturer, just as the characteristic compressive

strength.
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Figure 5-2: E-modulus of concrete, samples containing basalt aggregates, as a function of aggregate porosity and MC
in SSD condition.

Another observation that can be made from table 5-1 is the compressive strength. Figure 5-3
shows the mean value of concrete cylinder compressive strength, with basalt aggregates, as a
function of aggregate porosity and MC in SSD condition. It shows a fairly good correlation
between porosity and compressive strength, where the compressive strength increases with
increased porosity. This is likely due to the failure mechanism of concrete, where the cement
paste-aggregate bond plays a major part. Aggregate surface texture is one of the most
important factors affecting bond strength; rough surfaces usually offer better bond than sawn

surfaces [67].
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Figure 5-3: Mean value of concrete cylinder compressive strength, with basalt aggregates, as a function of aggregate
porosity and MC in SSD condition.

5.2 Phasell

5.2.1 Elastic Modulus

In order to fully elucidate the test data on creep strain, it is first necessary to evaluate the E-
modulus for various mixes. Table 5-2 shows the 28" day E-modulus obtained from strain
readings in creep rigs (see Figure 4-4 & Figure 4-5), immediately after loading and by using
eg. (2.1). Although the E-modulus is not obtained by standardized method, as in phase I, it is
never the less reasonably obtained data.

Columns five and six in table 5-2 contain values obtained with eq. (2.3) from EC2 and eq.
(2.7) from fib MC 10. The difference between the values from the two equations is from 1 to
11%.

Column seven in table 5-2 contains the ratio of the measured E-modulus by the E-modulus
obtained with eq. (2.3) from EC2. This is in fact the necessary correction factor to obtain the
correct value, using the equation from EC2. The Icelandic National Annex (INA) to EC2
suggests a correction factor to multiply the values obtained from eq. (2.3); 0.9 for non-porous
aggregates and 0.6 for porous aggregates [16] (see section 2.1). The measured E-modulus for
four mixes (highlighted values) is lower than the values obtained through the correction factor
recommended by the INA.
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The ratio of the measured E-modulus by the calculated E-modulus in the SCC specimens is
somewhat lower than in other granite specimens (see row 1, column 6 in Table 5-1 and row
12, column 6 in Table 5-2). There are several possible reasons for this. The paste volume is
higher in the SCC specimens containing AEA (air entraining admixture) and from equation
(2.2) it is evident that the volume percent of each concrete component affects the E-modulus.
The ratio of fine aggregate to total aggregate by mass is a possible factor. The Eco-SCC
specimens contain fine basalt filler and thus increasing the total aggregate surface. The
volume of the transition zone (TZ) is related to the total aggregate surface or the interface
surface [10] and the TZ influences the elastic properties of concrete (see section 2.1). The
water-to-cement or water-to-binder ratio can be a factor in the Eco-SCC specimens but it
affects the E-modulus of concrete (see section 2.2 and Figure 2-5).

The tendency, encountered in from table 5-1, where the compressive strength increases with
increased porosity (see Figure 5-2) does not hold for table 5-2. The relationship seems only to
be relevant for mixes with the lower characteristic compressive strength (f). This is likely
due to the higher cement content in the stronger mixes.

Aggregate fou 28" day E-mod.”  E-mod.”  Ratio of

Quarry =fm-8 E-mod. fromMC10 fromEC2 Ejgto Egco
(MPa)  (GPa)  (GPa) (GPa) )
BOL 513 273 36.4 375 0.73
22)/5322 BQ2 54.4 17.9 37.3 38.1 0.47
BQ3 48.4 28.3 35.5 37.0 0.76
BQ1 695 341 415 40.7 0.84
22,/5323 BQ2 62.4 19.9 39.6 39.5 0.50
BQ3 68.0 32.9 41.1 40.4 0.81
BQ1 68.9 37.4 414 40.6 0.92
%’OCZ“ BQ2 65.5 22.4 40.4 40.0 0.56
BQ3 83.4 37.9 45.0 42.7 0.89
BQ1L 26.1 226 28.4 318 0.71
gg’(% BQ2 30.4 18.2 29.9 32.9 0.55
GQ 28.0 26.4 20.1 32.3 0.82
SCC AEA GQ 49.6 24.7 35.9 37.2 0.66
Eco-SCC GQ 50.0 26.0 36.0 37.3 0.70
Eco-SCCAEA | GQ 40.4 27.3 33.1 35.3 0.77

* Values calculated according to eq. (2.3) & (2.7) and without modification factor.

Table 5-2: Evaluated E-modulus values and comparison to fib MC 10 and EC2 models.
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5.2.2 Experimental Results of Creep
Experimental results from creep data is best illustrated graphically. The creep compliance
from eq. (2.23) can be plotted as a function of time. Note that, the creep compliance is often
incorrectly referred to as specific creep. Specific creep is the creep strain divided by the
constant stress, excluding the elastic strain. Or as a continuation from eq. (2.23), the creep
compliance can be written as eq. (5.1)

¢ (t’ tO) —
Eci(to) Eci Eci(to)

where C(t, t,) is the specific creep [68] [69].

](t! tO) = + C(t, tO) ’ (51)

Figure 5-4 shows the creep compliance for a creep rig, known as CVC; from 2009. All the
specimens have characteristic compressive strength of about 25 MPa, similar fresh concrete
parameters (see Table 4-6) and contain three different aggregates. The BQ1 specimens have a
weighted average MC of 3.7% in SSD condition, the BQ2 specimens 6.4% and the GQ
specimens 0.45%. In the beginning the BQ1 specimens deform less than the BQ2 specimens
but then gradually exceed the BQ2 specimens. The GQ specimens deform much less than the
BQ specimens.

The fact that the less porous BQ1 aggregate specimens deform more than the BQ2 specimens
is contrary to the established theories. Section 2.6 describes the physical mechanism of
concrete creep. The creep strain for aggregates is considered equal to zero. Since aggregates
do not creep they will restrain deformations. Figure 2-10 shows the restraining action of
aggregates, stiffer aggregates yield less creep.

The question remains, are porous aggregate stiffer then less porous aggregate. The elastic
properties of porous materials can be described by the empirical relationship of Phani and
Niyogi or eqg. (5.2) [70]

p\/
E=E, (1 - —) , (5.2)
Pc

where E is the elastic modulus of porous material with porosity p, E, is the elastic modulus of
solid material, p. is the porosity at which the elastic modulus becomes zero and f is a
parameter dependent on the grain morphology and pore geometry of porous material. The
value of f is a positive number and since the outcome inside the bracket is less than one,
elastic modulus decreases with increasing porosity.

All the specimens are still deforming after five years.
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Creep compliance as a function of time
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Figure 5-4: Creep compliance for the CVC; specimens from 2009, comprising three different mixes (BQ1, BQ2
and GQ).

Figure 5-5 excludes the elastic strain and shows that the difference between the BQ1 and BQ2
specimens is increasing. The physical mechanism of this behaviour cannot be verified in
literature and a proper hypothesis is difficult to establish.

In a monograph by Gudni Jonsson, publish by the Icelandic Building Research Institute, a
result bearing similarity is shown [15]. Creep specimens, containing C25/30 concrete with
both porous and non-porous aggregate, were tested for a year. The result shows the same
specific creep independent of aggregate porosity. This was however, only true for C25/30
concrete specimens, not for C35/45; C50/60 and C70/85.

Figure 5-6 shows the creep compliance for one of the oldest creep rigs, known as CVC, from
2002. All the specimens have characteristic compressive strength of about 50 MPa, similar
fresh concrete properties (see Table 4-4) and contain three different aggregates. The BQ1
specimens have a weighted average MC of 3.5% in SSD condition, the BQ2 specimens have
6.2% and the BQ3 specimens have 3.4%. There is almost no difference in creep compliance
between the BQ1 and BQ3 specimens but the BQ2 specimens deform more.

Figure 5-6 also shows that the specimens are still deforming after twelve years. This is
congruent with literature, where it has been shown that concrete is still deforming after thirty
years [23].
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Specific creep as a function of time
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Figure 5-5: Specific creep for the CVC, specimens from 2009, comprising three mixes (BQ1, BQ2 and GQ).

Creep compliance as a function of time
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Figure 5-6: Creep compliance for the CVC, specimens from 2002, comprising three different mixes (BQ1,
BQ2 and BQ3).
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Table 5-2 shows that the BQ2 specimens have much lower E-modulus than the BQ1 & BQ3
specimens. If the specific creep is plotted, excluding the elastic strain, interesting results
emerge (see Figure 5-7). The BQ2 specimens, containing aggregate with higher porosity,
deform less than the BQ1 & BQ3 specimens. These results bear similarity to earlier tendency
(see Figure 5-5).
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Figure 5-7: Specific creep for the CVC, specimens from 2002, comprising three different mixes (BQ1, BQ2 and
BQ3).

