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Abstract

Long-term deformation is a problem of concrete structural elements when using porous basaltic
aggregate, indicating concrete beams and plates subjected to sustained loading. Icelandic basalt
is typically very porous and is often quite amorphous, which significantly affects the modulus of
elasticity of the concrete and the dependent restraint to creep deformation of the aggregate.
Research on the long-term creep of concrete made with porous basaltic aggregate was
undertaken at the ICl Rheocenter where data collected over 10 years were being used for
analysis. The available data shows that there is greater creep in Icelandic concrete compared to
e.g. concrete with Norwegian aggregates. Creep data was compared to three well accepted
models, EuroCode 2 model, ACI209 model and the B3 model by Bazant [1]. Findings indicate
that concrete with porous basaltic aggregate exhibits greater creep than predicted values and the
difference is in some cases over 40% higher.

Research on the effects of aggregate type and porosity on the elastic behavior of the concrete
composite was conducted. The focus was to get confirmed the relations between the elastic
modulus of the concrete and the increased porosity of the aggregate. The main scope was to
establish connection between increased porosity of aggregate on concrete creep and shrinkage.
The creep of concrete is interlinked to the elastic modulus of the concrete and if the increased
porosity of the aggregate reduces the elastic modulus, the creep of the concrete is obviously
affected.

Research on the effects the porosity of the aggregate on the mechanical properties gave a
significant indication of correlation between increased porosity and decrease in mechanical
properties. The elastic modulus of the aggregate was shown to be inconclusively in connection to
the porosity of the material, where increased porosity from 3% to 6% lowers the elastic modulus
by about 7GPa. There is a strong correlation of the density of the aggregate to the elastic
modulus of the aggregate. The final conclusion was that concrete composite is affected by
increased porosity of aggregate. This gave the connection that if the porosity of the aggregate
reduces the elastic modulus of the concrete the volume stability is compromised and the concrete
creeps and shrinkage is greater.



Agrip

Langtima nidurbeygja er vandamal i steyptum einingum pegar notast er vid basalt med haa
holrymd, samanber plétur og bita undir jéfnu langtimaélagi. islenskt basalt er yfirleitt med haa
holrymd og inniheldur oft mikid af gleri. Rannsoknir & langtimaskridi & steypu par sem notast er
vid fylliefni med haa holrymd hafa verid framkvemdar og gégnum safnad i meira en 10 ar hja
Nyskopunarmidstod islands. Fyrirliggjandi gégn syna ad pad er meira skrid i islenskri streypu en
steypu par sem notast er vid t.d. norsk fylliefni. Skrid var borid saman vid prju vel vidurkennd
likén, EuroCode 2 likan, likan fra American Concrete Institute og likan sem hannad er af Bazant
0g kallast B3. Nidurstddur voru ad steypa par sem notast er vid fylliefni med haa holrymd skridi
toluvert meira en likonin azetla og i sumum tilfellum yfir 40% meira.

Anrif 6likra tegunda fyllefna med mismunandi holrymd & fjadur eiginleika steypu voru
einnig til athugunar. Ahersla var 1693 & ad skoda tengsl fjadurstuduls steypu vid aukna holrymd
fylliefna. Meiginmarkmidid var & ad syna fram & tengsl aukinnar holrymdar fylliefna vid skrid og
ryrnun steinsteypu. Skrid steinsteypu er had fjadurstudli steypu og ef holrymd fylliefna eykst
lekkar fjadurstudull steypunnar, sem hefur par af leidandi ahrif & skrid hennar.

Nidurstédur rannsoknir & ahrifum harrar holrymdar & burdarpolseiginleika fylliefna gafu til
kynna skyrt sambnad milli holrymdar og laeekkunar burdarpolseiginleika. Synt er fram & ad tengsl
eru & milli fjadurstudull fylliefnanna og holrymd efnisins, par sem holrymdaraukning ur 3% i 6%
lekkar fjadurstulinn um 7 GPa. Sterk tengsl voru & milli péttleika efnisins og fjadurstuduls.
Endanleg nidurstada er pvi st ad holrymd fylliefna hefur veruleg ahrif & steinsteypu. Holrymd
fylliefnanna laekkar fjadurstudul steypu, rimfraedilegur dstodugleiki eykst og steypan fer ad
skrida og ryrna meira.
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1. Introduction

A lot of data on shrinkage and creep in Icelandic concrete has been collected through the years at
the ICI Rheocenter, this data shows that there is considerable more creep and shrinkage in
Icelandic concrete. The shrinkage is about 1 mm/m and is considered to be caused by other
factors than the cement. The results have shown that Icelandic concrete has a tendency to shrink
more than concrete from other countries and this is in line with the theory that the more porous
the aggregate are the more shrinkage the concrete experiences. Studies have been done on many
types of concrete and all of them have shown this tendency. The creep of concrete using
Icelandic porous basalt aggregate is significantly higher in most cases compared to concrete
using granite with low porosity. The results highly suggest that the porous aggregate used in
Iceland is increasing the creep due to the increased porosity. This mater has to be studied and this
IS the subject of the research presented in the thesis.

Long term deformation has been a problem of concrete structure elements in Iceland, e.g.
in concrete beams and plates. This long term deformation is caused by long term creep which is
a great deal more in concrete containing Icelandic aggregates (basalt) than in concrete made from
other aggregates (foreign aggregates). Long term creep can also have a very negative effect on
the performance of prestressed concrete elements. The main factors that have the most effect on
concrete creep (with the exception of load) and shrinkage are type of aggregate, cement type and
water-cement ratio (w/c ratio). In Iceland all these factors are different to what is considered
normal practice. Cement in Iceland is made from shell debris and rhyolite instead of limestone
and clay. Due to this, the volume of cement paste constitutes a greater part of the concrete
volume in Iceland than in e.g. Scandinavia. The main benefits of this research study are in the
field of concrete technology and the design of concrete structures. The aim of the research study
is to establish the influence of porosity of the aggregates on creep and shrinkage. The outcome of
the thesis is also meant to assist in model building for describing deformation in concrete
containing porous aggregates.

The work is divided into two phases, research on long-term creep and shrinkage of concrete
and the elastic modulus of concrete composite and porous aggregate. In the first phase there will
be conducted a thorough study on the research conducted on creep and shrinkage for over a
decade. Using the research data to compare to design standards and theories on why the concrete
using Icelandic porous basalt seems to creep more than predicted data. In the first phase of the
work there will be a comparison of concrete made with Icelandic porous aggregate against the
data for concrete made with Norwegian dense granite aggregate. All the data will be presented
and analyzed in such away so it can be contemplated how to prepare better for the increased
concrete creep and shrinkage.

In second phase of the work, research on aggregate properties will be conducted; with a main
focus on the porosity of the material and how that affects the mechanical behavior of the
aggregate. The main research will be carried out on aggregate cores taken from two quarries in
Iceland. Theses cores will be tested for porosity using two methods to evaluate the testing
methods used. The mechanical properties will then be measured using commonly used methods

16



(standardized methods) and those properties compared to the porosity of the aggregate cores.
This will give a good idea on how much the properties are affected by the porosity. This will
then be used to model the elastic modulus of the concrete using simple models to see just how
much the porosity of the aggregate effects the concrete composite.
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2. Fundamentals of structural concrete

In this chapter there will be a discussion on the fundamental aspects of structural behavior
concerning concrete structures. In that retrospect the stress and strain of structural elements will
be defined and other common structural behavior. There will be a brief discussion on what
concrete is made of and how it’s made. The creep and shrinkage behavior of solids will be
discussed. Concrete creep will be discussed in detail and theories on the mechanism of concrete
creep presented. Basic creep and drying creep will be defined and the difference between them
discussed. As shrinkage is an interconnected part of concrete creep it will be classified and gone
over in detail. Aggregates are a fundamental part of the concrete as it takes more than half the
volume of a concrete body. There for, aggregates and there affects on concrete and especially
concrete creep will be discussed.

2.1  Structural basics

The distribution of stresses in cross section of a structural member is categorized in two types
although there are four types of internal forces. There is one that acts perpendicular to the cross
section and one which acts tangentially to the cross section, i.e. direct stress and shear stress.
This distribution of these stresses is dependent on the internal force system of the structural
member and the geometry of the cross section. In some cases these distributions are complex,
e.g. in the case of bending or shearing in an unsymmetrical cross section .

Direct stress is defined as the stress perpendicular to the cross section of a structural
member and the simplest form for this stress is produced by an axial load. By taking a cross
section that has an area of A with an axial force P that acts perpendicular to it. An illustration of
this Then the direct stress is defined as follows:

P
o= (1)

Here it is assumed that the force P is uniformly distributed over all the area of the section A. The
direct stress can both be in compression and tension and is measured in Pa (N/m?) in Sl units.

Shear stress is defined as the stress that acts tangentially to the cross section of a
structural member and is produced by a shear load. The cross section has the area of A and there
is as shear force W acting tangentially on the cross section. The average shear stress z, is defined
as the force divided by area as it is assumed to be uniformly distributed. This is shown in Figure

1 and is formulated as follows:

(2)
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Figure 1: (a) Shear stress in an element from vertical loading, (b) Shear stress in
an element were torque is applied

Shear stress can also occur in a circular section where there is applied torque. There the shear
stress is tangentially to the plan of rotation.

As load is applied to a member it disorder as no material is completely ridged. The
deformation increases in tension and decreases in compression. The deformation § of a member
of length L when load is acting on it, strain is defined as the deformation divided be the length of
the member. This is formulated as:

3)

o~

Strain is defined as dimension less but sometimes represented in %o or ppm (part per
million). There are also other types such as shear strain which is induced by shear stress. The
shear strain can be defined as the change in the angle y between two originally mutually
perpendicular edges, this is illustrated in Figure 2. This strain is measured in radians. Another
type of strain is hydrostatic strain which acquire, when an element is affected by hydrostatic
pressure. This means the element is under uniform stress at all sides, e.g. for a cube this mean
equal stress at all six sides of the cube (shown in Figure 3) [2].
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Figure 2: Shear strain defined as an angle between Figure 3: Hydrostatic strain uniformly distributed
perpendicular edges over the hole element, as is the hydrostatic pressure

Stress-Strain relationship

To measure stress strain relationship a tensile test is used. In the test a known axial tensile load is
applied to the specimen at specified increments and measuring the corresponding length changes.
Then a curve like in Figure 4 is acquired which represents the stress-strain relations. The linear
relationship (line a-b) between stress and strain in the beginning of the curve is called Hookes
law. Robert Hooke discovered it first in year 1678 and it can be mathematically described by the
following formula:

o=Ee (4)

Here the constant E is the elastic modulus or Young’s modulus. It has the same units as
stress i.e. MPa and e.g. steel has an elastic modulus of 200.000 MPa (200 GPa). For a lot of
materials the modulus is the same in tension and compression [2].

o (stress) A

d =
& (strain)

Figure 4: Typical stress-strain curve for concrete

Same as for direct stress and strain, the relationship between shear stress and shear strain is
formulated using a linear relationship. It is formulated as follows with a constant G called the
shear modulus:
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T=0Gy (5)
There is also another relationship called the volume modulus or bulk modulus and is defined as
the volumetric stress divided by the volumetric strain [2]. It is formulated as follows:

K = Ovolume (6)
Evolume
It is a common experience that when you stretch an elastic material the cross section becomes
smaller. This behavior of the material is defined as the Poisson effect and is also observed in
structural material under both tension and compression. In the elastic region of stress-strain
relationship (i.e. where the curve is linear) there is constant relationship between lateral and
longitudinal strain which is called the Poisson’s ratio and the symbol v is normally used for it.
There is a schemaic picture of this behavior in Figure 5. The material constants E, G, K and vare
known as the elastic constants.By using the Poisson ratio it is possible to interlink the elastic

constants E, G, K. They are interlinked as follows [2]:

E=2G(1+v) (7)
G=_L (®)
21+v)
E
- 9
K 3(1 - 2v) ©)
Lateral strain

Tension 0¥ 0 beeeeaea-oa

Compression
Longitudinal strain

I}f

2 NG Ty
(a) {b) (c)

Figure 5: Poisson’s ratio between longitudinal and transversal directions of an
element
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Concrete Beams

Beams are linear structural elements that are mostly loaded generally in flexure and their
response is generally governed by their flexural behavior and shear deformation can in most
cases be ignored. So in this chapter a short introduction into the flexural behavior of beams will
be presented. Based on the Hooke’s law the following can be assumed as the equation that
describes the flexural behavior:

EI
T
Here M is the moment in the beam section, E is the elastic modulus of the material, 1 is
the second moment of inertia of the section and r is the radius of curvature. Beams are most
often analyzed assuming that the flexural rigidity is constant along the beam and many design
aids are based on this conception. This is not completely true, especially for concrete beams.
This is due to the fact that in bending the bottom of the concrete beam is subjected to tension and
the beam cracks.