Figure 5-8 shows the creep compliance for creep rig, known as CVCjs, from 2002. The
specimens have characteristic compressive strength ranging from 62.4 to 69.5 MPa (see Table
5-2), similar fresh concrete properties (see Table 4-4) and contain three different aggregates.
The BQ1 specimens have a weighted average MC of 3.5% in SSD condition, the BQ2
specimens 6.2% and the BQ3 specimens 3.4%. There is little difference in creep compliance
between the BQ1 and BQ3 specimens but the BQ2 specimens deform more.

Figure 5-9 shows higher specific creep for the BQ2 specimens than BQ1 and BQ3. These
results are in agreement with literature, where stiffer aggregate restrain deformations (see
section 2.6).
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Creep compliance as a function of time
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Figure 5-8: Creep compliance for the CVC; specimens from 2002, comprising three mixes (BQ1, BQ2
and BQ3). Note: It was impossible to get an accurate strain reading for the last BQ3 measurement.
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Figure 5-9: Specific creep for the CVC; specimens from 2002, comp three mixes (BQ1, BQ2 and BQ3).
Note: It was impossible to get an accurate strain reading for the last BQ3 measurement.
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Creep compliance as a function of time
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Figure 5-10: Creep compliance for the CVC, specimens from 2002, comprising three different mixes (BQ1,
BQ2 and BQ3).

Figure 5-10 shows the creep compliance for one of the oldest creep rigs, known as CVC,
from 2002. The specimens have characteristic compressive strength ranging from 65.5 to 83.4
MPa (see Table 5-2), similar fresh concrete properties (see Table 4-4) and contain three
different aggregates. The BQ1 specimens have a weighted average MC of 2.7% in SSD
condition, the BQ2 specimens 5.5% and the BQ3 specimens 2.7%. There is little difference in
creep compliance between the BQ1 and BQ3 specimens but the BQ2 specimens deform much
more.
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Specific creep as a function of time
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Figure 5-11: Specific creep for the CVC, specimens from 2002, comprising three different mixes (BQ1, BQ2
and BQ3).

Figure 5-11 shows higher specific creep for the BQ2 specimens than BQ1 and BQ3 and is
therefore also in agreement with literature. The difference in specific creep seems to be
dependent on concrete strength, i.e. cement content and water-cement ratio. It has been
difficult to formulate a proper hypothesis for these findings and it must be a subject of further
research.

It should be noted that the main difference between BQ1 and BQ3 aggregates is its shape. The
BQ1 aggregate is rounded from seabed quarry and BQ3 is crushed aggregate from inland
quarry. The aggregate shape appears to have little effect on the specific creep (see Figure 5-7,
Figure 5-9 and Figure 5-11).

Figure 5-12 shows the specific creep for different strength classes all comprised of BQ1
aggregate and Figure 5-13 shows the specific creep for the same strength classes all
comprised of BQ2 aggregate. The graphs show that specific creep is dependent on the
compressive strength of concrete. These results are not surprising since it is the water-cement
ratio that mainly governs the compressive strength of concrete by influencing the amount of
capillary pores. The water-cement ratio then affects the creep of concrete, but the origin of
creep is considered to be caused by the movement of water between gel pores and capillary
pores [15], [24] (see section 2.6).
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Specific creep as a function of time

120 F
100 -

<

s

= | & e-e-eee® 0T ---@

- o-©-

a

o

: 090 @@ @ ®

o

."5

g

n

—@— CVC, from 2002
--@-- CVC, from 2002
----@--- CVC, from 2002

! .
0 2 4 6 8 10 12 14
Time since application of load (years)

Figure 5-12: Specific creep for CVC,, CVC; and CVC, specimens from 2002, all the specimens are
comprised of BQ1 aggregates.
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Figure 5-13: Specific creep for CVC,, CVC; and CVC, specimens from 2002, all the specimens are
comprised of BQ2 aggregates.
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Figure 5-14 shows the specific creep for SCC specimens from 2010. All the specimens
contain granite aggregate and have characteristic compressive strength from 40.4 to 50.0 MPa
(Table 5-2). Table 4-7 shows the differences between the three mixes but in general they are:
SCC rich in cement and supplementary cementitious materials (SCMs) using air entraining
admixture (AEA). Two mixes named Eco-SCC, contain less cement and SCMs, one with and
the other without AEA.

The experimental data shows that, in spite of less cement content, the Eco-SCC creeps more.
This is likely due to the higher water-binder ratio in the Eco-SCC mixes. This result can be
supported by literature (see section 2.6) but the origin of creep is generally considered to be
caused by the movement of water between gel pores and capillary pores [15], [24].

The addition of AEA seems to have limited effect on Eco-SCC mixes, with respect to creep.
There is no consensus in literature on the effect of AEA on creep, although some literature
may suggest an increase in creep when adding AEA [15], [71]. Air void represent aggregate
with zero E-modulus so that the resistance to creep deformation should be less in air entrained
concrete. AEA generally improves the workability of concrete and allows the use of lower
water-cement ratio, but creep decreases with lower water-cement ratio [23]. For practical
conditions air entrainment is not considered an important factor in creep [21].

Specific creep as a function of time
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Figure 5-14: Specific creep for SCC specimens from 2010, comprising three granite specimens (SCC AEA,
Eco-SCC and Eco-SCC AEA).
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Creep compliance as a function of time
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Figure 5-15: Creep compliance for specimens from 2004, comprising two granite mixes with paste volume of
31.4 and 27.7%.

Although some parameters concerning the specimens from 2004 are lost, at least some test
data can be used. Figure 5-15 shows the creep compliance for two granite mixes with paste
volume of 31.4 and 27.7%. The specimens with 31.4% paste volume have 440 kg/m® cement
content and 8.4% air but the 25.7% paste volume specimens have 360 kg/m?® cement content
and 5.3% air. In both mixes the water to cement ratio and aggregate composition is the same.

The E-modulus for the specimens with 31.4% paste volume is 24.8 GPa and 29.4 GPa for the
25.7% paste volume specimens. This finding is in agreement with literature (see section 2.1),
where the volume percentage of hydrated cement is replaced with the stiffer aggregate, thus
increasing the E-modulus. The higher air content in the specimens with 31.4% paste volume
is also a possible factor, since addition of air decreases the compressive strength and
consequently the E-modulus.
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Specific creep as a function of time
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Figure 5-16: Specific creep for specimens from 2004, comprising two granite mixes with paste volume of 31.4
and 27.7%.

Figure 5-16 shows the specific creep for the two granite mixes from 2004. The specimens
containing 31.4% paste volume creeps significantly more than the 25.7% paste volume
specimens. It is difficult to identify a single cause for the increased creep, it might have been
affected by air or cement content. The difference in specific creep is however so great
(36.9-:10°° / MPa) that both these factors are likely the cause for higher creep-strain.
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Stress-dependent strain as a function of time
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Figure 5-17: Effect of mineralogical character of aggregates on creep, CVC, specimens from 2009 and BQ1
containing GQ aggregate.

Figure 5-17 shows the stress-dependent strain for specimens from 2009, in logarithmic scale.
All the specimens have characteristic compressive strength of about 25 MPa, similar fresh
concrete properties (see Table 4-6) but contain aggregates from two quarries. The BQ1
specimens have a weighted average MC of 3.7% in SSD condition and the GQ specimens
0.45%. The results confirm the effect of mineralogical characteristics of aggregates upon
creep; from section 2.8 (see Figure 2-16). The rate of creep for concrete containing basalt
aggregates exceeds the concrete containing granite after a few months.
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5.2.3 Comparison between Models and Test Data

In order to best compare test data on creep strain to mathematical models, all the model
parameters need to be unambiguous. This is not the case when using the EC2 model in
conjunction with the corresponding INA. The INA to EC2 suggests two reduction factors for
E-modulus, based on aggregate porosity, but gives no guidance for which porosity range each
reduction factor belongs to. Due to this ambiguity, the comparison between models and
experimental results will be based on creep coefficient and thus excluding the E-modulus as a
model parameter.

Figure 5-18 shows experimental development of creep coefficient for CVC; and aggregate
from BQ1 in comparison with four mathematical creep models. Early on EC2; fib MC 10 and
Model B3 overestimate the creep development but as time passes the data vastly overtake the
models.

Creep coefficient as a function of time
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Figure 5-18: Measured creep coefficient for the CVC; specimens from 2009, comprising BQ1 aggregate and
comparison to four creep models.

Figure 5-19 shows experimental development of creep coefficient for CVC; and aggregate
from BQ2 in comparison with four mathematical creep models. The difference between
experimental results and models is not as much as shown using BQ1 aggregate. The smaller
difference is both due to less creep development in the BQ2 specimens as well as larger
characteristic compressive strength that affect the models. Note: The rate of creep in the
experimental results appears constant while the creep rate in the models seems to be levelling
out.
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Creep coefficient as a function of time
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Figure 5-19: Measured creep coefficient for the CVC; specimens from 2009, comprising BQ2 aggregate and
comparison to four creep models.