M (10)

2.2  Structural Concrete

Concrete is made from two main components, stone (which are called aggregates) and the
cement matrix which coats and links the aggregates. Aggregates are classified into two
categories; fine aggregates which consist of sand with particle size 4 mm or lower (that is in
Europe, in America it is 5 mm) and coarse aggregate which can be gravel or crushed aggregates
[3].

Concrete is one of the main building material that humans uses to create there
infrastructure and buildings that are used every day. Concrete is a material that has been used for
thousands of years, e.g. the Pantheon in Rome is constructed from concrete. Roman concrete was
created in a similar mater as modern concrete, i.e. with similar ratios and materials [4]. Though it
had lesser strength then modern concrete (about 20 MPa compared to a common strength classes
having 25-30 MPa nowadays,[5]) the Romans could build marvels like the dome of the
Pantheon. It is still has the world recorded for the larges span of a dome for a non-reinforced
concrete building [6].

Modern concrete can be very various in its composition, it depends on what is what
properties are needed in the construction or application. The concrete is though in nearly all
cases made with OPC. There are many types of concrete, such as Self-consolidating concrete
(SCC), High performance concrete (HPC) and High strength concrete (HSC, which is a type of
HPC). These types can also have sub-classes such as semi-SCC (which is somewhere in between
SCC and conventional vibrated concrete (CVC) in flow ability) and High durability concrete
which is a type of HPC. Concrete is used in all sorts of infrastructure and buildings in modern
society, from building such as underwater structures to highest skyscrapers, and from the longest
bridges to the largest oilrigs. So in fact concrete is one of the greatest construction material ever
invented because without it most of the marvels created by human kind in the modern world
would never have been possible.
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Composition of concrete

The main component of concrete is the cement which with water makes up the glue that makes
up the matrix which in fact holds the aggregates together. The most common cement is ordinary
Portland cement (OPC) and makes up most of the hydraulic binder (the glue) but in some cases,
and in increasing manner, mineral admixtures are added such as fly ash, blast furnish slag and
silica fume. These are all pozzolans [7, 8] and have latent hydraulic affects and are often well
grounded. They are often used to replace cement for environmental purpose, because cement
production creates allot of CO, emissions [9]. These mineral admixtures are also often used
because they can change the properties of concrete, e.g. silica fume decreases the plastic
viscosity of fresh concrete [10, 11]

Water is one of the main components in concrete because of the hydraulic process of the
cement and water. Water also fills the void in the concrete and in fact as water becomes a greater
part of concrete the voids increase in size. This is due to the fact that more water increases the
length between particles before hydration and as hydration occurs, the voids in the system
become greater as the distance between particles is large. This in fact decreases the strength of
the concrete as voids are not supportive in the concrete structure.

A large proportion of the
concrete are aggregate and in fact they
are about 60%-80% of the volume of
concrete. Aggregate come in many
different sizes and shape and are
defined into two main types, i.e. fine
aggregate and coarse aggregate. As
aggregate are such a large part of the
concrete mix they affect the concrete
allot and have a large effect on
mechanical properties and rheology of ~ #)mmedaty atter mxng |

. . . B) Reaction around particles - early stiffening
fresh concrete [10]. Their main role in ¢ romaion of skeletal stuctre - fist hardening
the concrete is to fill up the space in  b)Gelinfiling - fater hardening
between the cement past to create the  Figure 6: The hydration of cement particles [12]
strong cement matrix. They are also in most cases the cheapest part of the concrete mixture and
the more volume they occupy the cheaper the concrete gets.

In modern structural concrete there is nearly always internal reinforcement and is an
intricate part of the concrete structure. The main role of reinforcement is to take up tension loads
in a concrete structure. As concrete has little tension strength but large compressive strength the
reinforcement is a good way of completing the structural material as one of the greatest and most
used building material around. Reinforcement is most often made of steel, but in recent years
fiber reinforced bars have been used increasingly, i.e. fiber strings woven into bars and glued
togather by epoxy. These new materials are considered a better chose where there is a threat of

unhydrated
cement particles

cement gel

capiliary pores
¥ and cavities
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corrosion as that is one of the main problem with using steel as reinforcement. Also the fibers
can be used as just fibers in the concrete, e.g. to resist surface cracking due to plastic shrinkage.

2.2.1. Mechanical properties of concrete

Strength of concrete is the main ,
mechanical property  that /
engineers have defined concrete
from, e.g. standards (such as
EusoCode2 (EC2)) often give
other properties as a function of
compressive strength. One of the
main properties of concrete is the
elastic modulus and as concrete
is a composite material the

elastic behavior is governed by

mainly two phases the cement Figure 7: Stress-strain relationship of concrete, shown together with the
’ aggregate and cement paste

Stress

- = Agpgregate
====Cement paste

—CONCTELE

Strain

paste phase and the aggregate
phase. The stress-strain relationship of both phases and the concrete are shown in Figure 7.
Concrete is a composite material as has been discussed, this makes the material constants
differ by changing the composition. Most standards recommend the use of the compressive
strength to evaluate the material constants. The concrete is often described as three phases; the
cement paste, the aggregate and the connection between them called the interfacial transition
zone (ITZ). In this section there will be a discussion on the elastic modulus of these phases of the
concrete composite.

Cement past

Cement paste is basically the glue of the concrete that brings everything together. It is made from
mostly cement and other cementitious materials such as silica fume and fly ash. The fines from
the fine aggregate are also a part of the cement paste. The hydraulic products of the cement have
been studied to determine the elastic modulus of the past. The findings have shown that the paste
can have an elastic modulus ranging from 4 GPa to 25 GPa[2]. The elastic modulus depends
largely on the capillary porosity of the cement paste. The porosity depends on the water-binder
ratio; as the more water is in the system the longer distance is between cement particles.

The porosity of a normal mixture of concrete with wi/c ratio between 0,25-0,60 can have
about 0,25-0,50 in porosity[3]. This gives about 6-15 GPa in elastic modulus of the cement paste.
The cement can have difference in elastic properties, depending on how the packing is subjected
to the specimen. There are two phases of C-S-H gel that give two different values for elastic
modulus, the C-S-H can have a value of 23,8 GPa. For a cement past with a 0,5 w/c ratio, the
value is 15 GPa [4].

There are methods to calculate the capillary porosity of a concrete mixture from the wic-
ratio, degree of hydration and the density of the cement and is given by the following equation:
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Where wic is the water cement ratio, o is the degree of hydration and p, the density of the cement.

(11)

This behavior can be observed in Figure 8 as well as the decrease in elastic modulus of the mortar
purposed by Zohdi [13].
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Figure 8: Capillary porosity and elastic modulus of cement paste as a function
of wic ratio
Concrete aggregate

Aggregate are one of the main components in concrete and make up about 60-75% of the volume
of the composition. As aggregate are in most cases more stiff then cement paste, it is the main
contributor the elastic modulus of the concrete. Aggregate can have very variant elastic
depending on type and porosity of the material. For example basalt aggregate with low porosity
can have a elastic modulus of 90 GPa, but the same
material with high porosity can have upto 40 GPa [3, 15,
16].

Interfacial Transition Zone (ITZ)

The ITZ is the weakest phase of three composites, i.e. the
cement paste, aggregate and the ITZ. IT is the zone
between the cement paste and the aggregate which is
about 0,02-0,05 mm. The zone has higher porosity and
therefore lower strength and elastic properties. It has both
lower strength and elastic modulus then cement paste. In
Figure 9 the ITZ is shown in between the cement paste < = O

and the aggregate as well as the structure of the cement ~ Figure 9: The interfacial transition zone
between aggregate and cement paste [14].
paste and ITZ.

terfacial
ement p
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Calculation methods for elastic modulus from characteristic strength

There are many models for estimating the elastic modulus from the characteristic strength of the
concrete. Most standards give the elastic modulus as a function of the strength but some include
the unit weight of the concrete. EuroCode 2 gives the evaluated elasticity using the characteristic
compressive strength by the following equation [5]:

E = 22[(fc)/10]0'3 (12)

Where f; is the measured ultimate compressive strength. The EC2 gives recommendations when
using different types of aggregate, for limestone and sandstone reduction in elastic modulus is
10% and 30%, respectively. For basalt, an increase of 20% can be applied. In the Icelandic
national annex for EC2 it is recommended; to be calculated as 10% reduction for normal porosity
basalt and 40% for high porosity basalt.

American Concrete Institute committee 318 gives the following estimate [6]:

E; = 4,73(f.)"/? (13)

As the elastic modulus of SCC differs from that of conventional concrete the following equation:

E, = 0,043y>° \/Z (14)

Where 1y, is the unit weight of the SCC and ;" is the specific strength [7].
If using high strength concrete a different empirical equations apply, CEB90 gives the following
equation [8]:
E; = 10(f, + 8)1/3 (15)
And the ACI committee 363 gives the following [9]:
Ec =3,32(£)Y? + 6,9 (16)

All units of elastic moduli are given in GPa and all strength values are in MPa.

2.2.2. Models to estimate the elastic modulus of the concrete composition
Here, 5 types of models to estimate the elastic modulus of the concrete. These models all assume
that the concrete is made of two composite elements, i.e. mortar and aggregate.

Parallel Model

The parallel model is based on the assumption that the elements, i.e. mortar and aggregate, are
placed side by side. That means that the mortar and aggregate are subjected to the same amount
of strain. This is shown in Figure 10. Following equation gives the estimated modulus:

Ec E,
ﬁ_H(ﬁ_l)VA (17)

Where Ec is the elastic modulus of the concrete, Ey, is the modulus of the mortar and E, is the
modulus for the aggregate. And VA is the volume of aggregate. This model is also known as the
Reuss” model [10].
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Serial Model
The serial model takes the mortar and aggregate as they are serial, i.e. they stack up. This is
shown in Figure 10 and means that the elements are subjected to the same amount of stress.

Em _ Em
E—C_1+(EA 1>VA (18)
The model parameters are the same as defined in the parallel model. This model is also known as
the Vogits model.
Ei Parallel Model
% Serial Model
]EE Hirsch's model
Model Counto :’
Mortar
[/
77 Model Counto /A
Version 2 Aggregate
Figure 10: Composite Models
Hirsch’s model

It has been shown that the parallel model overestimates the elastic modulus of the concrete and
the serial model underestimates it. A combination of both Vogits and Reuss” model can be

expressed as follows:
E, 1 / 1 E \

E_f?'\H(ﬂ_ )vf(“(?f‘l)vf‘)/' )

Em
This model is named Hirsch’s model[11], and shown in Figure 10(c).

Model Counto

Another way of combination of the models is Model Counto [12], it assumes the aggregate are
wrapped in the mortar and the mortar calculated as serial. It is described by the following
equation:
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Model Counto another version
Another version of the Model Counto, where the mortar is calculated as parallel, given by the
following equation:

Ec A

R [ T —
E E, (21)
" 5o,

Where in all cases Ec is the elastic modulus of the concrete, Ey, is the modulus of the mortar and
Ex is the modulus for the aggregate and V, is the volume of the aggregate.

2.3  Creep behavior

2.3.1 Basics of creep behaviors
Creep is the tendency of solids to deform over time under constant stress. This means that the
strain of a solid is increasing with time. All materials have this tendency to creep. This behavior
is dependent on the degree of stress, time and temperature. The so called power-law will be used
to describe the creep development. This development can be divided into 4 stages on a curve,
strain vs. time [17, 18].

e Stage 1: Initial instantaneous strain

e Stage 2: is described by Andrade’s creep law were the strain depends on time,

described as follows: & = /3
e Stage 3: is the so called steady-stage creep development, described € = kt
o Stage 4: this is the final stage and is a stage of rapid creep development until failure

Creepstrain

Stage 1

Time
Figure 11: Creep development at diffrent stages
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2.3.2 Concrete creep

Creep is the deformation of concrete over time under load, in other words it is the tendency of
the concrete to slowly move (deform) under constant stress. The creep occurs as a result of long
term exposure to high load and is highly dependent on temperature. The rate of creep is
dependent on the time of loading (the age of the concrete when load is first applied), material
properties and the duration that the concrete has been under load. Long term effects of creep are
large deformations that can result in structural failure.

Py W‘
L e B
Creep after
6ol Constant stress P time (1—1;)
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§ 7]
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@
! Initial elastic
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E
+ 1 "
0 i " >
ty t fo !
Age Age

Figure 12: The graph to the left shows the stress over time for a concrete sample and the graph to right shows strain over
time (both initial strain and creep strain)

Figure 12 shows the load function over time on the left and the tendency of the concrete to
deform over time when the load is constant to the right. The rate at which the concrete deforms is
significantly influenced by the concrete age at loading. If the concrete is loaded at early age the
creep can be more than double compared to when it is loaded at 28 days, which is the normal
practice. For example in EuroCode2, the creep function is expressed as a function of both the age
of the concrete and the age of the concrete at loading. There are though other factors that
influence concrete creep. The factors that influence the creep are the material properties of the
concrete, the ambient relative humidity and the size of the section. [19]

Concrete creep can be categorized into two types of creep; basic creep and drying-creep.
Basic creep is the deformation of a concrete samples without any moisture exchange, that is the
sample is completely isolated from the environment and kept at constant humidity and constant
temperature. Drying creep is the total deformation of the sample when it is not isolated from the
environment; that is the moisture exchange is allowed to take place. One would assume that the
difference in deformation between the basic creep and drying creep should only be the shrinkage
deformation, but that is not true. Drying creep is always more than the combined effect of
shrinkage and base-creep. This difference is named “The Pickett effect” after the man who
discovered it, Gerald Pickett [20, 21]. A schematic picture of this can be seen in Figure 14 [22].

It is impossible to separate the deformation of concrete completely, e.g. between creep,
shrinkage or deformation because of heat difference. So when researching these effects the
samples are cast simultaneously and kept under different conditions. To investigate creep,
shrinkage samples are also cast and thus creep and shrinkage are then measured at the same time.
The samples are kept at constant temperature and constant humidity, the only difference is that
the creep samples are under constant load. So when calculating the creep the difference in
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deformation needs only to be measured. For further explanation, the following equation is
presented:
c=e—%i5hiST (22)

Where ¢ stands for creep, ¢ for total deformation, Sy, for shrinkage and St for deformation
due to temperature changes. Concrete creeps under load as earlier discussed, but when the load is
removed there is a recovery of deformation. This is explained by Figure 13 where it can be seen
that the elastic deformation is partly recoverable. The elastic deformation is not totally recovered
as the cement has been reacting over time which results in higher young-modulus. The rest of the
deformation is creep but over time there is also a recovery in creep. The difference in basic creep
and drying-creep are also shown in Figure 13. It should be noted that creep is interlinked to
shrinkage and when observing creep, shrinkage should be observed as well.

A

deformation

Drying-creep 4
Instantaneous
recovery
Base-creep 0 _ e
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Figure 13: The deformations of the concrete when load is applied and then removed. It shows graphs
for both samples that are stored under wet and dry conditions [23]

Drying creep

Shrinkage
+ Basic creep

___________ Shrinkage

..................................... Basic creep

Time

Figure 14: The relative effects of shrinkage and creep of normal concrete, in addition to the so called
“Pickett” effect [20]
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The Pickett effect (Drying creep)

The drying creep, also referred to as the Pickett effect, is the creep increase when the specimen
undergoes drying. The interpretation of the extra deformation and its mechanism has been a
controversial topic for more than 60 years. Many hypotheses have been presented by many
researchers and there are two major views that exist in the literature about the Pickett effect. One
hypothesis explains the extra deformation by a mechanism explained by shrinkage-induced stress
and associated cracking [24, 25]. The other considers the real mechanism by which creep
interacts with drying [26, 27]. But neither of these views explains the phenomena fully so a

combination of both views has prevailed in the literature.

Today the mechanism of drying creep is considered
to be the combination of at least two components, i.e. the
sum of the both. The first component is intrinsic drying creep
with its own mechanism [28]. The seconded is a structural
drying creep caused by micro-cracking effect due to the non-
uniformity of the drying of the specimen. To be accrued
there appear to be two major mechanisms that cause the
Pickett effect, the micro cracking and the stress induced
shrinkage.

The micro cracking is caused when there is a
shrinkage gradient through the section of a specimen where
there is more shrinkage on the surface then in the inner layer
of the specimen. This causes tension on the surface which
causes micro cracking, i.e. restrained cracking. Due to the
nonlinear inelastic behavior of the concrete creep caused by
tension, the micro cracks cannot fully close when the
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moisture distribution finally approaches a
uniform state, see Figure 15. Consequently,
the true shrinkage is always more than the
shrinkage of drying specimen. There is more
shrinkage in the loaded specimen then the
free shrinkage specimen, which can falsely
be considered as creep. Shrinkage in loaded
specimens has been observed to be more
than in unloaded specimens [29].

The  stress-induced  shrinkage
mechanism has been defined by detailed
analysis of creep data by Bazant and Chern
[26], there it is explained differently. There
exist two types of moisture diffusions, i.e.
macro-diffusion and micro-diffusion. Macro-



diffusion is the movement of moisture between and through the large pores, it has no measurable
effect on the deformation. Micro-diffusion is the movement of moisture between the capillary
pores and gel pores. The Micro-diffusion affects the deformation rate of the solid framework of
the cement gel. The movement of water through the gel pores increases the rebounding and
debounding processes that are the source of creep [29].

In testing when the samples are moist covered the Pickett effect is eliminated because the
shrinkage is suppressed and by this the basic creep is isolated. Unlike the moist covered the
Picket effect can be observed in the sealed and drying samples. Internal drying occurs in the
sealed samples, where as in the drying concrete there is both internal and external drying. In all
prospective the different mechanisms of the Pickett effect are likely included. Typical results for
these three types of testing are shown in Figure 16 [30].

2.3.3 Theories concerning the mechanisms of concrete creep

Consolidation theory
Consolidation theory was proposed in 1985 by M. Ortiz [31] and is based on research on
inelastic behavior of the concrete [32]. The theory has three basic requirements that the author
presents; 1. The theory should be based on the first principle of mechanic, 2. it should be
appropriate for use in computation and 3. be accurate in reproducing a broad range of
experimental data. There is a lot of evidence that point to the conclusion that there are two main
mechanisms that influence the inelastic behavior of concrete. Firstly, the extension of
microcracks in concrete which are known to play a vital role in inelastic behavior. Secondly Slip-
type plastic flow[33].

It has been observed that when samples
are subjected to uniaxial compression stress, l"
they will develop cracks in load direction [34].
This means that that the cracks in concrete can
open against compression stress, which
disagrees with the second law of
thermodynamics that requires that cracks open
under tension. This can although be considered
to be somewhat simplified as concrete is not a
homogenous material. In the theory of inelastic
behavior of concrete [32] it is proposed that
concrete is comprised of two phases; mortar T AGGREGATE

o

MORTAR

and aggregate. This gives the application of

difference in applied stresses in the phases. Figure 17: Interaction between aggrgate and morter of a
This can also give an explanation into the  concrete mass [31]

transversal stresses in the concrete mass. As can be seen in Figure 17 when the compressive
stress ¢ is applied to the concrete mass, there is an interaction between aggregate. This results in
tension stress in the mortar (the matrix that adhesively binds the aggregate) which explains the
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cracks in load direction. The proposed theoretical model assumes that the inelastic behavior of
the concrete is due to the following factors:

e The material behavior of the mortar

e The material behavior of the aggregate

¢ And the interaction between the two

This implies that concrete is taken as a composite material, composed of mortar and concrete. To
model each part independent models for the composite material will be introduced. First a
damage model for the mortar is modeled, in [32] the Gibson energy for a brittle martial with
continues micro-cracking is introduced and is defined as follows:

1
G=§a:C:a—AC (23)

Where @ is the stress tensor, C is the elasticity tensor of the material and A€ is the free energy to
form micro-cracks, the symbol (:) donates the dyadic product for the tensor calculations. It
should be noted that this is a formulation for the mortar and as such the stress donated by o can
differ significantly from the exactly applied one, as the mortar is a component of the concrete.
By applying the stress-strain relationship corresponding to the form of energy potential:

oG
e=—=(C'0 (24)
oo
The elastic rate of deformation is then:
E=Co+Ca=¢+¢& (25)

Where &° is the elastic rate of deformation that would be obtained by preventing the micro-
cracking to extend further and & is the rate due to the degradation of the elastic properties. It is
though assumed that “the values of the elastic compliances themselves be taken as the
characterization of the state of damage of the material” [32]. So the elastic compliances tensor
can be divided into two structures:

C=C"+cC* (26)

Where €? is the elasticity tensor of the uncracked material and the tensor C€ is to take into
account the increased flexibility due to active micro-cracking (due to cracks that are in the
process of opening). The deformation is then obtained:

e=(C'+C):0=¢6"+¢° (27)

Where £° is the deformation occurring in the absence of micro-cracking and &€ is the
deformation because of micro-cracking. If the micro-cracks remain closed due to compressive
stress they do not contribute to the deformation &€. To eliminate this element the deformation &€
is conditioned to have positive eigenvalues. By further formulation given in [31] it can be
concluded that the Gibbs potential is given by:
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1 —
G =§(0': C%0+0":C:0") - A° (28)

Where ¢ is the positive part of the stress tensor o and C° represents the extra flexibility
obtained if all the micro-cracks would be active. If the micro-cracks form in sick-sack, described
as the cross effect, it can be active in two modes. The first is when the crack is splitting and is
called the splitting mode, the other is the compressive mode where the cracks become active in
compression due to the sick-sack dimensions of the micro-crack. To take this into account the
elasticity tensor C¢ is divided into two parts, one for each mode.

To get further information on this see [31].The part of the aggregate has to be taken into account
as well as the mortar. Aggregate are into the formulation of the theory by simple model, a criteria
which is frequently used to characterize the failure of the choosiness soils [35].

(o) =q—Mp (30)

The Solidification theory

Concrete creep is influenced in a profound way by the hydration processes of the cement. This
influence which is also known as aging is the factor that causes concrete creep under constant
stress to decrease as the age of loading increases. This effect occurs throughout the entire life of
the concrete and does not only affect young concrete. Modeling of these influents has proven to
be a major complication. In this chapter there is a short formulation of the solidification theory
which was developed by Z.P. Bazant and S. Presana [36]. This theory has the function of
eliminate the short comings of the former formulations of the aging effect. The following
formula is a micromechanics-based creep model for solidifying material:

o
E=—+¢e. t¢ (31)
Ey

Where ¢ is the total strain, o is the constant stress, E is the Youngs modulus, €.is creep strain
and &,is the sum of hygrothermal strain (drying shrinkage, thermal dilatation, autogenous
shrinkage and cracking strain (when under high stress)). The creep strain is defined as the sum of
viscoelastic strain ¢, and viscous strain &

=& + Sf (32)

At high stress both ¢, and &; become nonlinear and then they represent viscoelastic-plastc strain

and the viscoplastic strain.

The theory assumes the elastic modulus is constant over the age of the concrete but
commonly it is assumed that the modulus is dependent on age, i.e. it is assumed that the elastic
modulus changes as the concrete gets older. This is to make the formulation of the theory less
complex and if the elastic modulus is age-dependent it is a complication is unnecessary and
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thermodynamically objectionable. Also the elastic modulus E, is a material constant and is
defined as asymptotic modulus.

In Figure 18 there is a rheological model that reflects the accumulation of strain
represented in eg. (31). The model describes the ageing as a consequence of growth of the
volume fractions v and f of solidifying hydrated cement which are associated with the viscoelstic
and viscous strains, respectively. The growth of these two fractions where mathematically
formulated by Bazant [37, 38, 39].
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Figure 18: Rheological model reflection accumulative strain from all parts strains, elastic strain, creep strain and
hygrothermal strain [36].

Colloid model for concrete creep and shrinkage

This is the model developed by Jennings and discussed in [40]. It is a model for the calcium
silicate hydrate (C-S-H) structure on nanometer level. The model describes the C-S-H gel as
group of solid particles which are colloid size. This model was developed to attempt to account
for many physical attributes of mature C-S-H paste, such as particle size, density, surface area
and pore’s structure. But one of the main emphases in this will be the ability of the model to
describe/hypotheses the mechanism of viscous flow under load and under drying conditions.
Aging, which is for example a large factor in creep development, is defined as the increase of
hydration products over time, so as for the model this is described as there become more
connections between globule particles which in fact increases the density of the C-S-H structure
and makes it stiffer and stronger. The hypotheses proposed by Jennings suggests: that the small
globule particles move and reposition them self’s with time when the C-S-H structure is
subjected to constant load or drying [40].
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Figure 19: Relative volume of each phase as a function of the degree of hydration [41].

The model assumes two types of densities of the C-S-H particles. These two types are the
low density calcium silicate hydrate (LD C-S-H) and high density (HD C-S-H). The difference
of these densities is that one can be observed by N, (nitrogen gas) and the other cannot. The
cement past contains more than one component so one of the main problems is to determine the
amount of C-S-H in the past. The model assumes as simple stoichiometric reaction of the main
cement reactants, that is CsS, C,S, C,A and C,AF, see Figure 19. For more information on this
see [40, 41, 42].

2.4 Shrinkage of concrete

Shrinkage in concrete is a deformation that takes place when there is no static load applied. The
main reason for shrinkage is because of water leaving the concrete. This means less water is in
the small porous veins in the concrete. This makes the concrete contract because the pressure in
the veins has decreased and is lower than the atmospheric pressure which causes shrinkage. It
could be stated that this is caused by two main things. Firstly, because of a difference in relative
humidity between the concrete and the surroundings, water vaporizes from the concrete.
Secondly, because the concrete uses water in the reaction process (while curing) the volume of
water decreases; the total volume decrease of the cement paste is about 11% [23]. Shrinkage can
be categorized into a few types. The main categories are plastic shrinkage, chemical shrinkage,
drying shrinkage, autogenous shrinkage and carbonation shrinkage [23].
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Plastic shrinkage

Plastic shrinkage takes places shortly after

casting when the concrete starts to harden. This ' )
occurs because water vaporizes and also reacts M
with the cement. When this happens there is a £ £ £ F& & F &
change in volume and the concrete shrinks. This  Figure 20: How plastic shrinkage cracks the surface of
can often leave large distinct cracks on the concrete thatis hardening

surface of the concrete. At this point the concrete is no longer a liquid but hasn’t got any
significant strength yet either [23].