Figure 5-20 shows experimental development of creep coefficient for CVC; and GQ
aggregate in comparison with four mathematical creep models. The EC2 and Model B3
overestimate the creep development, ACI model underestimates creep development and fib
model code best describes the creep development.

When comparing Figure 5-19 and Figure 5-20 the creep coefficient, after little over 5 years, is
almost the same for concrete containing different aggregate. It should be noted that the
specific creep is the creep coefficient divided by the E-modulus, see eq. (5.1). Since the E-
modulus for the concrete with GQ aggregate is higher than concrete with BQ2 aggregate, the
specific creep for concrete with GQ aggregate is lower.

Figure 5-21 shows experimental development of creep coefficient for CVC, and aggregate
from BQ1 in comparison with four mathematical creep models. The difference between
experimental results and EC2 and fib MC 10 models is sizeable but not as much compared to
Model B3 and ACI modelling.
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Creep coefficient as a function of time
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Figure 5-20: Measured creep coefficient for the CVC, specimens from 2009, comprising GQ aggregate and
comparison to four creep models.
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Figure 5-21: Measured creep coefficient for the CVC, specimens from 2002, comprising BQ1 aggregate
and comparison to four creep models.
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Creep coefficient as a function of time
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Figure 5-22: Measured creep coefficient for the CVC, specimens from 2002, comprising BQ2 aggregate and
comparison to four creep models.

Figure 5-22 shows experimental development of creep coefficient for CVC, and aggregate
from BQ2 in comparison with four mathematical creep models. The EC2; fib MC 10 and
Model B3 underestimate the creep coefficient, but the ACI modelling overestimates the creep
coefficient.

Figure 5-23 and Figure 5-24 show experimental development of creep coefficient for CVC,
and aggregates from BQ1 and BQ2 in comparison with four mathematical creep models.
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Creep coefficient as a function of time
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Figure 5-23: Measured creep coefficient for the CVC, specimens from 2002, comprising BQ1 aggregate
and comparison to four creep models.
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Figure 5-24: Measured creep coefficient for the CVC, specimens from 2002, comprising BQ2 aggregate
and comparison to four creep models.

62



Results and Discussion

4 we
Vi yw

The comparison between experimental development of creep coefficient to well accepted
mathematical models indicate that concrete made of porous basalt aggregate generally
exhibits greater creep than expected.

5.3 Phaselll

5.3.1 Deflection Calculations
Section 3.4 describes the slab in question; relevant theories; assumptions of load on the
structure; relevant codes and the governing equation for comparison.

Figure 5-25 shows detailed deflection estimation based on material properties and model
assumptions according to EC2 and INA. The deflection due to creep and shrinkage (5,p) is
38.3 mm and the elastic deflection (6,4.) is 30.5 mm. The total deflection of 41.9 mm is
calculated according to eq. (5.3)

Myare — MQP

6t0t = 6QP + 6rare M
rare

(5.3)

where M, is the bending moment due to maximum service limit load and M, bending
moment due to quasi-permanent load.

TABLE CALCULATOR - DEFLECTION FOR UNIT STRIP

This program returns values for deflection for unit strip of slab.

Slab parameters Derived values
h Thickness of slab 200mm) Material properties For deflection (Quasi-permanent
d Effective depth of tension reinforcement 160 mm| Eem 33,550 MPa fy / feim 2.9 MPala; 0.7022 x,, 100.0 mm|
d’ Depth to compression reinforcement 40 mm| . 58.0MPa 0t e 5.961|a, 0.9039 x, 40.0mm|
Ecer 13,583 MPa @t p 14.724a, 0.7768 S, omm?
o Characteristic cylinder strength of concrete 50 MPa B 200,000 MPa €4 3.224E-04|h, 200mm S, 54,298 mm?
i 3.793E-04 €,(c0) 1.000E-04|cby 1.4466 1, 7.11E+08 mmA4
Cross-sectional area of tension reinforcement 452.4 mm?| € 4.224E-04 oy, 0.12(B(ferm) 2.2059 I, 1.17E+08 mmA4|
Cross-sectional area of compression reinforcement 452.4mm? Ogsy 4 Emax 0.6932(B(t,) 0.4749 M., 20,630 Nm
For deflection (rare b 1.5155 § 0.6932]
Mgp Design value of bending moment (Quasi-permanent) 26,338 Nm X, 100.0mm x. 27.7mm|By 494.24 1/r, 1.2E-05 (1/mm),
M. Design value of bending moment (Rare) 29,938 Nm Iy 6.83E+08 mm~4 | 5.46E+07 mm~4|B. 0.9700 By 1.3563
M 19,802Nm & 0.5625|d(t,t;)  1.4700 1/res  2.0E-06 (1/mm)
t Adjusted age of concrete 12.7 yr| 1/r  1.2E-05(1/mm) Kp 0.8500 1/ryqp  1.4E-05 (1/mm)!
to Adjusted age of concrete at loading 28 days|
RH Ambient relative humidity ) 50%|
K-constant for deflection calculations 0.1042)
Span length 5.0m 00
Other values . . A e ol .
Non-porous aggregate from INA 0.90 X
Characteristic tensile strength f T 6 oo == 0 == Sle=no =0 =g *%
[ Deflection due to creep and shrinkage (Quasi-permanent): 38.3mm
Elastic deflection (rare): 30.5 mm b b As - - S
Ot Total deflection: 41.9mm

Figure 5-25: Deflection calculations based on material properties and model assumptions according to EC2 and INA.
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Figure 5-26 shows deflection estimation based on the creep compliance from figure 5-6 in
conjunction with equation (3.10) and using BQ1 aggregate. The deflection due to creep and
shrinkage is 40.8 mm and the elastic deflection is 30.6 mm, nearly the same as in previous
deflection estimation (see Figure 5-25). The total deflection is 44.5 mm, 6.2% increase from
the calculations based on EC2 parameters.

The modest increase in elastic deflection, despite significant decrease in E-modulus, is due to
the drop in maximum distribution coefficient ({,,q.) (see section 3.4). The distribution
coefficient is the ratio of uncracked and fully cracked conditions allowing for tension
stiffening where the unit strip is uncracked. Once an arbitrary section cracks it will remain
cracked and consequently, deflection estimations are based on the maximum distribution
coefficient or eq. (5.4)

(max = max [qQP ; (rare (54)

where {op s the distribution coefficient based on quasi permanent loading and ¢ is the

rare

distribution coefficient based on the total SLS loading.

TABLE CALCULATOR - DEFLECTION FOR UNIT STRIP

This program returns values for deflection for unit strip of slab.

Slab parameters Derived values
h Thickness of slab 200 mm Material properties For deflection (Quasi-permanent)
d Effective depth of tension reinforcement 160 mm| EN 27,303 MPa fy / fom 2.9 MPa|a; 0.7022 x, 100.0 mm|
d Depth to compression reinforcement 40 mm| fem 58.0MPa 0t yre 7.325|a, 0.9039 x, 47.2mm|
Eg 8,595 MPa a, qp 23.269|a; 0.7768 S, 0mm?|
o Characteristic cylinder strength of concrete 50 MPa E, 200,000 MPa €4 3.224E-04|h, 200 mm S, 47,760 mm?
B 3.793E-04 £,(c°) 1.000E-04|dbgy, 1.4466 1, 7.39E+08 mmA4|
A Cross-sectional area of tension reinforcement 452.4mm? € 4.224E-04 oy, 0.12(B(ferm) 2.2059 I, 1.70E+08 mm~4|
A Cross-sectional area of compression reinforcement 452.4 mm?| Olgsy A= 0.6688|B(to) 0.4749 M., 21,437 Nm|
For deflection (rare bo 1.5155 § 0.6688]
Mgp Design value of bending moment (Quasi-permanent) 26,338 Nm Xy 100.0mm x. 30.3mm|By 494.24 1/r, 1.3E-05 (1/mm)
M. Design value of bending moment (Rare) 29,938 Nm) Iy 6.87E+08 mm™4 | 6.53E+07 mm™4|B, 0.9700 By 1.3563
M 19,931Nm & 0.5568|d(t,t;) 21764 1/res  1.9E-06 (1/mm)
t Adjusted age of concrete 12.7yr| 1/r  1.2E-05(1/mm) Kp 0.8500 1/ryqp  1.5E-05 (1/mm)!
to Adjusted age of concrete at loading 28 days|
RH Ambient relative humidity ) 50%|
K-constant for deflection calculations 0.1042)
Span length 5.0m| =10
Other values . . A5 e & . d .
Non-porous aggregate from INA 0.90 s
Characteristic tensile strength X U 1 sk — —d g
B Deflection due to creep and shrinkage (Quasi-permanent): 40.8 mm
Srare Elastic deflection (rare): 30.6mm * * na - * S
St Total deflection: 44.5 mm

Figure 5-26: Deflection calculations based on the creep compliance according to figure 5-6 in conjunction with
equation (3.10) and using BQ1 aggregate.