7000 Plastic shrinkage can be defined
Cement paste_ as the volumetric contraction of
the cement past. As the cement
paste is plastic it undergoes this
contraction which is about 1% of
™. ___| the absolute volume of dry

cement. The contraction is caused
by the loss of water by
evaporation from the surface of
—~ | the concrete. It can also happen
2000 ' | Wwhen there is suction from dry
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tensile stresses in the surface layer
of the concrete as there are close
to no volumetric changes deeper
— 1000 | L | L1 into the concrete, and as the

N B %1 2 3T 8 o ) L
Time since casting (log scale) — hours concrete IS In Its pIaStIC stage, It IS

6000 -

{:3 mortar

water/cement = 0.5
5000

-
"_‘
-

4000~ .
Concrete with cement content of: /

/
500 kg/m’ (850 1biyd*)~___ ¢

3000

Shrinkage — 1075

1000

Figure 21: Influence of cement content on the plastic shrinkage at a  VEry ~weak. Therefore plastic
temperature of 20 °C, relative humidity of 50% and wind speeds of 1 m/s Cracking occurs at the surface

(201 [20]. A schematic picture of this is
shown in Figure 20.

Plastic shrinkage becomes greater as the evaporation rate of water increases; this of course
depends on the relative humidity in the air and the wind speed. ACI 305R-99 recommends that a
evaporation rate greater then 0,25 kg/h/m? should be avoided to prevent cracking of the surface.
So to reduce plastic shrinkage the evaporation can be completely prevented immediately after
casting. As the cause of plastic shrinkage is the loss of water from the cement past it is highly
dependent on cement content; this can be seen in Figure 21 [20].

Chemical shrinkage
Chemical shrinkage takes place while the water and cement are reacting. This occurs fastest in
the beginning when the water and cement are combined but slows down as more of cement has
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reacted. When this reaction is taking place many chemical compounds are created but mostly the
CSH-gel. The CSH-gel that is created in the process has less volume then the cement before the
reaction. This makes the concrete shrink. This type of shrinkage is evenly distributed over the
total section and not localized to the surface, like other types of shrinkage [23].

Autogenous shrinkage

Autogenous shrinkage occurs in combination with chemical shrinkage, it was first discussed in
1934 by Lymen [43]. The water the cement uses for the reaction comes from the pores and small
veins in the concrete. As the water leaves the veins there is a loss of pressure in the same way as
in the drying shrinkages. This happens in spite of drying out, that is if the concrete is drying out
or not [23]. In conventional concrete this shrinkage is typically very small, about 50x10° to
100x10, but can be greater in high performance concrete [20, 44].

Drying shrinkage

Drying shrinkage occurs after the setting-process, when the concrete is hardening. This type of
shrinkage is most effective when the concrete is young and decreases as the concrete gets older.
This is very dependent on external conditions, e.g. relative humidity, temperature and wind. If
the concrete is located were the relative humidity is less in the environment than in the concrete
itself, it dries out and water dissipate from the porous veins in the concrete. This lowers the
pressure in the pores and the concrete shrinks. Drying shrinkage often creates subtle network of
cracks on the surface of the concrete [23].

When water evaporates from hardened concrete stored in unsaturated air it causes drying
shrinkage. Some part of this shrinkage is irreversible and has to be distinguished from the
reversible part which is moisture movement. The left part in Figure 22 shows how a sample that
has been drying in unsaturated conditions is put into water, and shows the swelling when cement
absorbs water. When it is then made to dry again the drying shrinkage begins once more, this can
be done repeatidly and then the recovery of shrinkage will become increasingly less.
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Figure 22: Moisture movement in concrete; the left graph shows data for concrete which has dried from t, to t and then
re-saturated, the right graph is for concrete that has dried from t, to t and subjected to cycles of wetting and drying [20]
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This can be seen in left part of Figure 22. The reversible part of the drying shrinkage is about
40% to 70%, this depends on the age of the concrete when drying was first commenced, e.g. if
concrete is allowed to fully hydrate before it is exposed to drying the reversible part of the drying
shrinkage is greater. The irreversible part of the drying shrinkage is associated with the forming
of new physical and chemical bonds in the cement when water is removed. When concrete dries
there is a loss of free water, i.e. the water in the capillaries which is not bound. This creates
internal relative humidity gradients in the cement paste which transfers the water molecules from
the large surface area of the calcium silicate hydrates into empty capillaries and finally out of the
concrete. This makes the cement paste contract but the reduction in volume is not the same as the
reduction from water that was removed. This is because of the initial loss of free water has
significantly lower effect on volumetric contraction and also because of the initial restraint to
consolidation by the calcium silicate hydrate structure [20].

2.5  Aggregate and there effects on concrete creep

Aggregate are one of the main ingredient of a concrete mix and make up around 65%-80% of the
mixture. Aggregate can be of all sorts, but are categorized into two main types; the coarse
aggregate (e.g. gravel, crushed aggregates) and fine aggregate (e.g. river sand). Aggregate can be
made of main types of rock materials, such as basalt, granite, limestone or even sandstone.
Although the different types of rock have varied properties they essentially fulfill the main role
of the aggregates, i.e. to fill the void between the cement matrix to create concrete.

Weight to volume relationship

In this section there will be a short description on the weight to volume ratios and calculation
methods for e.g. unit weight, porosity and water absorption. First the volume and the weight
need to be defined for the material, in Figure 23 there is a representation of the part of the
material, i.e. solid part, water part and air part. The following can be formulated from the setup
presented in Figure 23:

="+l (33)

Here V is the total volume of the unit, Vs is the volume of the solid materials and V, is the volume
of the voids. VVoid volume is the volume of both water and air in the unit and can be formulated
as follows:

V,=V,+V, (34)
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Figure 23: Volume ratio and weight ratio of a section
of material

The weight of this

W =W+ W, (35)
v, (36)

TV
v, (37)

n=y
W, (38)

A

From these definitions and more defined in [45]
Wsat  Pssp
= 39
(1 + wsat) pW ( )
Where wg,; IS the water absorption, pggp is the density of the aggregate under saturated
surface dry conditions, and p,, is the density of water [45].

n

Aggregates and concrete creep

It is assumed that most of the creep is because of deformation in the paste. One of the main
reasons is movement of water in the smallest pores, so called gel pores, also movement of water
from the gel pores and through the small capillaries of the paste [46].
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Figure 24: Difference in creep for concrete with variation of aggregates [23]

Some properties of aggregates affect the creep of concrete. Porosity of the aggregates affects the
young-modulus and water absorption and thus affects indirectly the creep. More dense
aggregates means less porosity, thus less creep. Probably the most crucial factor in creep
development is the young-modulus; the greater the young-modulus the less creep there is [20]. If
the aggregates have lower young-modulus the greater the stress on the concrete paste becomes
and thus the creep becomes more. Long-term effects of aggregates on creep are less known than
the short-term effects. There have been some studies on the effect of different types of
aggregates. One of these studies is shown in Figure 24. It can be seen that the concrete made
with basalt is quite different from the other aggregates. On day 90, the creep rate increases a lot
compared to the other aggregates. At the age of one year the creep rate decreases again and the
rate becomes similar to the other aggregates [23].

Creep of aggregates

Stone materials are known to creep [47, 48, 49], as is for most materials, they slowly densify
under pressure over time. This movement slows down with time, most often logarithmically. The
creep of rock material is often around 0,2-0,4 mm/m under a load approximately 20 MPa for
about 4 days. For marble silica the creep of the material has been observed to be 0,12 mm/m
under 80 MPa load and it has been shown that the secondary creep increases with increased
loading [50].

The effects of aggregates on concrete shrinkage

Aggregates are a large part of the concrete mix or 60%-80% and their effects on shrinkage have
been studied by many. The elastic modulus (young-modulus) effects the concrete in many ways
and concrete made with lightweight aggregates has exhibited higher shrinkage than conventional
concrete made with normal weight aggregates. Even in the range of normal weight aggregates
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there is a lot of variation in shrinkage behavior because of variations in the young-modulus [20].
The difference in shrinkages for various types of aggregates can be seen in Figure 25.
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Figure 25: Effect of various aggregates on shrinkage [51] Figure 26: Effects of different absorption % on the drying
shrinkage [51]

Of course the porosity of the aggregates affects the Young-modulus and the absorption of the
aggregates. There have been studies on how the absorption affects the concrete shrinkage; this
can be seen in Figure 26. Here it can be pointed out that the graph only goes up to 2,4%, but
Icelandic porous aggregates are commonly in the range of 3%-7%.

2.6  Modeling of both concrete shrinkage and creep

2.6.1 The Creep and shrinkage models of EuroCode 2

Most code equations for the EC2 attributes creep and shrinkage of concrete to the relative
humidity, dimension of the element, and composition of the concrete. It also states that creep is
influenced by the maturity of the concrete when the load is first applied and depends on duration
and magnitude of the sustained load.

Creep is calculated using a creep coefficient ¢(t,t,) which relate to the tangent stiffness
modulus (E.) of the concrete. The creep deformation of the concrete can be estimated using the
creep coefficient as follows:

ecc(t to) = @(tto) * (40)
where the creep coefficient is defined as follows:

@t to) = Qo Bc(t to) (41)

The t value corresponds to the time of observation and t; is the age of the concrete at the time of
loading. Also @, is the notional creep coefficient, and the method to calculate is described in

42



Annex B in the EC2 [52]. The notional creep coefficient takes into account the ambient relative
humidity, strength class of the concrete, and concrete age at loading. The time coefficient
B.(t,to) can be calculated as follows:

(t— to)
Be(tto) = T (42)

In EC2 the total shrinkage is divided into drying shrinkage and autogenous shrinkage, shown in
the following equation:

Ecs = €ca T Eca (43)

Where €. is the total shrinkage and ¢.; and €., represent the drying shrinkage and the
autogenous shrinkage accordingly. The drying shrinkage is expressed as follows:

s = Bas(tts) <k - €cd,0 (44)

Where kis a coefficient dependent on the notional size hy. The value for unrestrained shrinkage
€cq0 Can be found in Table 1. The factor f45(t, ts) takes into account the age of the observed

specimen.
Table 1: The value for g4, for different strength classes and ambient relative humidity
fck/fck,cube Relative Humidity (%)
(MPa) 20 40 60 80 90 100
20/25 0,62 0,58 0,49 0,30 0,17 0,00
40/50 0,48 0,46 0,38 0,24 0,13 0,00
60/75 0,38 0,36 0,30 0,19 0,10 0,00
80/95 0,30 0,28 0,24 0,15 0,08 0,00
90/105 0,27 0,25 0,21 0,13 0,07 0,00

The notional size is calculated as follows:
24
u
Where A, is the concrete cross-section area and u is the perimeter for the part of the cross-

section that is exposed to drying. Also the factor S4,(t, t,) is defined as followes:

Bast ) = — L)
ds\Y" ts) — 46
(t—t5)+0,04ﬁ (46)

Here t (in days) is for the age of the concrete which is being considered, ts (in days) is the age of
the concrete when it was first exposed to drying (normally at end of curing) and hy is the notional
size as before.

The autogenous part of the shrinkage is defined as follows by the standard:
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Eca(t) = Bas(t) - €cq () (47)

The so called final autogenous shrinkage is calculated from the compressive strength:
€ca () = 2,5(f — 10) - 107° (48)

And the factor S,(t) is given as a function of time t (in days)
Bas(t) = 1 — ™02Vt (49)

2.6.2 The Creep and shrinkage models of ACI209

The measured creep data was also compared to values predicted from The ACI 209 model
[53]. The ACI 209 code uses the following factors to predict creep and shrinkage: the age at
loading (la), ambient relative humidity (1), the surface to volume ratio (vs) (or average thickness
of specimen (h)) , slump of fresh concrete (s), fine aggregate percentage (), cement content (c),
air content (), and curing period of the concrete (cp). The ACI 209 takes these aspects into
account using correction factors which are applied to measured or suggested values. In the absent
of measured values the suggested values (ultimate values) are as following:

vy = 2,35y, (50)

(€sn)u = 780y x 10°° (51)

The factors y,. and y;, take into account deviation from the standard condition, such as exposure
time, time of loading, consistency, air-content, environmental conditions, content of fines, the
size effect and content of cement. The equations for these factors are expressed as follows:

Ye =Veia Yea Yews  VYes Ve Vea (52)

Vsn = Vshep * Yshd * Vshws * Vshs * Vshap * Vshe * Vsha (53)

Where y,, is factor to take into account the difference in loading age, and is defined as follows
for moist cued concrete:

Yela = 1J25(tla)_0'118 (54)

Here t, is the age at loading. The factor y . takes into account the curing and exposure time.
This factor is calculated from curing time and is expressed in the following formula:

Vshep = 1,202 —0,2337 log t, (55)
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In Figure 27 the development of the curing factor over time is shown, where the factor is
1,0 at seven days of curing. The factors y.; and yg, ; take into account the effects of the
environment, i.e. relative humidity.