64



Results and Discussion

4 we
Vi yw

Figure 5-27 shows deflection estimation based on the creep compliance from figure 5-6 in
conjunction with equation (3.10) and using BQ2 aggregate. The deflection due to creep and
shrinkage is 42.3 mm and the elastic deflection is 32.5 mm. The total deflection is 46.5 mm or
10.3% increase from the calculations based on EC2 parameters.

TABLE CALCULATOR - DEFLECTION FOR UNIT STRIP
This program returns values for deflection for unit strip of slab.
Slab parameters Derived values
h Thickness of slab 200 mm Material properties For deflection (Quasi-permanent)
d Effective depth of tension reinforcement 160 mm| Eem 17,885 MPa f y / fim 2.9 MPala; 0.7022 x,, 100.0 mm
d’ Depth to compression reinforcement 40 mm| fem 58.0MPa Q¢ e 11.183|at, 0.9039 X, 51.1mm|
Eeer 6,803 MPa 0, op 29.4000 0.7768 S, omm?
o Characteristic cylinder strength of concrete 50 MPa E. 200,000 MPa €4 3.224E-04|h, 200mm S, 44,242 mm?
i 3.793E-04 £,(c<) 1.000E-04dbgy 1.4466 1, 7.59E+08 mmA4|
A, Cross-sectional area of tension reinforcement 452.4mm? € 4.224E-04 ay; 0.12|B(fm) 2.2059 I, 2.04E+08 mm~4
A Cross-sectional area of compression reinforcement 452.4mm? Olgsy ANETx 0.6506|B(to) 0.4749 M, 22,016 Nm|
For deflection (rare b 1.6795 § 0.6506)
Mgp Design value of bending moment (Quasi-permanent) 26,338 Nm X, 100.0mm x. 36.0 mm|By 494.24 1/r, 1.4E-05 (1/mm),
M, Design value of bending moment (Rare) 29,938 Nm Iy 7.00E+08 mm”4 | 9.34E+07 mm™4|B. 0.9700 Bgy 1.3563
M 20,295 Nm & 0.5404|b(t,t;)  1.6291 1/rs  1.8E-06 (1/mm)
t Adjusted age of concrete 12.7 yr| 1/r  1.2E-05(1/mm) Ky 0.8500 1/ryqp  1.6E-05 (1/mm)!
to Adjusted age of concrete at loading 28 days|
RH Ambient relative humidity ) 50%)
K-constant for deflection calculations 0.1042)
Span length 5.0m| =10n
Other values . | . As e o d] .
Non-porous aggregate from INA 0.90} X
Characteristic tensile strength X U = 0 == == — - —d *g
Sop Deflection due to creep and shrinkage (Quasi-permanent): 423 mm
B Elastic deflection (rare): 32.5mm - - S - - ~
O Total deflection: 46.2mm

Figure 5-27: Deflection calculations based on the creep compliance according to figure 5-6 in conjunction with
equation (3.10) and using BQ2 aggregate.

Note: The estimated deflection is based on creep coefficient after little over twelve years.
Figure 5-6 shows that the concrete is still deforming and thus the deflection is expected to
increase, not least because concrete is known to deform for twenty to thirty years (see section
2.5).

5.3.2 Prestress Losses

Section 3.5 describes the post tensioned structure; exposure conditions; load on structure and
the governing equation for comparison. The additional parameters needed for calculating the
prestress force losses are:

Characteristic concrete strength f., = 50 MPa

Coefficient of friction u = 0.19

Wobble factor k = 0.01/m

E-modulus from EC2 in conjunction with INA E',, = 0.9 E,,, = 33.55 GPa
Elastic modulus of steel tendon Eg = 205 GPa

Creep coefficient, according to EC2 ¢ (¢, t,) = ¢ (4626 + 28,28) = 1.04
Autogenous shrinkage strain from EC2 &,, = 1.00 - 107*

Drying shrinkage strain from EC2 .4 = 1.51-107*
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Table 5-3 shows the estimated losses of initial prestress force, based on EC2 and INA and
after the load has been moved to a single bridge beam, based on the resulting torque (see
Appendix B for the area moment of inertia).

Additional abbreviations for tables containing estimations of prestress losses are as follows:

A Cross-sectional area of concrete

A, Cross-sectional area of tendon

C y=Cx

eav  Average eccentricity of tendon

ho  Notional size

I Area moment of inertia

kn ~ Coefficient depending on the notional size hg

Po Initial prestress force

u Parameter of that part of the concrete cross-section which is exposed to drying
X- pos. at mid-span

y Y- pos. at mid-span (max. eccentricity of tendon)

oe  Modular ratio

0 The gradient at ends

Friction Elastic shortening Creep Shrinkage Relaxation
at anchor
U 0.19 A, 1.56 E+04 mm? u 1.03 E+04 mm €cd 151 E-04 25
k 0.01/m A 2.45 E+06 mm? hg 477 mm Kn 0.7057
X 20.0m O 6.11 o(t,to) 1.04 €a  1.00 E-04
y 125m €av 0.783m E, 205 GPa gs  2.51E-04
C 000313/m | | 132E+12mm* | E’,, 33.6 GPa
0 0.125rad | P 16.8 MN AP 1.31 MN AP 803 kN AP 988 kN
5.99% 1.91% 7.62% 4.68% 5.76%
Po= 17.2 MN Total estimated losses 26.0% of Pg

Table 5-3: Estimated losses of initial prestress force, based on EC2 and INA.

Table 5-4 shows the estimated losses of initial prestress force, based on the creep compliance
from figure 5-6 in conjunction with equation (3.10) and using BQ1 aggregate. The total
estimated losses are 36.6%, exceeding those values based on EC2 and INA by 10.6%.
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Friction shI(E)Ir?Z::icng Creep Shrinkage F;?':::gﬁgrn
u 0.19 A, L156E+04mm? | u 1.03 E+04 mm | &g 1.51 E-04 2.5
K 0.01/m A 245E+06 mm2 | hy 477 mm Kn 0.7057
X 20.0m O 7.51 o(t,to) 2.00 Eca 1.00 E-04
y 1.25m €av 0.783m E, 205 GPa Ecs 2.51 E-04
C 0.00313/m | | 132E+12mm* | Eqp 27.3 GPa
0 0.125rad | P 16.8 MN AP 3.07 MN AP 803 kN AP 983 kN

5.99% 2.34% 17.89% 4.68% 5.73%
Po= 17.2 MN Total estimated losses  36.6% of Pq

Table 5-4: Estimated losses of initial prestress force, based on the creep compliance from figure 5-6 in conjunction
with equation (3.10) and using BQ1 aggregate.

Table 5-5 shows the estimated losses of initial prestress force, based on the creep compliance
from figure 5-6 in conjunction with equation (3.10) and using BQ2 aggregate. The total
estimated losses are 36.2%, little less than the losses using the BQ1 aggregate. The elastic
shortening is greater using concrete containing the BQ2 aggregate, but the creep shortening is

less.

Friction sh%lrilzgicng Creep Shrinkage F;i':ﬁgﬁgp
U 0.19 A, 1.56 E+04 mm? u 1.03E+04 mm | gy 1.51 E-04 25
k 0.01/m A 2.45 E+06 mm?2 hg 477 mm Kp 0.7057
X 20.0m O 11.46 o(t,to) 1.21 Eca 1.00 E-04
y 1.25m €av 0.783m E, 205 GPa Ecs 2.51 E-04
C 000313/m | I 1.32E+12mm* | Eqp 17.9 GPa
0 0125rad | P' 16.6 MN AP 2.80 MN AP 803 kN AP 983 kN
5.99% 3.53% 16.32% 4.68% 5.73%
Po= 17.2 MN Total estimated losses  36.2% of Py

Table 5-5: Estimated losses of initial prestress force, based on the creep compliance from figure 5-6 in conjunction
with equation (3.10) and using BQ2 aggregate.

Note: The estimated losses of initial prestress force are based on creep coefficient after little
over twelve years. Figure 5-6 shows that the concrete is still deforming and thus the prestress
losses are expected to increase further, but concrete is known to deform for twenty to thirty
years (see section 2.5).
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6 Conclusions and Final Remarks

This chapter summarizes the main findings of the thesis and lists recommendations for further
research, to answer questions that arose during the work on the thesis.

6.1 Main Findings
Within the limitations of the work here conducted, these are the main findings:

*

The results indicate substantial discrepancies in measured E-modulus for concrete
made from limestone aggregates, compared to estimates based on mean concrete
cylinder strength according to EC2.

The measured E-modulus from concrete with Icelandic aggregates, basalt 1-4 from
phase |, fairly agrees with the EC2 values if the correction factors from INA, based on
aggregate porosity, are applied. However, experimental results from phase 1l show
that the E-modulus drops well below the EC2 values, using correction factors from
INA, if the porosity is increased.

If the values obtained from granite and limestone aggregates are ignored, a fairly good
correlation can be seen between aggregate porosity and E-modulus of concrete.
Concrete containing porous basalt aggregate shows greater creep than concrete with
granite aggregate.

The oldest creep specimens, referred to in the thesis, are still deforming after twelve
years.

The Eco-SCC mixes, containing less cement but higher water-binder ratio, shows
greater creep than conventional SCC.

Addition of air entraining admixture seems to have limited effect on the specific creep
of Eco-SCC mixes.

Higher cement content, while maintaining constant water-cement ratio, is likely to
increase creep-strain.

The concrete containing basalt aggregates appears to increase its rate of creep after
few months.

Findings indicate that concrete made of porous basalt aggregate exhibits greater creep
than predicted by well accepted mathematical models.

A case study, for a post tensioned highway bridge, shows a 10% increase in initial
prestress force losses when using experimental results for concrete with porous
aggregate, compared to values from Eurocode 2.

A case study of a slab of concrete with porous aggregate, 200 mm thick and spanning
5.0 m, shows a 6.2 and 10.3% increase in deflection using experimental results for
concrete with BQ1 and BQ2 aggregates, compared to values predicted by Eurocode 2.

Note: When the E-modulus is critical to the performance of a structure, tests on the E-
modulus should be conducted. In practice a structural designer has little control over
aggregate composition in the concrete, thus it is best to specify the E-modulus to be used for
structures sensitive to variations.
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6.2 Recommendations for Further Research

This section reflects on unanswered questions that arose during the work on the thesis and
could be the subjects of further research.

4 Flexural strength of concrete is important in deflection calculations. When
determining distribution coefficient for uncracked and fully cracked conditions, the
tensile strength, determined in accordance with EC2, is normally used. In case of
concrete made of porous aggregate, tensile strength might be overestimated, since it is
strongly dependant on the interfacial transition zone (see section 2.1). Possible
discrepancies in tensile strength between predictions according to EC2, and
experimental results would be an interesting research subject.

+ The Icelandic National Annex to EC2 suggests two reduction factors for E-modulus,
based on aggregate porosity, but gives no guidance for what porosity range the
reduction factor should be used. This ambiguity is unfortunate and might serve as a
central point in a practical research topic. Experimental results, based on porosity,
could then be compared to the EC2 model to find a suitable conversion factors or
models.

+ Accuracy in mathematical models is essential and the discrepancies, such as those
depicted in phase Il, are excessive. It would be worthwhile to fit the experimental
results to EC2 or fib MC 10 model. By using some least squares regression method it
should be possible to find a parameter that minimizes the differences between models
and test data.

Finally
The thesis ends, but creep goes on [21].
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ABSTRACT

Six concrete mixes were made containing: granite, limestone and
porous basalt aggregates. Compressive strength and E-modulus tests
were carried out. The results show discrepancies in E-modulus
compared to those obtained from models, especially when using
limestone aggregate and reduction of E-modulus with increasing
porosity.

Key words: Elastic Modulus of Concrete, Aggregate, Porous
Aggregates, Saturated Surface Dry.

1. INTRODUCTION

Elastic modulus (E-modulus) describes a linear relationship between stress and strain i.e.
where Hook’s law applies (“Hooke’s law (physics),” n.d.). Concrete however exhibits a non-
linear relationship between stress and strain. To simplify calculations engineers attempt to
define its E-modulus, using various models. The most common definition of E-modulus for
concrete, used in this article, is known as the secant modulus (Neville & Brooks, 2010).
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In practice, E-modulus of concrete is measured and empirical equations then fitted to the
results. Eurocode 2 (EC2) presents a formula to calculate the E-modulus of concrete (E.,,)
from the mean value of concrete cylinder compressive strength (f.,,), or from equation (1)
(EN 1992-1-1, 2004),

E.p = 22 (];C—:)”)OB. 1)

The research presented in this paper is intended to elucidate the effect of porosity in
aggregates on the E-modulus of concrete. The difference in porosity will be quantitated by the
moisture content (MC) of aggregates in saturated surface dry (SSD) condition.

2. MATERIALS AND METHODS

Six mixes were made using different combination of aggregates. The mass-ratio of fine
aggregates (< 4.0 mm) was the same in all mixes, 47% of total aggregates. This made the
accumulative particle size distribution fairly homogeneous, except maybe for the basalt mix
no. 4 (see fig. 1). Abbreviations and aggregate composition can be seen below.

Granite: Norwegian granite aggregates.
Limestone: Dune sand and limestone aggregates from Abu Dhabi (United Arab
Emirates).
Basalt no. 1: Basalt aggregates from Hardikambur, Icelandic inland quarry.
Basalt no. 2: Basalt from Bj6rgun, Icelandic seabed quarry + sand from Raudimelur.
Basalt no. 3: Basalt aggregates from Bjorgun, Icelandic seabed quarry.
Basalt no. 4: Basalt aggregates from Vatnsskard, Icelandic inland quarry.
100 : : : :
I Granite aggregate /f; /:
— 90 [ ) YA Y
R IR Limestone aggregate ',‘,l /
= 80 | — - = Basalt no.1 aggregate
-S i ==-= Basalt no.2 aggregate
5 70 H
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o | i ’:v{.'.
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— T gt
- — s
10 = e /
IURYeTY -‘//.,
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Figure 1 — Cumulative particle size distribution of mixes containing various aggregates.
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Required mass content was calculated for the six mixes by maintaining a constant volume of
25 litres. Cement content in all the mixes was 315 kg/m® and water content 174 kg/m?,
maintaining a water-to-cement ratio of 0.55 and a paste volume of 27.7%. The amount of
superplasticizer in each mix was arrived at with acceptable workability in mind. E-modulus
tests were done according to the standard (ISO 1920-10, 2010). Additional info for mixes can
be seen in table 1.

Table 1 — Various values, measured prior to casting

SPC-25%  Air Slump | G-yield H-plastic® SSD°

(kg/m®) (%) (mm) (A) (A-s) (%)
Granite 1.0 4.1 215 0.68 1.87 0.3
Limestone 15 3.3 190 0.73 2.10 0.6
Basalt no. 1 1.0 4.3 235 0.64 1.50 1.7
Basalt no. 2 2.2 55 185 - - 2.9
Basalt no. 3 2.0 4.2 185 - - 3.0
Basalt no. 4 1.9 3.2 170 0.92 521 4.8

a. Omnicon SPC 25 (polycarboxylic ether)
b. Plastic viscosity
C. Weighted average MC in SSD condition

3. RESULTS AND DISCUSSION

Table 2 shows the results from both 7" and 28" day compressive strength as well as E-
modulus. Calculated values, using equation from EC2, are based on 28" day compressive
strength.

Table 2 — Measured values, after casting, and compared to calculated E-modulus

7" day ° 7" day 28" day ¢ 28" day = E-modulus ®
Compressive st. E-modulus = Compressive st. E-modulus from EC2
(MPa) (GPa) (MPa) (GPa) (GPa)
Granite 30.9 29.4 40.5 29.4 335
Limestone 31.4 35.9 41.7 39.4 33.8
Basalt no. 1 315 28.9 42.0 30.8 33.8
Basalt no. 2 37.9 27.9 47.0 28.3 35.0
Basalt no. 3 38.8 27.8 51.0 29.6 35.9
Basalt no. 4 41.8 19.2 54.6 22.3 36.6

d. Mean value of concrete cylinder compressive strength.
e. Value calculated according to equation (1) and without modification factor.

Article 3.1.3 in EC2 states that equation (1) is valid for quartzite aggregates, but the outcome
should be reduced by 10% for limestone and increased by 20% for basalt (EN 1992-1-1,
2004). It is clear from table 2 that the EC2 model drastically underestimates the E-modulus
with respect to limestone aggregates, especially if the reduction factor is used. There is a
known discrepancy between EC2 values for E-modulus and measured results, using Icelandic
aggregates. This is attributed to the prevailing porosity of Icelandic aggregates, MC in SSD
condition from 3 to 8% (Jonsson, 2006). In fact the Icelandic National Annex (INA) to EC2
suggests a correction factors to multiply the values obtained from (1), 0.9 for non-porous
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aggregates and 0.6 for porous aggregates (INA to EN 1992-1-1, 2010). The measured results,
for basalt 1-4, fairly agrees with the EC2 model if the correction factors from INA are used.