_ 1,0 A<40
Vea = {1,27 —0,00671 1> 40 (56)
1,0 A <40
Ysna =114-0,01022 40 <1< 80 (57)

3,0 -0,032 80 <1<100

Where A is the relative humidity in percent.
The size factors v, ,s ¥snps takes into account different sizes of samples, the different in

thickness. This can be expressed as follows:

2 -
Vews =5 [1 +1,13e70023 (/9] (58)

Vshos = 1,28_0’0472 w/s) (59)

Where V is the volume and S is the surface area exposed to drying, V/S is in mm. This factor can
also be calculated from the thickness of the structural element. yg, ¢ is the consistency factor an
Is based on the water to binder ratio and is defined as follows:

Yes = 0,82+ 0,00264s (60)

Ysns = 0,89+ 0,00161s (61)
Here s is the slump in mm. Cement factors for shrinkage is expressed as follows:

Yshe = 0,75+ 0,00061c (62)
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Were c is the cement content in kg/m® The aggregate factors Yep @Nd ygp,y take into account the
influence of the content of fines in the mixdesign, and is expressed as follows:

Yew = 0,88+ 0,00243 (63)
_(03+0,014y, P <50%
Vshyp = {0,9 +0,0021), ¥ >50% (64)
Here 1 is the percentage of fines, and can be expressed as follows:
mys
= 65
L (65)

Where mg is the mass of fines and m,, is the mass of the aggregates. The effects of diffrent

aggregates can be seen in Figure 25. Finally there are factors for the Air-content of the concrete,
and they are defined as shown below:

Ysha = 0,46 + 0,09a > 1,0 (66)
Ysha = 0,95+ 0,008a = 1,0 (67)

Here « is the air content in percentages [53]. To calculate the creep or shrinkage for a specific
time then the following equations can be used to estimate it:

t0,6

V= oy et )
t

(Esp)t = ET (Esnu (69)

Here t is the age of the sample after initial curing, f and « are constant and differ with size and
shape. The fis in the range of 20 to 130 days and « is in the range of 0,9 to 1,1[53].

2.6.3 The Creep and shrinkage models of Model B3

The third model to be analyzed is the one proposed by Bazant (Model B3) [54, 1]. The model is
simple but is supposed to agree better with the experimental data and validate the theoretical than
previously used models; The model takes into account more factors than previous models does
and is more complex than design code models. It has a different structure than the other were it
enables the calculations of separate compliance functions for the basic creep and drying creep.
The Model B3 uses the following factors to predicted concrete creep; aggregate to cement ratio,
cement content (c), cement type, water to cement ratio, water content, age at loading, age of
sample, applied stress (o), cross-section shape, curing conditions, compressive strength at 28
days, duration of loading, effective thickness (D), elastic modulus at loading (E), elastic modulus
at 28 days (E), relative humidity (h), temperature (T) and time of drying commences (t;). To
predict the total strain the following compliance function can be applied:

et) =]t t)o + e (t) + aAT(t) (70)

Here &4, (t) is the shrinkage strain over time and AT (t) is the change in temperature over time.
The applied stress o is multiplied by:

](t, t,) =q + CO (t' t,) + Cd (t' t’, tO) (71)
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Where g, is the instantaneous strain due to unit stress, C,(t,t") is the compliance function for
basic creep and C,(t,t’, t,) is the function for drying creep.

The instantaneous strain can be taken as g, = 1/E,, where E is not the real elastic modulus
but more as an empirical modulus. The basic creep compliance is defined by it’s time rate which
is defined as follows:

t-m
n(g,t™ + q3) qa (72)

Co(t,t) = G-t G-ty +T,m =0,5n=0.1

Where C,(t,t") = 8Cy(t,t)/6t and g,, g5 and g, are empirical factors. By integrating the
compliance function above the following is obtained:

Co(t,6) = 0,0(06) + g5ln(1 + (£ =€) + g, In 1) @

Where Q(t, t") is a binominal integral which can’t be by expressed analytically, it can be found
by numerical integration. For creep due to drying the following compliance function is applied:

Ca(t,t',tg) = gs[e™8H®) — e_SH(t,)]O’S (74)

Where g5 is an empirical factor and H(t)is function based on drying conditions and is further
defined in [54] ,as are the empirical factors q;,92,9,,94 and gz [28].

47



3. Phase 1: Long-term research on creep and shrinkages

Most of the research has been started by other researchers and is ongoing; this will be utilized as
part of the work and has been continued by the author. The creep and shrinkage data will be
presented and used to evaluate the effects of the porous basalt aggregate type (normally used in
Iceland) on the volumetric behavior. The methods used to evaluate creep and shrinkage are
according to the methods proposed by American Society of Testing and Materials (ASTM).

3.1 Research specimen

Research on the long term effects of concrete creep has been
performed at the institute (ICI Rheocenter) for over 10 years.
The first samples were cast and put into the creep rigs in
2001, were creep and shrinkage was observed for 1 year.
These samples were made with concrete C25, C35 and C50
for three different types of aggregate. The three different
aggregates were from different quarries with different
porosity (Quarries 1, 2, and 3). The same filler was used for
all samples, that being material from quarry 1. After 1 year of
testing, new samples were cast and put in the testing rigs,
these samples have been observed until this day. These
samples were cast using C40, C60 and C70 concrete and same
type of aggregates and fillers were used. In the year 2004
samples were cast and put into new creep rigs. These samples
are still being observed. They were designed to test what
effects a difference in volume percentage of cement paste has
on concrete creep. Both conventional vibrated concrete
(CVC) and self compacting concrete (SCC) are being tested
in two separate rigs. The latest part of the research started in
2009 and 2010. These are two rigs, in the rig from 2009 are samples cast from normal concrete
(C25) for 3 different types of aggregates. The aggregates are from two quarries in Iceland
(Quarry 1 and 2) along with material from Norway (Quarry 4). The samples in the last rig from
2010 are samples of SCC. There are three types of SCC: they are normal SCC with air, ECO
SCC without air and ECO SCC with air. The samples in all the rigs are still being tested and will
be tested for some years to come.

Figure 28: The two newest creep rigs at
the institute

3.2 Test methods

The methods used to test the creep and shrinkage are described by the American Society for
Testing and materials (ASTM). There are two different standards ASTM C512 for testing of
creep and the ASTM C157 for shrinkage.
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The testing standard for concrete creep measurements

The testing standard ASTM C512 [55] AL
describes the method on how to measure and F"{* .

test creep of concrete in compression. The f{ o oo rnce
test method describes a load-induced time- BRI Tﬁ\ T
depended compressive strain measured over jh

time under controlled environment. The test .
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concrete types. Creep is also directly
proportional to the cement paste volume in Figure 29: Setup for the Ioadi-ngirig‘s_fc;‘;w?o:;ent:ireep
concrete. testing[55]

The loading frame used shall be
capable of applying and maintain the load. A simple version of the apparatus the standard
describes it as consisting of a header plates bearing on ends of the added specimens with a load-
maintaining element that can by a spring, a hydraulic capsule or a ram. In each loading frame
several specimen can be loaded at the same time. An example of such a loading-frame is
presented in Figure 29. The specimen size is 150£1,6 mm and the length shall be at least 292
mm. For the testing there should be cast at least 6 specimen from a given batch of concrete. Two
tested for compressive strength, two for creep and two for shrinkage. Creep and shrinkage are
measured simultaneously for deformations under the same environmental conditions. Normal
curing for specimens in the creep test is after removal from molds at age of 20-48 hours they are
placed in 23,0 = 1,7°C under moist condition (~100%RH). At the age of 7 days the specimen are
stored at 23,0 £ 1,1°C and a relative humidity of 50 £ 4% until testing. The specimens are
normally loaded at 28 days of age but can also be loaded at 2, 7 or 90 days, or 1 year. The
loading shall not exceed 40% of the compression strength of the concrete at the age of loading.
Strain measurements are taken before and immediately after loading, 2 to 6 hours after loading
and then daily for a week and then weekly for a month and monthly for a year. Before each
reading the load is measured and if there is a variation of more than 2% the loading shall be
adjusted to the correct value.

Testing standard for concrete shrinkage

This testing standard ASTM C157-99 [56] describes a way to estimate the potential of
volumetric expansion or contraction of mortars and concrete. Test samples are cast with a square
cross-section that depends on the aggregate size, e.g. for a maximum size of 25mm, a 75x75mm
cross-section is used. For a specimen size of 75x75mm cross-section the gauge length of the
specimen is defined as 250mm. These are the dimensions used in testing concrete specimen and
guidelines for mortar and other aggregate size can be found in the standard itself. After casting,
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the samples are allowed to rest to the age of 23% hours and are to be demolded at that time. After
demolding the samples are put into lime water for a period of time, which is 30 min for a cross-
section size of 75x75mm. The first measurement is taken after 24 +/- % hours after adding the
water to the mix. There are two different types of curing considered, the sample can be stored in
lime water for 28 days or using so called air curing, then the sample is stored at 23°C with 50%
relative humidity. The readings are then taken at specific times: 4, 7, 14, 28 days & 8, 16, 32, 64
weeks after curing.

3.3  Materials and design of mixtures

The aggregate used in all specimen came from 4 quarries and in all mixtures blend silica fume
cement was used, graded CEM Il A-M 42,5R, except for the SCC and EcoSCC, where a cement
graded CEM 1 52,5N was used. In all mixtures a high-rang water reducer (HRWR) and air-
entraining agents were used. As the objective is to evaluate the relation of the high porosity (in
Icelandic porous basalt aggregates) and the creep and shrinkage behavior of concrete, four types
of coarse aggregates were chosen from different quarries in Iceland and Norway. For quarry 1,
the material is taken from the seabed of Kollafjordur. Quarry 2 is in a hill side near Reykjavik,
and quarry 3 is a blasted mountain side. These aggregates have 5% to 17% porosity, which is
high for conventional aggregate typically used in concrete. The forth type of aggregate is granite
material imported from Norway. The main characteristics of the selected aggregate are given in
Table 2. The porosity of the aggregates reported in the Table which is estimated using equation
39 on page 39.

Table 2: Characteristics of aggregate from Iceland and Norway

Rock Size Density Water
Quarry  type [mm] [kg/m®]  absorption  Porosity

1 Basalt 0-8 2610 4,80% 12,0%
1 Basalt 8-16 2820 2,60% 7,1%
2 Basalt 8-19 2530 7,20% 17,0%
3 Basalt 8-12 2930 2,30% 6,6%
3 Basalt ~ 12-16 2960 1,70% 4,9%
4 Granit 0-8 2650 0,64% 1,7%
4 Granit 8-16 2660 0,70% 1,8%

Mixtures for concrete €40, C60 and C70

The batches for the concrete C40, C60 and C70 were created and cast in 2002, the aim was to
determine the effects of different types of basalt aggregate on the creep behavior of concrete. In
Table 3 the main values for the batches are presented such as wic ratio, air and cement content,
also the cement paste volume (including air volume), slump and density of the fresh concrete.
The variables for these batches were type of aggregate and difference in strength classes and
therefore wic- ratio, but the cement paste volume was constant.
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Table 3: The main mixdesign values for C40, C60, C70 and measured values for air, slump and density

Aggregate Aggregate .
<4mm Aggregate Cement C. Past slump Density
Quarry wic [%] <8mm [%] Air [%] [kg/m3] [%] [mm] [kg/m3]
1 0,37 45 77 71 444 384 210 2272
C40 2 0,37 46 58 8,0 440 37,9 130 2228
3 0,37 45 60 6.0 450 376 190 2372
1 0,31 49 75 47 505 37,2 80 2409
60 2 0,31 47 58 6,2 498 382 100 2272
3 0,31 45 60 47 506 371 90 2443
1 0,29 48 78 40 540 376 60 2473
cro 2 0,29 47 58 6,6 526 39,2 170 2309
3 0,29 47 60 38 540 376 160 2517

A significant difference in elastic modulus of the concrete samples can be observed when
using the porous basaltic aggregates. It can also be observed that the elastic modulus was the
lowest in concrete made with aggregates from quarry 2 (porosity 13.4-14.9%), see Table 4. The
measured elastic moduli of all tested mixtures were lower than the calculated values. The spread
can be correlated to the degree of porosity of the aggregate, as can be seen in Figure 30. The
increase in aggregate porosity from 0% to 40% in concrete made with recycled aggregate is
reported to lead to 60% reduction in elastic modulus [19]. It can also be observed that the 28-day
compressive strength development of mixtures prepared for different quarries in Iceland are
similar, except for the HPC 70 mixture made with aggregates from quarry 2 where lower
strength was obtained, see Table 4.