Figure 2 shows the measured E-modulus plotted as a function of MC in SSD condition. If the
values obtained from granite and limestone aggregates (values with low MC) are ignored, a
fairly good linear correlation emerges between porosity and E-modulus.

50
=40
=30
=
3,
E 20
i —— Tthday E-modulus

10 --&-- 28th day E-modulus

|:| T T T T
0.0 1.0 2.0 3.0 4.0 5.0

Weighted Moisture Content (SSD) [%0]

Figure 2 — E-modulus of concrete as a function of aggregate MC in SSD condition

4. CONCLUSIONS

The results indicate substantial discrepancies in measured E-modulus for concrete made from
limestone aggregates, compared to estimates based on mean concrete cylinder strength
according to EC2.

The measured results from concrete with Icelandic aggregates, basalt 1-4, fairly agrees with
the EC2 values if the correction factors from INA, based on aggregate porosity, are applied.

If the values obtained from granite and limestone aggregates are ignored, a fairly good
correlation can by seen between aggregate porosity and E-modulus of concrete.
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Appendix B

B.1. Obtaining the Final Value of Creep Coefficient According to EC2

This annex includes a worked example of obtaining the final value of creep coefficient
according to annex B in EN 1992-1-1: 2004 or EC2.

Determine the final value of creep coefficient for a 200 mm thick slab that spans in one
direction given the following parameters:

e Slab strip, 1.0 m wide and exposed to drying from above and below.

e The slab is exposed to inside conditions with relative humidity of 50%.

e The characteristic strength of the concrete is C30/37.

e The formwork is allowed to support the slab until the concrete has reached equivalent
of 28 days strength development at 20°C, therefore the age at loading (t,) is 28 days.

e The type of cement is Class N.

2-A,  2-200mm-w

fom = fa +8=30+8=38MPa; hy=— > =200mm
3507 3502 3505
;= <E> =0.944; a, = (E> =0.984; a; = <E) = 0.960
fom > 35 MPa => ¢hpy = l“w'all' ) = [ +L(3)/100~0.944]~0.984
0.1-3/ho 0.1-3/200
16.8 1 1

=178, B(fim) = —= = 2.73; B(ty) =

Viem

=0.488, ¢ = bry - B(fom) - B(ty) = 1.78 - 2.73 - 0.488 = 2.37

0.1+ t,02 0.1+ 2802

(e0,5) = Jim | - ]0'3 1
() = _— =
Peloto) = lim, By +t —to

¢(Oo’ tO) = ¢0 : ﬁc(OO; to) = ¢0 = 2.37

78



Appendix B

B.2. Derivation of Equation (2.20)
Since the creep coefficient is equal to the ratio of creep strain to elastic strain we have

Ecc
d)(t» tO) =——=>&c= ¢(t: to) *EcE
EcE

where e is the elastic strain, €. is the creep strain and ¢ (t, t,) the creep coefficient.
The total strain (&.) is the sum of elastic strain and creep strain, or
€ = &g t+ &c

The effective modulus of elasticity is the compressive stress (o.) divided by the total strain or

O¢ O¢

E = ———
ceft Ec EcE + Ecc

By substituting the first equation into the second, we get
o, _ o _ O, _ O¢ 1
egtee extPtte) er ep(l+dtty)) (14 ¢t ty))
_ Ecs) _ 1.05E,,
(1+ ¢t t) (1+9(tto)

Ec,eff =
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B.3. Derivation of Equation (3.3)

I
<

My = npy Water Vy

=1-n

s Solid

<
7
|

Figure B-1: Saturated aggregate element (SSD) with total volume equal to 1. Mass to the left and volume to the right.
Formal definition of porosity from geotechnical engineering
n=1V,/V
The moisture content of a saturated aggregate sample can be expressed as
w=M,/Mg=>M, =w M

Since the element is saturated and by writing the voids as mass divided by density, porosity
becomes

v VW _  My/pw w M/ py wMs/py — W/py
v

n=—= = = = =
4 (Mw + Ms)/pssd (w M, + Ms)/pssd M (w + 1)/pssd (w + 1)/pssd

_ w Pssd _ (WA24/100%) Pssd
(1+w) pw (14 (WAz/100%)) pw
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B.4. Derivation of K for Simply Supported Beam

The following is a derivation of K-constant for simply supported beam, based on equations
from Teknisk Stabi (see Figure B-2) and used in deflection calculations.

Curvature (1/r) can be written so

1/ —M
"TE

where M is the mending moment, E the elastic modulus and | the area moment of inertia. The
maximum deflection at the centre is (see Figure B-2)

5 ql* 5 (1 l2> 1 2
~384 EI 48 \81" ) EI

The value in the bracket is the same as the maximum bending moment (see Figure B-2) or

> Lp_2 1/ 2 => K = > ~ 0104
48 El 48 T " T T 48

Figure B-2: Simply supported beam [73].
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B.5. Area Moment of Inertia for Bridge Beam

2250
|
500
m
e
AR
S i
L i F_—
|
|
I
=
1250 750 750
Figure B-3: Bridge Beam.
Area Moment of Inertia for Bridge Beam h = 2000 mm
h b A S I, d d’ lo.c
[mm] [mm]  [mm’]  [mm’]  [mm®]  [mm]  [mm?]  [mmf]
Edge 500 500 250000 5.63E+08 5.21E+09 793 629555 1.63E+11
Slab 250 2250 562500 1.20E+09  2.93E+09 668 446819 2.54E+11
Slope 118 2250 132657 3.04E+08 1.02E+08 833 693474 9.21E+10
Beam 2000 750 1500000 1.50E+09  5.00E+11 457 208442 8.13E+11
2445157  3.56E+09 1.32E+12
[mm] [mm?]
yN=2S/ZA 1457 Wy=lo/yn  9.07E+08
ye=H-yy 1043 We=loo/Ve  1.27E+09

Table B-1: Area Moment of Inertia for Bridge Beam.
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C.1. MatLab Function that Calculates the Creep Coefficient According to EC2

function phi
%Syntax: phi
%

% This is a program that calculates the creep coefficient according to
% annex B in EN 1992-1-1: 2004 or EC2.

EC2_CreepCo(f_ck,h_0,RH,Type,t_0_T,t)
EC2_CreepCo(f_ck,h_0,RH,Type,t_0_T,t);

% Example of usage

% phi = EC2_CreepcCo(30,200,50,'N',28,"inf")

% Calculates the creep coefficient with the following parameters:

% f_ck = 30 MPa; h_0 = 200 mm; RH = 50%; Type 'N'; t_0 = 28 days; t ="inf'

% Input

%  f_ck: Characteristic cylinder strength of concrete at 28 days in MPa
% h_0: Notional size of the member in mm

%  RH: Relative humidity of the ambient environment in %

%  Type: Cement type: 'S' (slow); 'N' (normal); 'R' (rapid)

% t_0: The age of concrete at the time of loading in days

% t: Time being considered in days or 'inf' for infinite

% Ooutput
% phi: Creep coefficient according to EC2

% Creep Coefficient According to EC2
% Date: 18th of November 2014
% Programmed by : Jéhann Albert Hardarson

% f_cm is the mean compressive strength af concrete in MPa at the age of 28
% days [Table 3.1]:
f_cm = f_ck + 8;

% ®l/ «2/ «3 are coefficients to consider the influence of the concrete
% strength [B.8c]:

alpha_1 = (35/f_cm)A0.7;
alpha_2 = (35/f_cm)A0.2;
alpha_3 = (35/f_cm)A0.5;

% t_0_T takes into account the type of cement used by modifying the age of
% Toading t_0 [B.9]

if Type == 'S'
alpha = -1;
elseif Type == 'N'
alpha = 0;
elseif Type == 'R’
alpha = 1;
else
error('uUnknown cement type')
end

t. 0=t 0T* 9/ (2+ t0_TAL.2) + 1)Aalpha;

% ¢_RH is a factor to allow for the effect of relative humidity on the
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% notional creep coefficient [B.3a] & [B.3b]:
if f_cm <= 35
phi_RH = 1 + (1 - RH/100) / (0.1*(h_0)A(1/3));
else
phi_RH = (1 + (1 - RH/100) / (0.1*Ch_0)A(1/3)) * alpha_l) * alpha_2;
end

% B(f_cm) is a factor for the effect of concrete strength on the notional
% creep coefficient (¢_0) [B.4]:
beta_f_cm = 16.8 / sqrt(f_cm);

% B(t_0) is a factor for the effect of concrete age at loading on the
% notional creep coefficient (¢_0) [B.5]:
beta_t_ 0 = 1/(0.1 + t_0A0.20);

% ¢_0 is Notional creep coefficient [B.2]:
phi_0 = phi_RH * beta_f_cm * beta_t_0;

% B_H is a coefficient depending on the relative humidity (RH in %) and the
% notional member size (h_0 in mm) [B.8a] & [B.8b]:
if f_cm <= 35
beta_H = 1.5 * (1 + (0.012 * RH)A18) * h_0 + 250;
if beta_H > 1500
beta_H = 1500;
end
else
beta_H = 1.5 * (1 + (0.012 * RH)A18) * h_0 + 250 * alpha_3;
if beta_H > (1500 * alpha_3)
beta_H = 1500 * alpha_3;
end
end

% B_c(t,t_0) is a coefficient to describe the development of creep with
% time after loading [B.7]:

if t == "inf'

beta_c = 1;
else

beta_c = ((t - t_0) / (beta_H + t - t_0))A(0.3);
end

% o(t,t_0 ) is the creep coefficient, defining creep between times t and
% t_0, related to elastic deformation at 28 days [B.1]
phi = phi_0 * beta_c;

Published with MATLAB® R2013a
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C.2. MatLab Function that Calculates the Creep Coefficient According to fib MC 10

function phi
%Syntax: phi
%

% This is a program that calculates the creep coefficient according to

% paragraph 5.1.9.4.3 in fib Model Code 2010, Final draft, fib bulletin 66.

fib_Creepco(f_ck,h,RH,Type,t_0_T,t)
fib_Creepco(f_ck,h,RH,Type,t_0_T,t);

% Example of usage

% phi = fib_Creepco(30,200,50,'N"',28,365)

% Calculates the creep coefficient with the following parameters:

% f_ck = 30 MPa; h = 200 mm; RH = 50%; Type 'N'; t.0 =28 d; t = 365 d

% Input

%  f_ck: characteristic cylinder strength of concrete at 28 days in MPa
% h: Notional size of the member in mm

%  RH: Relative humidity of the ambient environment in %

%  Type: Cement type: 'S' (slow); 'N' (normal); 'R' (rapid)
% t_0: The age of concrete at the time of Tloading in days
% ot Time being considered in days

% Output
% phi: Creep coefficient according to fib Model Code 2010

% Creep Coefficient According to fib Model Code 2010
% Date: 8th of Desember 2014
% Programmed by : Jéhann Albert Hardarson

% f_cm is the mean compressive strength af concrete in MPa at the age of 28
% days according to eq. 5.1-1:
f_cm = f_ck + 8;

% t_0_T takes into account the type of cement used by modifying the age of
% loading t_0 (5.1-73)

if Type == 'S'
alpha = -1;
elseif Type == 'N'
alpha = 0;
elseif Type == 'R’
alpha = 1;
else
error('Unknown cement type')
end

t_0_adj = t_0_T * (9 / (2 + t_0_TAL.2) + 1)Aalpha;

% The basic creep coefficient % (5.1-64)

beta_bc_1 = 1.8 / (f_cm)A0.7; % (5.1-65)
beta_bc_2 = Tog( (30 / t_0_adj + 0.035)A2 * (t - t.0_T) + 1); % (5.1-66)
phi_bc = beta_bc_1 * beta_bc_2; % (5.1-64)

% The drying creep coefficient % (5.1-67)

beta_dc_1 = 412 / (f_cm)Al.4; % (5.1-68)
beta_RH = (1-RH/100) / (0.1*h/100)A(1/3); % (5.1-69)
beta_dc_2 =1 / (0.1 + (t_0_adj)A0.2); % (5.1-70)
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gamma = 1 / (2.3 + 3.5 / sqrt(t_0_adj));
alpha_fcm = (35/f_cm)A0.5;
if 1.5 * h + 250 * alpha_fcm <= 1500 * alpha_fcm
beta_h 1.5 * h + 250 * alpha_fcm;
else
beta_h = 1500 * alpha_fcm;

end
beta_dc_3 = ( (t - t_0_T) / (beta_h + (t - t_0_T)) )Agamma;
phi_dc = beta_dc_1 * beta_RH * beta_dc_2 * beta_dc_3;

% The total creep coefficient % (5.1-63)
phi = phi_bc + phi_dc;

Published with MATLAB® R2013a
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C.3. MatLab Function that Calculates the Creep Comp. According to Model B3

function 3J B3_CreepcCompliance(f_bar,w,c,a_c,t_0,t_d,t,v_s,h,k_s,Type)
%syntax: J = B3_CreepCompliance(f_bar,w,c,a_c,t_0,t_d,t,v_s,h,k_s,Type);

% This is a program that calculates the creep compliance (note: not the
% creep coefficient) according to model B3 and curing at 100% RH.

% Input

%  f_bar: Mean value of 28th day cylinder compressive strength in MPa
% W water content of concrete (kg/mA3)

% C Cement content of concrete (kg/mA3)

% a_c Aggregate-cement ratio, by weight

%  t_0: Age at loading, in days

% t_d: Age when drying begins, in days (only t_d < t_0 is considered)
% ot Time being considered in days

%  V_s: Volume-to-surface ratio in inches

% h Relative humidity of the environment (expressed as a decimal
% number, not as percentage) 0 < h < 1;

%  k_s: Cross-section shape factor

% 1.00 for an infinite slab

% 1.15 for an infinite cylinder

% 1.25 for an infinite square prism

% 1.30 for a sphere

% 1.55 for a cube

% Type: Cement type: I, II or III

% Ooutput
% J: Creep compliance according to model B3 in 10E-6/MPa,

% Creep compliance according to model B3
% Date: 12th of Desember 2014

% Programmed by : Jéhann Albert Hardarson

E_28 = 4734 * sqrt(f_bar); % E-modulus at 28 days
w_Cc =w / c; % Water-cement ratio

% Alpha_l coefficient Taking into Account the Type of Cement.

if Type == 'I'
alpha_1l = 1;
elseif Type == 'II'

alpha_1 = 0.85;
elseif Type == 'III'

alpha_1 = 1.1;
else

error('Unknown cement type')
end

% Shrinkage Parameter used for Evaluation of Drying Creep
epsilon = -alpha_1l * 1.0 * (1.9E-2 * wA2.1 * f_barA(-0.28) + 270);

% Various Parameters
gl = 0.6E6 / E_28;
g2 = 185.4 * sqrt(c) * f_barA(-0.9);

a®
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g3 = 0.29 * (W_C)A4 * q2;
q4 20.3 * (a_c)A(-0.7);
q5 = 7.57E5 * f_barA(-1) * (abs(epsilon))A(-0.6);

% Size Dependence

k_t = 8.5 * t_dA(-0.08) * f_barA(-1/4);
D=2 % v_s;
tau = k_t * (k_s * D)A2;

% Time Dependence

t_max = max(t_0,t_d);

S = tanh( sqrt( (t - t_d)/tau ) );

S_max = tanh( sqrt( (t_max - t_d)/tau ) );

% Additional Creep Due to Drying (Drying Creep)
H=1- (1 -h) *s;

H_max = 1 - (1 - h) * S_max;

c_d =qg5 * (exp(-8 * H) - exp(-8 * H_max))A0.5;

% Basic Creep (Material Constitutive Property)
C0=09g2 * Q(t,t_0) + g3 * Tog(1l + (t - t_0)A0.1) +g4 * log(t / t_0);

% Creep Compliance
J =9l + CO0 + C_d;
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C.4. MatlLab Function, Approximating the Value for Q(t,t;), Needed for Model B3

function Result
%Syntax: Result

Q(t,t_0)
Q(t,t_0);

% This is a program that calulates an approximate value for Q(t,t_0) for
% model B3

% Input
% ot Time being considered in days
% t_0: The age of concrete at the time of Tloading in days

% Output
% Result: Approximate value for Q(t,t_0)

% Approximate value for Q(t,t_0)
% Date: 12th of Desember 2014
% Programmed by : Jéhann Albert Hardarson

0.1; % Empirical parameter
0.5; % Empirical parameter

S S
I

% Equations 1.36

1.7 * t_0A0.12 + 8;

Z = t_0A(-m) * log(l + (t - t_0)An);

Qf = (0.086 * t_0A(2/9) + 1.21 * t_0AC4/9)A(-1);

-
I

Result = Q_f * (1 + (Qf / 2)Ar)A(-1/r);
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C.5. MatLab Function that Calculates the Creep Coefficient According to ACI 209

function phi
%Syntax: phi

ACI_CreepCo(t_0,h,v_S,s,psi,alpha,t)
ACI_CreepCo(t_0,h,v_S,s,psi,alpha,t);

% This is a program that calculates the creep coefficient according to

% annex A.l in ACI 209.2R-08: Guide for Modeling and Calculating Shrinkage
% and Creep in Hardened Concrete. The function-model is based on moist

% curing and relative humidity higher than 40%.