Aggregate fe Em Ecm Diff %

Quarry 1 453 27,3 34,6 -21,1%

g Quarry 2 17,9 34,6 -48,2%
Quarry 3 48,2 28,3 35,3 -19,7%

Quarry 1 61,9 34,1 38,0 -10,3%

% Quarry 2 62,8 19,9 38,2 -47,9%
Quarry 3 62,3 32,9 38,1 -13,6%

Quarry 1 68,2 374 39,1 -4,4%

8 Quarry 2 62,1 22,4 38,0 -41,1%
Quarry 3 70,0 38,0 394 -3,7%

ol

Table 4: Compressive strength and elastic-modulus of tested concrete mixture at 28 days
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Figure 30: Variation in elastic modulus of concrete with
porosity of aggregate for C40, C60 and C70 mixtures

Mixdesign for concrete CVC and SCC

The batches for the concrete CVC and SCC were created and cast in 2004, the aim was to
determine the effects of different values of cement paste volume on the creep behavior of normal
and self compacting concrete. In Table 5 the main values for the batches are presented such as
w/c ratio, air and cement content, also the cement paste volume (excluding air volume), slump
and density of the fresh concrete. The variation between batches here is the cement paste volume
and the type of aggregate for both conventional vibrated and self compacting concrete.

Table 5: The main mixdesign values for CVC and SCC, and measured values for air, slump and density

Aggregate .
Aggregate Aggregate Cement C. Past slump Density
Quarry wic <dmm[%] <8mm[%] Air [%] [kg/m3] [%0] [mm] [kg/m3]
cvel 4 0,38 47 55 84 435 31,1 190 2232
cve? 4 0,384 47 55 53 360 25,7 140 2326
CvC3
1 0,394 50 77 35 366 26,4 30 2426
ScCl 4 0,36 54 72 5 450 36,7 nfa 2361
SCC2
1 0,39 54 72 45 394 34 n/a 2300
SCC3
4 0,37 49 77 6 450 37 n/a 2288

Mixdesign for C25 mixtures

The batches for the concrete C25 were created and cast in 2009, the aim was to determine the
effects of different types of aggregate, from Iceland and Norway. In Table 6 the main values for
the batches are presented such as wic ratio, air and cement content, also the cement paste volume
(including air volume), slump and density of the fresh concrete. The variation between batches is
the aggregate, the type and the amount of porosity. The aggregate type is basalt and granite
aggregate, and they vary in porosity from about 1,5% to around 17,0%.
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Table 6: The main mixdesign values for concrete C25 with different types of aggregate
Aggregate

Aggregate  Aggregate Cement C. Past slump Density

Quarry wi/c <4dmm[%] <8mm|[%] Air [%] [kg/m3] [%] [mm] [kg/m3]
1 0,55 47 58 5,6 316 334 110 2350
C25 2 0,55 45 66 55 315 319 130 2296
4 0,55 45 52 49 320 33 150 2300

Mixdesign for Eco-SCC mixtures

The batches for the self compacting concrete and Eco self compacting concrete were
created and cast in 2009, the aim was to determine the effects of different types of self
compacting concrete. In Table 7 the main values for the batches are presented such as wic ratio,
air and cement content, also the cement paste volume (including air volume), slump and density
of the fresh concrete. The main variations between batches is the type of SCC, they are SCC
including an air entrapment agent (AEA), SCC with lower cement content than normal with and
without AEA. Due to the lower amount of cement content the SCC is considered
environmentally friendly, because of the lower amount of CO2 emissions per cubic meter of
concrete. This type of SCC is called EcoSCC.

Table 7: The main mixdesign values for SCC with air entrainment, EcoSCC with and without air entrainment

Aggregate Aggregate
Aggregate <8mm Cement C. Past slump Density
Quarry wic <4mm [%] [%] Air [%] [kg/m3] [%] [mm] [kg/m3]
SCC AEA 4 0,34 58 73 72 549 453 270 2184
EcoSCC 4 0,61 60 79 13 316 30,8 270 2343
EcoSCC/AEA 4 0,58 60 79 57 316 34,4 270 2246
3.4 Results

In this chapter there will be a presentation of the results for the creep and shrinkage research
conducted for more than a decade at the Innovation Center Iceland. The experimental concrete
mixtures are divided into chapters, the oldest research first.

C40, C60 and C70 mixes

Creep strains for the C40 mixture prepared using different types of aggregate are shown in
Figure 31. The lowest creep measurements corresponds to the material with the lowest modulus
of elasticity, which is that made with aggregate from Quarry 2 (porosity 13,4%-14,9%).
However, the difference in creep behavior is limited to 0.1 mm/m. In the case of the C40
mixture, the creep results were similar for all mixtures made with basalt aggregate obtained from
the various quarries from Iceland. On the other hand, in the case of the C60 and C70 mixtures,
those made with aggregate form quarry 2 had considerably greater creep than those containing
aggregates from quarries 1 or 3 (porosity 7,1%-9,2%). This can be related to the stiffness of the
coarse aggregate since aggregate from quarry 2 had considerably greater porosity (17%)
compared to those of quarry 1 and 3 (7,1% and 6,6%). Higher porosity leads to lower elastic
modulus (Figure 1), thus reducing the ability of the aggregate to restrain deformation in the
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concrete, resulting from the sustained loading. This phenomenon was not observed in the case of
the C40 mixture since the paste itself was porous. On the other hand, in the lower porosity
mixtures, the effect of aggregate porosity, and hence its effect on creep, are more apparent.
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Figure 31: Creep development over 10 years for C40 Figure 32: Creep development over 10 years for C60
concrete using various aggregates concrete using various aggregates
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Figure 33: Creep development over 10 years for C70
concrete using various aggregates

Figure 34 shows the specific creep for the tested mixtures prepared with aggregate from
quarry 1. The specific creep is calculated as the creep strain divided by the applied load, which is
about 33% to 36% of 28 day compressive strength. The specific creep of the specimens seems to
be progressing normally, though it still appears to be increasing even after 10 years. The
difference in specific creep between strength classes is logical because of the difference in
compressive strength and in elastic modulus. From Figures 35 and 36 the specific creep for
concrete made with aggregate from quarries 2 and 3 is presented. Similarly, the specific creep
increases with lower strength classes. The variation is that the specific creep seems to differ less
as the porosity of the aggregate increases. This could be due to the fact that there is less
difference between the elastic modulus of the different strength classes, when using the
aggregate from quarry 2 which has the lowest porosity.
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Figure 34: The specific creep for concretes cast with Figure 35: The specific creep for concretes cast with
aggregates from quarry 1 (porosity 7.6-9.2%). aggregates from quarry 2 (porosity 13.4-14.9%).
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Figure 36: The specific creep for concretes cast with

aggregates from quarry 3 (7.1-8.9%).

CVC and SCC mixes
The creep development for the conventional vibrated concrete (CVC) can be observed in Figure
39, where CVC 1 is the concrete mixture made from granite with the highest cement paste
volume. The standards say that with increased paste volume the creep increases and this can be
observed in the figure, as the mixture CVC 2 is of same composition with lower paste volume. In
the mixture CVC 3 Icelandic basalt aggregate is used as an alternative to the Norwegian granite
aggregate. It can be observed that the mixture CVC 3 experiences less creep than CVC 2, which
has about the same paste volume. This is not normally the case when observing the creep
behavior using porous Icelandic basalt as aggregate.

In Figure 38 the creep growth of self compacting concrete (SCC) is shown, where the
main difference is in paste volume and the type of aggregate. The mixtures have different cement
paste volume with SCC 1 and SCC 3 containing the Norwegian Granite aggregate which has
paste volume of 37% compared to 34% in SCC 2 prepared with basalt aggregate from Quarry 1.
Again, despite of the lower paste volume (quarter aggregate volume) SCC 2 made with the
porous aggregate gives higher creep, which was approximately 0.2 mm/m after 8 years.
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Figure 37: The creep development for CVC wusing Figure 38: The creep development for SCC using
aggregates from both Iceland and Norway using different aggregates from both Iceland and Norway using different
cement paste volumes cement paste volumes

In Figures 39 and 40 the specific creep for the CVC mixtures and SCC mixtures is
presented. It can be observed from the pictures that the specific creep is much higher for the
CVC with the same cement paste volume. It should be noted that the SCC mixtures have
significantly lower specific creep than the CVC.
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Figure 39: The specific creep development for CVC Figure 40: The specific creep development for SCC using
concrete aggregates from both Iceland and Norway

C25 mixtures with different types of aggregate

In Figure 41 the creep progress of C25 concrete mixtures using different types of aggregate is
presented. It can be seen from the figure that the mixture using aggregate from quarries 1 and 2
are somewhat higher than the mixture using materials from quarry 4. The aggregate in quarries 1
and 2 are porous basalt but the aggregate from quarry 4 is granite with low porosity. It seems that
using highly porous basalt aggregate in the mixture increases the creep growth. It is should be
noted, although the aggregate from quarry 2 is more porous the creep for the concrete specimen
is lower than for specimen using materials from quarry 1.
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Figure 41: The creep development for C25 using
aggregates from three quarries in Iceland

SCC, Eco-SCC AEA and Eco-SCC

Figure 42 shows the creep development of self compacting concrete (SCC) using both low
and normal cement amount (Rich SCC, about 450 kg/m3). The mixtures named EcoSCC
have low cement content. It can be observed that the mixtures express low creep values
compared to what has been observed previously in this chapter. Both mixtures using lower
cement content seem to creep more than the normal SCC mixture. From Figure 43, the
shrinkage of the samples can be observed and same as for the creep development, the
shrinkage is grater for the EcoSCC mixtures. This is not what was to be expected as there is
lower cement (and therefore less cement paste) the shrinkage should be less.
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Figure 42: The creep development for SCC and EcoSCC  Figure 43: The shrinkage development for SCC and
EcoSCC

Modeling calculations and comparison to experimental data

The models defined in chapter 2.6 were used to estimate strains due to creep in concrete
specimen. The estimated strains using the measured values for the elastic modulus of the
concrete and compressive strength are given in Table 4 and compared to creep measurements.
Table 4 compares the measurements of creep deformation to estimated values. Creep is
estimated for the C40 concrete cast with aggregate from quarry 1. In Table 4, creep development

o7



and estimation are shown for the C70 HPC made with aggregates from quarry 1 (porosity 7.6-

9.2%).
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Figure 44: Creep development over 10 years for Normal  jgyre 45: Creep development over 10 years for HPC C70

C40 concrete using aggregates from quarry 1 (porosity  concrete using aggregates from quarry 1 (porosity 7.6%)
9.29%0) and the creep estimation of the models. and the creep estimation of the models.

From Figures 44 and 45, it is clear that the long-term estimated creep values are lower
than the measured values for both the EC2 and ACI209 models. For both cases, the measured
creep exceeds predicted values after 1 year. After 10 years of loading, creep was still increasing

and exceeded the estimated values by about 40%.

Figure 46 compares the creep data to predicted values from the EC2 model for the C40,
C60 and C70 mixtures made with aggregates from different quarries. It can be seen that the
model predicts greater creep than the actual data when the creep is limited to 0.6 mm/m. As
creep strain increases, the model seems to diverge from actual values. Concrete made with coarse
aggregate from quarry 2 experienced less creep than predicted values.
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Figure 46 : Creep prediction of the EuroCode 2 creep model compared to measured values

58



2 y
T A
¢ 0 A

£ 1,6 bO%S;:‘ A ACI209R predictions
£ 5 %,

_5 1,4 . A AR P1 ® C40- Agg.por.9.2%
S 13 A O C40- Agg.por. 14.9%
7 Br o o o © of © C40- Agg.por. 8.9%
§ 1 ® UA 4 A A A C60-Agg.por.9.2%
0 08 o - o ® A C60- Agg.por. 14.9%
N 06 ' * A C60- Agg.por. 8.9%
& 0,4 & C70- Agg.por. 7.6%
g 0,2 & C70- Agg.por. 13.4%
a .. O O R O e ¢ C70-Agg.por. 7.1%

6 062 04 06 08 1 12 14 16 18 2

Creep strain measurments [mm/m]

Figure 47 : Creep prediction of the American Concrete Institute creep model compared to measured

values
- 2 o Ap A
E g A b
E\ r ’ A 3 00 6)
£ 16 O o Model B3 predictions
c 14 o A o ® C40- Agg.por. 9.2%
2 L A% O C40- Agg.por. 14.9%
T & o, © C40- Agg.por. 8.9%
’& ! PRy © A C60-Agg.por. 9.2%
gOrS ) A C60- Agg.por. 14.9%
- 0,6 A A C60- Agg.por. 8.9%
%0!4 o & C70- Agg.por. 7.6%
302 & C70- Agg.por. 13.4%
2’ N o C70- Agg.por. 7.1%

o

0 02 04 06 08 1 12 14 16 18 2

Creep strain measurments [mm/m]

Figure 48 : Creep prediction of the B3 creep model compared to measured values
In Figure 47 a comparison of measured values to calculated values is presented for the

ACI209 model. The measured values are mostly diverging from the calculated values of studies
beyond 0.8 mm/m. There is an exception for the calculated concrete made with aggregate from
quarry 2. This is due to the high porosity and low elastic modulus of the aggregate.