% Input

% t_0: The age of concrete at the time of loading in days

% h: Relative humidity expressed as a decimal

%  V_S: Volume-surface ratio in mm

% s STump in mm

%  psi: Ratio of fine aggregate to total aggregate by mass expressed as %
% alpha: Air content expressed as percentage

% ot Time being considered in days

%

% Output

% phi: Creep coefficient according to ACI 209

% Creep Coefficient According to ACI 209
% Date: 15th of Desember 2014
% Programmed by : Jéhann Albert Hardarson

% Constants for a member shape and size
d=10; P=20.6;

% Ultimate creep coefficient (A-19)
phi_u = 2.35;

% Age of loading factor (A-22)
gamma_t0 = 1.25 * t_0A(-0.118);

% Ambient relative humidity factor (A-24)
if h<0.4 ]| h>1.0
error('The value of relative humidity is not valid')
end
gamma_RH = 1.27 - 0.67 * h;

% Size of the member factor, in terms of the volume-surface ratio (A-25)
gamma_Vvs =2 / 3 * (1 + 1.13 * exp(-0.0213 * V_S));

% Slump (composition) factor (A-28)
gamma_s = 0.82 + 0.00264 * s;

% Fine aggregate factor (A-29)
if psi < 1.0 || psi > 100
error('The value of fine aggregate factor is not valid')
end
gamma_psi = 0.88 + 0.0024 * psi;

% Air content factor (A-30)
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if alpha < 1.0 || alpha > 100
error('The value of air content factor is not valid')
end
if 0.46 + 0.09 * alpha < 1
gamma_alpha = 1;
else
gamma_alpha = 0.46 + 0.09 * alpha;
end

% Correction factor (A-21)
gamma = gamma_t0 * gamma_RH * gamma_VS

o

* gamma_s * gamma_psi * gamma_alpha;

% Creep coefficient according to ACI 209 (A-18)
phi = (t - t_0)AP / (d + (t - t_0)AP) * phi_u * gamma;
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Appendix D

This appendix tabulates the parameters used in creep models. Some material parameters have
been lost. In the case of missing material parameter, tables will indicate a dash symbol (-) and
either default value selected or true value approximated. Creep specimens are listed in the
same order as in Table 4-4 to Table 4-7.

D.1. Parameters used in the EC2 creep model

The design value for the CVC from 2004 was C40 and in the absent of correct value it will be
used for fe.

Aggregate fo="fcm-8 ho RH Cement to
Quarry (MPa) (mm) (%) type (Days)
BO1 5133 75.04

%’0‘322 BQ2 5440 7513 50 R 28
BQ3 4835  76.38
BO1 69.50  75.98

%’0(323 BQ2 6240 7475 50 R 28
BQ3 6800  74.80
BO1 6890 7501

%&* BQ2 6550 7474 50 R 28
BQ3 8340  76.54
GQ i 7450

%&0 GQ i 7500 50 R 28
BQ1 i 76.50
BO1 2610  75.00

%’(% BQ2 3037 7513 50 R 28
GQ 2804  75.00
GQ 4960  75.00

g’(?l% GQ 5000 7500 50 R 33
GQ 4040  75.50

Table D-1: Parameters used in the EC2 creep model.
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D.2. Parameters used in the fib MC 10 creep model

The design value for the CVVC from 2004 was C40 and in the absence of correct value it will
be used for fg.

Aggregate  fo="fcm-8 h RH Cement to
Quarry (MPa) (mm) (%) type (Days)
BOL 5133 75.04

%’522 BQ2 5440 7513 50 R 28
BQ3 4835  76.38
BOL 69.50  75.98

%’OCZE‘ BQ2 6240 7475 50 R 28
BQ3 6800  74.80
BOL 6890 7501

%’OCZ‘* BQ2 6550 7474 50 R 28
BQ3 8340  76.54
GQ i 74.50

EX&O GQ i 7500 50 R 28
BQ1 i 76.50
BO1 2610  75.00

%’(% BQ2 3037 7513 50 R 28
GQ 2804  75.00
GQ 4960 7500

SOCl% GQ 50.00 7500 50 R 33
GQ 4040 7550

Table D-2: Parameters used in the fib MC 10 creep model.
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D.3.

Parameters used in the B3 creep model

The design value for the CVC from 2004 was C40 and in the absence of correct value 48 MPa
will be used for f.,. Type | cement was thought to best represent the cement used in the

mixes.
Aggreg.  fom W c alc to tg VIS h ks Cem.
Quarry (MPa) (kg/m’) (kg/m’) (-) (Days) (Days) (in) () () type
BQL 5933 16452 44000 3.66 148

2?)/0(:22 BQ2 6240 16867 45200 335 28 28 148 05 115 |
BQ3 5635 169.06 45400 3.73 1.50
BQL 7750 15964 512.00 3.28 1.50

%/OCZ?’ BQ2 7040 15777 50500 3.00 28 28 147 05 115 |
BQ3 76.00 15898 513.00 3.34 1.47
BQL 7690 159.88 549.00 3.13 148

%/OCZ“ BQ2 7350 15631 539.00 2.83 28 28 147 05 115 |
BQ3 9140 16213 555.00 3.15 1.51
GQ T 16720 44000 3.67 147

%’&0 GQ - 13810 360.00 504 28 28 148 05 115 |
BOQlL - 14161 359.00 5.22 1.51
BOL 3410 17649 321.00 556 1.48

%’% BQ2 3837 16136 317.00 539 28 28 148 05 115 |
GQ 3604 17671 322.00 5.57 1.48
GQ 5760 186.66 549.00 2.64 148

%31% GQ 5800 19276 31600 58. 33 33 148 05 115 |
GQ 4840 18328 316.00 5.3 1.49

Table D-3: Parameters used in the B3 creep model.
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D.4. Parameters used in the ACI 209 creep model

According to ACI, fine aggregate or sand is that portion of an aggregate passing through the
4.75 mm (No. 4) sieve [74]. The exact percentage of fine aggregate are unknown and the
values are based on best estimation.

Aggregate to h VIS S 1} a

Quarry  (Days) ) (mm) (mm) (%) (%)

BQ1 3752 210 48 71

(;?)/O%Z BQ?2 28 05 3756 130 48 8.0
BQ3 3819 190 48 6.0

BO1 37.09 80 50 47

%’0‘323 BQ2 28 05 3738 100 50 6.2
BQ3 3740 90 48 4.7

BO1 3750 60 50 4.0

%’0‘324 BQ2 28 05 3737 170 50 6.6
BQ3 3827 160 50 3.8

GQ 3725 190 50 8.4

%’&0 GQ 28 05 3750 140 50 5.3
BQ1 3825 30 52 35

BO1 3750 110 50 5.6

sz)/c% BQ2 28 05 3756 130 48 5.5
GQ 3750 150 48 4.9

GO 3750 >260 60 72

Sc():lcc:) GQ 33 05 3750 >260 62 13
GQ 37.75  >260 62 5.7

Table D-4: Parameters used in the ACI 209 creep model.
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E.1.

Calibration of Strain Gauge

Rannsdknastofnun byggingaridnadarins : Rannsékn nr. V-360
Keldnaholti, 112 Reykjavik - Simi 91-676000 - Fax 91-678811 Dags_ 1994.12.12
Framkv. af Ki

Kalibrering

Fyrir:

gb

Demac No. 2933 - Lengdarbreytingameelir
Aflestur Lengd| *

4 meelir mm | mm 4,00
0 0,00 | 0,00 ‘/.
5 0,78 | 0,78
10 1,60 | 1,56 500
15 2,37 | 2,34 .

Lengd, mm
N
o
o

20 3,13 | 3,12
25 3,90 | 3,90 /a/
5 1,00 -/T/
Lengd = 0,156*Aflestur & maelir
0,00
minnsta eining & meelir = 0,00156 mm 0 5 10 156 20 25

Aflestur @ meelir - ofl

Lengd & milli meeliplnktar Lo= 200mm

Dzemi: Lengdarbreyting & milli 2 aflestur - 1. aflestur 14,32
' 2. aflestur 11,35
Mismun 2,97
2,97*0,156 = 0,4633 mm
Lengdarbreyting i o/oco 0,4633/200%1000 = 2,317 ofoo
eda 2,97 *0,78 2,317 o/oo

1994.12.12 - Sheet2/ki

bis. 1
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E.2. Construction details for post tensioned bridge

4812
2512

3512

40 LYKKJUR

$10lc 150
400 1=2300

1000

JARNBENDING DEKKI
TVOFOLD GRIND
$12 clc 150 IBADAR ATTIR

2516

3023

\ 650
U-LYKKJA

§12 c/c150 2240
L=5150

& $12 clc 150

8x13 7 VIRA STRANDAR

2816&3 512

\ 650
U-LYKKJA

512 c/c150 2350
L=5380

& $12 clc 150

8x137 VIRA STRANDAR

2516 &3 512

Figure E-1: Construction details at mid-span for post tensioned bridge.
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Figure E-2: Construction details at mid-span for post tensioned bridge.
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