In Figure 48, comparison of measured values to calculated ones according to the B3
model is given. The B3 model overestimates creep, especially the long-term values which
correspond to high creep values. The model seems to overestimate the specimen in higher
strength classes, regardless of the aggregate. Characteristics and connected strength class, the
long-term B3 model creep values, can be approximately 10% to 75% higher than predicted
values.
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Shrinkage of samples and comparison to models

In this section results will be presented for shrinkage samples that were tested simultaneously as
the creep mixtures also presented in this chapter. The specimen presented are of three types of
concrete using four types of aggregate with the aim of seeing how the porosity of aggregate
affects the shrinkage of concrete. In Figure 49 the results for shrinkage samples can be observed,
where strength class C25 was used. It can be observed from the figure that as the porosity of the
aggregate increases the shrinkage increases as well. However, it can be noted that the aggregate
with porosity of 1,2% is granite aggregate and seems to have very similar shrinkage behavior as
the basalt aggregate with a porosity of 9,1%. In this figure there is also a estimate calculated
using EC2 and ACI209 and it can be observed that EC2 overestimates the shrinkage at first but
as time passes the shrinkage converses with the EC2 estimate. This is valid for both of the
samples with lower aggregate porosities but for the one with higher porosity the estimate is
nearly half of the shrinkage. As for the estimate for the ACI209 the estimate is higher than the
EC2 estimate.

In Figure 50, the shrinkage for concrete strength class C40 is presented and it can be
observed that porosity of the aggregate seem to increase the shrinkage of the samples. The
concrete samples with porosity of around 9% report similar shrinkage strains and the samples
with about 50% higher porosity has nearly 1/3 higher shrinkage. As before the EC2
underestimates the final shrinkage but overestimates the early shrinkage. The same can be said
about the ACI209, it overestimates the early shrinkage but it also overestimates the finale
shrinkage.

In Figure 51, measured shrinkage for concrete of strength class C60 is presented. The
same as for concrete strength class C40 the shrinkage seems to increase with increased porosity.
And as before EC2 underestimates the final shrinkage and ACI209 overestimates the final
shrinkage. Figure 52 shows the shrinkage as a function of porosity of the aggregate. It shows that
as the porosity of the aggregate increases the shrinkage seem to increases as well.
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Figure 49: Shrinkage over 3 years of concrete (strength
class C25) made with aggregates with variations in
porosity. Also reported are the estimated values for both
EC2 and ACI1209.

Figure 50: Shrinkage over 3 years of concrete (strength class
C40) made with aggregates with variations in porosity. Also
reported are the estimated values for both EC2 and ACI1209.
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4. Phase 2: Elastic modulus of concrete composites and porous
aggregate

In this phase of the experiment the elastic modulus of the concrete and the materials of the
concrete composite is measured and analyzed. Materials from Iceland will be tested using
standard test methods as well as using new technology. Firstly, rock material from two quarries
will be tested for mechanical properties, where the main interest is in the elastic modulus of the
materials as they are used as aggregate in large part by Icelandic concrete producers. The elastic
modulus of concrete has been measured low for the concrete using these aggregate and this is
related to elastic modulus of the aggregate. The concern is that the elastic modulus of the
aggregate lowers as the water absorption of the aggregate increases. Secondly, the concrete using
aggregate from these two quarries will be used and the concrete specimen tested for mechanical
properties. Finally, these will be analyzed together with the mechanical properties of the rock
material and the relations presented.

41 Test methods

Intact rock cores

Test methods for testing the mechanical properties of rock materials are derived from EN1097-
6[57], where test methods for aggregate are presented. The test methods describe how to measure
the density and water absorption of the aggregate and from this the porosity can be calculated.
These methods are normally used when testing aggregate used in concrete, consequently they
give a good representative for comparison. The intact rock samples are treated as large aggregate
and using a so called wire basket method the density and water absorption is measured. The
weight of the sample is measured under water (at temperature of 22 + 3°C) in the wire basket
after the sample as been submerged in water (at temperature of 22 + 3°C) for a period of 24 + 0,5
hours. The sample is then dried in dry cloth and weighed as saturated surface dry. The sample is
then put into an oven at 110 + 5°C to dry completely and get dry weight of the sample. From
theses measured weights both the density and water absorption of the sample can be derived.

For the measurements of the mechanical properties of the intact rock specimen the
standard ASTM D7012 [58] is used, Method C for the uniaxial compression strength and
Method D for the elastic modulus under uniaxial compression load. As described by the
standard, the intact rock core specimen shall be drilled and cut into length and the end machined
flattened. Then the specimen is placed in a loading frame, if strain gauge (a minimum of two for
each direction) are used they should be applied before placement. The loading is then continually
applied at rate of 0,5-1,0 MPa (0,8 MPa was used in this case) until failure. At the same time the
deformation is logged as a function of loading. From these measurements the elastic modulus,
compressive strength and Poisson’s ratio can be derived.

To measure the porosity of the rock cores very accurately, an X-ray Tomography device
was utilized. The X-ray Tomography device is of the type nanoCT and is named Phoenix
nanotom. It can capture 3D images of samples in the range from small geological specimens to
medium size industrial parts. It gives good quality data on the magnitude of voids in the samples
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and can also give the particle density of the material; this ability could not be utilized as the core
specimens were too dense to measure. To get the best quality imagery a Gaussian filter was
applied of an order of 5, which gave the best results of the 3 filters that were tested.

Concrete specimens

A compressometer was used to measure the elastic modulus of concrete, as well as strain gauges.
The method is described in ASTM C 469 [59] to determine the tangent elastic modulus (En) of
cylinders measuring 150 x 300 mm. The strain gauges were of sufficient size and placed
accordingly. The load increased steadily up to a preloading of 0,5 MPa and then increased up to
a load of 1/3 of the compressive strength of the concrete cores. The load was kept constant for 60
seconds and then unloaded back to the preload, and held there for another 60 seconds. This was
then repeated three more times and measurements for deformation taken at preloading and at
maximum loading. The measures were then utilized to derive the Elastic modulus for the
concrete specimen. Finally, the specimen where all loaded to ultimate compression load.

4.2 Intactrock core Specimens

The specimens to be tested were collected from two quarries in Iceland. For quarry 1, the
material is taken from the seabed of Kollafjordur. Quarry 2 is material from a hill side near
Reykjavik, same as in chapter 3. To get intact rock specimen large aggregate were collected and
core samples were drilled from them. In Figures 53 and 54 the specimens are presented and it
can be seen how the porosity varies between samples.

j _

Figure 53: Intact rock specimens from quarry 1
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Figure 54: Intact core specimen from Quarry 2

4.3 Experimental results intact rock specimen

The intact core specimens were tested for density and water absorption using commonly used
methods for large aggregate. From these basic values from the aggregate cores the porosity can
be estimated by using equation 39 to calculate it. The porosity was also measured using x-ray
tomography device for comparisons; this will be discussed further later on. The mechanical
properties of the core specimen were to be tested to get a comparison between the density and
porosity. These core specimens were then tested for elastic modulus, Poisson’s ratio and

strength. The results are presented in Table 8.
Table 8: Intact rock core specimen measurement results

Density Water Calculate  Porosity Strength Elastic modulus Poisson’s
[kg/m3] absorption Porosity  x-ray t. [MPa] [GPa] ratio
B1 2870 1,0% 2,7% - 299,98 65,9 -
B2 2742 1,1% 2,9% 1,7% 196,48 64,0 0,26
> B3 2772 1,0% 2,8% 3,0% 139,33 80,8 0,26
§ B4 2782 1,2% 3,4% - 208,34 64,0 -
o B5 2397 2,5% 5,8% 8,2% 96,7 415 0,25
B6 2247 5,1% 11,0% - -* - -
B7 2487 5,2% 12,3% - 45,8 - -
V1 2294 1,6% 3,7% - 83,86 378 -
o V2 2393 2,1% 4,9% 7,0% 116,66 48,3 0,14
? V3 2449 1,2% 3,0% - 190,7 50,6 -
g V4 2374 1,4% 3,3% 7,3% 161,58 50,8 -
V5 2512 1,2% 3,0% 6,2% 180,36 48,9 0,16
V6 2361 1,4% 3,3% - 168,88 39,8 -

*compressive failure before the test load of 30 MPa was reach
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X-ray tomography

There were conducted 3D x-ray scans of six specimens, three for each quarry. The specimens
were chosen randomly three from each quarry and dried out to prepare for testing. The x-ray
scanning device was of type nanoCT. The idea was to 3D scan the specimens to get the porosity
of them and the practical density. As mentioned previously, the density could not be estimated as
the specimen cores were to big in size verses density of them. The cores could not be lowered in
size as the elastic modulus and the strength was to be measured and the cores need to be in
sufficient size to be measured. The scanning area was also reduced to about half of the height of
the specimen to get quality resolution. All the specimen were then scanned and analyzed one by
one, each scan took about 4 hours and the analyze about 2,5 hours. In the scan result analysis, a
filter was applied to the specimen, three filters were tested, median filter with 5 iterations and
Gaussian filter with both 5 and 7 iterations. The best result was obtained using a Gaussian filter
with 5 iterations. To be able to calculate the volume and density of the specimen the grayscale
needed to be calibrated, to do that an automatic function in the software was used where the
peaks of the grayscale are assumed as the difference between air voids and the most dense
material. From that there was a volume analysis and the total volume and the void volume
calculated from the grayscale calibration. In Figure 55, the first core is shown were the
difference of voids and solid material can be seen and the porosity is presented. The same can be
seen in Figure 56 were the voids are more clear as the porosity is more than double. In Figures
57 to 60 the rest of the cores can be observed.
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Figure 55: Rock core sample B3, prosity 3,0%

Figure 57: Rock core sample B2, porosity 1,7% Figure 58 Rock core samples V4, porosity 7,3%

Figure 59: Rock core sample V2, porosity 7,0% Figure 60: Rock core sample V2, porosity 6,2%
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Connections for properties to the increase in porosity

One of the main objectives of the research was to connect the porosity of the aggregate to the
decrease in elastic modulus. The measured elastic modulus plotted verses the porosity of the
aggregate specimen cores can be seen in Figure 61. There is a correlation between the porosity
and the elastic modulus although it is not certain whether it is a linear relation; more research is
needed to determine that. It is observed that as the porosity increases from about 3% to nearly
6% the elastic modulus goes down from about 65 GPa to nearly 40 GPa. In Figure 62 the
ultimate compressive strength is shown in relation to the porosity. There is a trend that as the
porosity goes down the elastic properties go down, but the results are not conclusive and further
research needs to be conducted. From the results it is definite that the porosity affects the
strength of the specimen by lowering the strength as the porosity increases, but not in a linear
manner. With an increase in porosity of about 3% the strength goes down about 50%, same as
for the elastic modulus.
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Figure 61: The measured elastic modulus as a function of porosity for the
aggregate rock core specimen
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Figure 62: The measured ultimate strength as a function of porosity for the
aggregate rock core specimen
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Connection of density of materials to mechanical properties

The elastic modulus of a material is often in correlation to its density. The correlation of the rock
core specimen density and elastic modulus is high, seen in Figure 63, as could be expected.
When the density increases from about 2300 kg/m®to 2800 kg/m? the elastic modulus increases
by about 100%. The correlation between the density and ultimate compression strength is also of
interest and is shown in Figure 64. There the correlation is not as good as for the elastic modulus
but seems to be linear same as for the elastic modulus.
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Figure 63: Density of the aggregate as a function of elastic modulus
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4.4 Experimental results on concrete specimen

A test for the elastic modulus for concrete was performed to be able to compare to the results
from the aggregate testing. These were of interest to compare the models in section 0, the models
are presented in 2.2.2. Two mixtures were cast to evaluate the elastic modulus of the concrete
using aggregate from quarry 2 and wic ratio of 0,59. Specimens were cast as cylinders 150x300
mm, which is the normally used for testing elastic modulus of concrete using a compressometer.
Cube3s were also cast and from those drilled core specimens were created to be tested for elastic
modulus using both compressometer and strain gauges.
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Strength and elastic modulus results

In Figure 65 the results for the cylinders measuring 150x300 mm are presented. The compressive
strength of the specimen is all in the same range of about 30 MPa. The differences in strength
can be observed from Figure 65 were the mean strength for mixture 1 is 29,7 MPa and for
mixture 2 is 29,6 MPa. In the same figure the elastic moduli of the concrete cylinder specimens
Is presented, measured using a compressometer. It can be observed that the elastic moduli
between specimen varies to some extent. The mean value for the elastic modulus for concrete
mixture 1 is 17,9 GPa with a standard deviation of 1,4 GPa and the lowest value is 16,9 GPa. For
mixture 2 the mean value is 17,4 GPa with standard deviation 2,3 GPa and a low value of 14,8
GPa. It should be noted that the mixtures have a wi/c ratio of 0,59.

B Elasticmodulus [GPa] M Strength [MPa]
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Figure 65: Measured elastic moduli and strength for large cylinders
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Figure 66: Measured elastic moduli both with and without strain gauges(SG). Strength of the
specimen is also presented
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The results for the concrete core specimen testing are presented in Figure 66 for both mixture 1
and 2. There is a greater variation in results for the core specimen than there are for the cast
cylinder specimen. The strength varies a bit, with a high value of 31 MPa and a low of 28 MPa
for mixture 1. For mixture 2 the high value was 28,7 MPa and the low is 24,2 MPa. The elastic
moduli of the core specimens for both mixtures vary greatly and there are large differences
between values measured with a compressometer and strain gauges, where the strain gauges give
much higher values.

Data error for strain gauges
When measuring with strain gauges the concrete core exhibited lower values of strain. This in
fact gives higher values for the elastic moduli of the concrete specimen. The hypothesis arose
that when strain gauges are placed on more aggregate than cement paste; the value for the elastic
modulus would increase as the aggregate exhibit lower strain under the same load (has a higher
elastic modulus). So the strain gauges would by increasingly measuring localized elastic
modulus rather than the elastic modulus of the core specimen as a whole. So one concrete core
was used to test this hypothesis; using four strain gauges placed in on the core with different
amount of aggregate to measure the difference in elastic modulus. In Figures 67-70, the four
strain gauges are shown (the figures are rotated 90°) portraying how they have different amount
of aggregate pacing under the measuring area.
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Figure 67: Strain gauge 1 running through 45% aggregat the elastic modulus estimate from strain was 24,8 GPa

Figure 68: Strain gauge 2 running through 38% aggregate and the elastic modulus estimate from strain was 22,6 GPa
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Figure 70: Strain gauge 4 running through 50% aggregate and the elastic modulus estimate from strain was 2,4a
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The amount of aggregate the center line passes through, that length divided by the total
length of the strain gauge gives the aggregate percentage in Figure 71. From the strain measured
the localized elastic modulus is estimated and also given in the figures. The results of the four
strain gauges are given in Figure 71 where the elastic modulus is measured locally as a function
of the aggregate pass-through. It can be observed that as the aggregate pass-through of the strain
gauge increases the localized elastic modulus increases. As the aggregate pass-through increases
by about 20% the elastic modulus increases from about 20 GPa to 27 GPa, this can be considered
as a large increase.
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Figure 71: Elastic modulus as a function of aggregate percentage
strain gauges passes through

Calculations for elastic modulus of concrete

In this section the models presented in section 2.2.2 will be used to calculated the elastic
modulus of a concrete composite. The models are calculated using a constant value for the
mortar and having different values for the elastic modulus of the aggregate. The volume of the
aggregate is set as 66% and therefore the mortar volume is 34%, where the air content of the
concrete is assumed to be part of the mortar. The mortar is given two different values of elastic
modulus, i.e. 8 GPa and 15 GPa, which can be considered as a low value and high value
respectively. The results of the model calculation are presented in Figure 72 where the elastic
modulus of the mortar is 8 GPa and in Figure 73 the results for elastic modulus of 15 GPa. The
parallel model overestimates the elastic modulus and the serial model underestimates it. The
other three models are to be more representative of the measured modulus of elasticity as the
modulus of elasticity should lie somewhere between the parallel model and the serial model.
Using the elastic modulus measured in the rock core specimen from quarries 1 and 2 in this
chapter and measured values when using the aggregate in concrete, two values were obtained.
Theses measured values are shown in Figures 72 and 73, the higher modulus of elasticity is for
aggregate from quarry 1 and the lower one is for quarry 2. From the figures it can be seen that
the models work when the elastic modulus of the mortar is 8 GPa, but 15 GPa is too high. This is
in no way conclusive as there are only two values which are for comparison. From Figure 73 it
can be observed that as the modulus of elasticity of the aggregate becomes lower the elastic
modulus of the concrete drops quickly both for the model and for the measured values. The
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conclusion could be taken that the model by Hirsch and the model by Counto (the models are
defined in chapter 2.2.2) work for at least the aggregate from quarry 1, but as the elastic modulus
of the mortar is an unknown nothing can be confirmed.

00 Em = 15GPa
45,0
40,0
35,0 — Parallel
30,0 - = Serial

25,0 ====Hirsch's

20,0 =+ Counto

15,0 - seeseee Counto Ver2

Elastic modulus for concrete [GPa]

10,0 : : : : : : 8 Measured values
25 35 45 55 65 75 85

Elastic modulus of aggregate

Figure 72: Elastic modulus of the concrete as a function of the elastic modulus of the aggregate
for five models and measured values. The models are calculated using 15 GPa for the elastic
modulus of mortar
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Figure 73: Elastic modulus of the concrete as a function of the elastic modulus of the aggregate
for five models and measured values. The models are calculated using 8 GPa for the elastic
modulus of mortar
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5. Discussions and conclusions

In the first phase of this thesis a study was presented on the long-term research on creep and
shrinkage of concrete, which has been carried out at the Innovation Center Iceland for the last
decade. This research was presented and analyzed for all the creep rigs that are in use. The
results give a good idea on how different type of aggregate (with high to low porosity) and
different volume of cement paste affect the concrete composite. Also there results were presented
in research on SCC using different amount of cement content and difference in cement paste
volume.

From the data in phase 1 it is clear that the porosity of the aggregate influences the creep
behavior of the concrete composite. This was observed in nearly all cases. It is known that the
elastic modulus of the aggregate is lowered as the porosity increases. The modulus of elasticity is
lower for all samples using porous basalt aggregate which is likely to be due to the lower
modulus of elasticity of the aggregate. The test on differences in cement paste volume shows that
it is clear that with increased volume the creep increases as well, this is considered normal
behavior as it is described in ASTM C512.

It has been observed that the creep coefficient and specific creep of SCC are slightly higher
(about 10%) than that of SCC with the same binder composition [60]. The result for specific
creep in this thesis does not agree with this statement completely, but the samples used for
comparison are cast using different types of cement, which affect the shrinkage. It is crucial to
observe that the mix-design of SCC made with the Icelandic aggregate and the normal strength
concrete are very similar which affect the results. This explains the similarities in the
development of the specific creep between mixtures. These two sample types also have similar
elastic modulus, which in fact is one of the controlling factors in creep development [36].

In phase 1 there was a comparison of measured creep and predicted values calculated using
commonly used models. The models do not agree with measured values and there is a
considerably large difference. The largest difference is for concrete made using aggregate from
quarry 1 and quarry 3 which do not have the highest porosity. It should be noted that in the
calculations for the prediction the measured elastic modulus of the concrete was used. This
affects the final creep strain. The porosity of the aggregate affects the stiffness of the concrete
due to the lower value for the elastic modulus of the aggregate itself. Therefore, indirectly the
porosity of the aggregate affects the final creep strain of the concrete.

In the first phase, shrinkage data was presented and shown that the porosity of the aggregate
affects the concrete shrinkage to some extent. The aggregate are a large part of concrete
composite, about 60%-75%, and it would be strange if it would not influence the behavior. The
research presenting how the increase in porosity increases the volumetric change of the concrete
samples and in some cases the increase was about 33% where the increase in porosity was about
50% higher. This could be because of the increased volume of water in the sample which could
affect the amount of water that vaporized during the drying out of the sample. Where there is
more volume of water and more of it vaporizes the volumetric changes of the concrete sample
increases.
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Estimated values for shrinkage using commonly used models were presented and evaluated
against the collected measured data. It showed that EC2 underestimates the final shrinkage of
concrete samples. ACI1209 overestimated the shrinkage in nearly all cases. This difference could
be due to the fact that the model in EC2 does not take enough factors into account, where
ACI209 takes many factors but overestimates the values. Both of these models do not take into
consideration the porosity of the aggregate and in some cases it should be considered to take this
factor into account as it obviously affects the behavior.

In the second phase of this thesis there was a study of the porosity of aggregate and its effects
on the mechanical properties of the concrete composite. This was of interest, as it has been
observed in the past that as the aggregate become more porous the elastic modulus of the
concrete lowers. To test this, samples from two of the quarries (same as in phase 1) were chosen
to test the porosity versus the mechanical properties of the rock material (the aggregate). This
was done as well as the test of the porosity using x-ray tomography. The acquired results were
then compared using models for estimating elastic modulus of concrete.

The intact core specimen were tested for porosity, this was done with two methods for
comparison. The first method is a commonly used method for large aggregate, where the water
absorption and density are measured. The first method to evaluate the porosity of the aggregate
was derived from the density and water absorption. The second method is the x-ray tomography,
where the total volume and void volume are measured from the 3D scan. The porosities of these
two methods seem to show similar values when the porosity is low (around 3%), but as the
porosity increases there is a divergence of the method, the x-ray method appears to show higher
porosity. This is due to the fact that the common method (aggregate testing method for density
and water absorption) uses water to measure the porosity. The method assumes that water can
penetrate the voids in the system but this is incorrect. The x-ray tomography can scan the total
material and is more accurate and measure more voids.

The mechanical properties of the intact core specimen were tested to compare them to the
porosity and density of the aggregate. This was to see the connection between the elements of the
materials and evaluate their effect on the properties of concrete when used in concrete mixtures.
There was a definite relation between the porosity of the material and the elastic modulus; with
increased porosity there was a significant decrease in elastic modulus. A further research is
needed to indicate how the porosity relates to elastic modulus and to be able to predict it. The
ultimate compressive strength was also tested and indicated a decrease in strength with lower
porosity but it was inconclusive. This indicates that the porosity of the aggregate has negative
effects on the mechanical properties of the aggregate and therefore the concrete composite. The
density of the aggregate was also compared to the elastic modulus and found to have an
inconclusively linear relation. This behavior of material is well known so this in fact gives the
results added value. The connection of the ultimate compressive strength to the density was not
as good as for the elastic modulus, but has good linear connection; as the density increases the
strength increases.
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There were cast a number of specimen from two concrete mixture to get an idea on how
efficient the measurement methods are. The results were good for the cylinders 150x300mm,
they gave good correlation between specimen. For the drilled concrete cores the results were
significantly more scattered. There was also a large difference between values measured with
strain gauges and compressometer. This was shown to be caused by the localized effects of the
aggregate on the strain gauges. As the strain gauges measure less strain if it is in touch with more
aggregate and due to this fact the evaluated elastic modulus becomes greater.

Some concrete models for estimating the elastic modulus of the concrete were evaluated.
These models take the two main phases of the concrete (mortar and aggregate) and calculate the
elastic modulus of the concrete composite. There are the two main models, parallel model and
serial model which give an overestimated elastic modulus and an underestimated one,
representatively. The conclusion of the study was that the three other models (which actually are
all combination of parallel model and serial model) give a good quality evaluation for the
combination of the elastic modulus. The models were only compared to two measured values
where the elastic modulus of the mortar was an unknown. This gave no valid conclusion whether
the models work but it was evident that more research on this is needed.

There are obvious connections between the increased porosity of the aggregate and the
increased creep and shrinkage. This is known because of the connection of the elastic modulus to
the volumetric stability of the concrete and the conclusive evidence of the connection of the
porosity of the aggregates to the elastic modulus of concrete. This gives the conclusion that the
porosity of the aggregate in fact increases the creep and shrinkage of the concrete composite.

Conclusions
. Higher creep strain is observed in concrete made with aggregate of higher porosity.
. Specific creep of the samples suggests that the development of creep is influenced by the

type of aggregate. As aggregate become more porous the less effect the strength class of the
concrete has on the creep. This could be due to the fact that when aggregate get less stiff (due to
higher porosity) there is more load applied to the cement paste, which reduces the scatter of
results between different strength classes when using porous aggregate.

. All the creep models fail in prediction the development of creep over long time regardless
of the concrete type, although some models predict the final creep strain approximately correctly.
. The models from the EC2 design code and ACI209 underestimate creep in most cases,
except for specimen made with very porous aggregate.

. The B3 model overestimates creep for the porous basalt aggregate, regardless of the
concrete type.

. A drastic reduction is observed in the modulus of elasticity of the concrete when using

porous aggregate. An increase in porosity of 15% can lower the elastic modulus of the concrete
by up to 40%.

. It has been shown that the porosity of the aggregate has considerable effects on the
shrinkage behavior.
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. It has been shown that there is a link between the porosity of the aggregate and shrinkage,
but more research is needed to understand this behavior and predict it.

. The elastic modulus of the aggregate is inconclusively in connection to the porosity of the
material, with increased porosity gives lower elastic modulus.

. The x-ray tomography analyzes gives higher values in porosity than the commonly
known aggregate testing method.

. There is a good relation of the density of the aggregate to the elastic modulus of the
aggregate.

. The models for concrete composite give good evaluation using the elastic modulus of the
aggregate and mortar.

. Strain gauge measurement of concrete drilled cores gives higher values for elastic
modulus due to localized effects of the aggregate.

. Concrete composite is obviously affected by increased porosity of aggregate; if the
porosity is high the elastic properties of the aggregate are low and therefore the concretes.
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