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ABSTRACT

Apgregate stiffness is known to influence the magnitude of creep of concrete. The
purpose of this research project was to quantify the influence of aggregate stiffness

on the measured and predicted long-term creep behaviour of plain conerete.

Basic and total creep tests were conducted on concrete specimens of two different
strength grades for each of three different commonly used South African agprepate
types (quartzite, granite and andesite). In addition, elastic modulus tests were

conducted on cotes of the agpregate types considered.

The test resulty revealed that no correlation exists between the creep of concrete
and the stiffuess of the included aggregate. These results appear to be attributable
to the stress-strain bebaviour of the aggregate/paste interfacial zone, in the case of

aggregates with an elustic modulus in excess of 70 GPa.

The experimental basic and total creep values from this investigation were
compared with those predicted for each mix at the corresponding ages by the BS
8110 (1985), ACI 209 (1992), AS 3600 (1988), CEB-FIP (1970), CEB-FIP
(1978), CEB-FIP (1990) and the RILEM Model B3 (1995). This comparison
indicated that the results predicted by each model vary widely and that no
correlation exists between the magnitude of the aggregate stiffness and the creep

straing predicted by each model.
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CHAPTER 1

INTRODUCTION

1.1 Creep Strain and ifs Significance

1.1.1 Creep strain

Creep is the time dependent increase in strain of a solid body under constarit or
controlled stress. Creep deformations are normally two to three times larger than

the instantaneous deformations of concrete (Bazant and Panula, 1978).

Creep strain (at any time) can be divided into a basic creep and a drying creep
component. If the concrete is sealed or if there is no moisture exchange between
the concrete and the ambient medium, only basic creep occurs, Drying oreep is
the additional creep experienced when the concrete is allowed to dry while under

sustained load, The sum of basic and drying creep is referred to as fotal creep.



112 Factors affecting creep

Creep of concrete is affected by many variables. Some of these variables are
intrinsic properties of the wmix and others are associated with extrinsic

environmental factors.

The intrinsic factors include waterfcement (w/c) ratio, degree of hydration, age of
paste, cement type, admixtures, moisture content, aggregate content and aggragate
properties. The exirinsic factors include stress/strength ratio, duration of load,
curing, age of loading, member geometry, relative humidity, temperature and rate

and time of drying.

With regard to the study of creep, conerete is generaily considered as a two-phase
material consisting of the hardened cement paste and the aggregate. Creep strain
is assumed to oceur in the cement paste, provided the aggregate does not exhibit
any time dependent deformation of its own, However, when the creep strain in the
cement paste under a sustained load increases with time, the actual deformation of
the concrete is restrained by the presence of the aggregate which is interspersed in

the paste (Neville et, al., 1983),



113 The effects of creep

Creep of concrete is both a desirable and an undesirable phenomenon. On the one
hand it is desirable as it impatts a degree of ductility to the concrete, without
which the concrete would be too brittle for use in the majority of structures
(Alexander, 1986). On the other hand, creep is often responsible for excessive
deflections at service loads which can result in the instability in arch or shell
structures, cracking, ereep buckling of long columns and loss of prestress (RILEM
Model B3, 1995). Frequently the detrimental results of creep are rore damaging
to non-load-bearing components agsociated with the structure, such as window
frames, cladding panels and partitions, than they are to the structure itself (Davis
and Alexander, 1992). Often, damaged structures are either shut down or underge
extensive repairs long before the end of their intended design life, resulting in
significant economic consequences. Creep strain is generally associated with its

detrimental effects,

Thus the magnitude of creep is a design consideration which is of importance for
the durability and the long-term serviceability of structures, Its importance has
been heightened by the increasing tendency to use highly stressed and slender

members,



1.2 The Determination of Creep Strain

1.2.1 Accuracy of estimations

The magnitude of creep, which is required for design purposes, can be estimated at |
various levels of accuracy. The choice of level depends on the type of structure
and the time of prediction with regards to the information available. Therefore, in
cases where only a rough estimate of the creep is required, this estimate can be
made on the basis of a few parameters which are available at the design stage,
such as characteristic compressive strength of concrete, member thickness and
relative humidity, On the other extreme, in the case of deformation-sensitive
structures where an accurate estimate is required, an initial es '.nate of the creep
can be made at the design stage using the procedure discussed above. The
accuracy of this estimate can subsequently be improved by utilising relatively
complex creep prediction models which require specific information on the mix
design (such as 28 day compressive strength of the concrete, w/c ratio and binder
type} which is available at the early stapges of construction. Further refinement of
the ereep estimation may follow in the case of prestressed structures where post-
construction in-situ measurements can be used as a basis for adjusting the stresses
in the tendons, thereby enswring that the structure conforms with the design.
Ideally, a compromise has to be sought between the simplicity of the prediction

procedure and the accuracy of results required,



As long-term testing is impractical and often not an option where accuracy is
required, short term tests, performed during a time period not exceeding 28 days
after exposure, may be used to adjust the relatively simple models which are
incorporated in design codes (code-type models) in order to obtain a more accurate
prediction of the long-term creep of concrete (Ojdrovic and Zarghamee, 1996).
Alternatively the results of short term creep tests on a given concrete may be
extrapolated to long term resuits by combining the measured data with prior
statistical information on the creep of concrete in general, using, for example, the

Bayesian statistical approach developed by Bazant and Chern (1984),

1.2.2 Prediction models

{ reep predictions for structures that are nct deformation-sensitive are usually
arrived at by means of the application of generally simple code-type models.
These models vary widely in their techniques, are empirically based and do not
require any results from laboratory tests as input. However, certsin infrinsic
and/or extrinsic variables, such as mix proportions, material properties and age of

loading are required as input to these models. Such models include the:

+ Pritish Standards Institution - Structharal Use of Conerete, BS 110 « Part 2 -
(1985)

s American Concrete Institute (ACI) Committee 209 (1992)

» Standards Association of Australia - Australian Standard for Concrete

Structures ~ AS 3600 (1988)



« Comité Euro-International Du Béton - Federation Internationale De La
Precontrainte (CEB-FIP) Model Code (1970)

s CEB-FIP Model Code (1978)

¢ CEB-FIP Model Code (1990)

s International Union of Testing and Ressarch Laboratories for Materiats and

Structures (RILEM) Model B3 {1995)

1.3 Motivation for this Investigation

Although research on creep has been actively pursued for the past 90 years,
significant improvement of the present understanding and predictinrn capabilities is

justified for the following reasons :

» The realistic prediction of creep is difficult as this phenomenon is caused by
several interacting mechanisms and is affected by meny factors (RILEM
Model B3, 1965). For this reason, despite the publication of many empirical
creep prediction methods, a unified approach incorporating all relevant factors

and which is applicable to all situations is yet to be developed;

e According to the RILEM Modei B3 (1995), Brooks et al,, (1992), McDonald
et al, (198R), Alexander (1986) and Gilbert (1988), estimates of creep
obtained from the different code-type predictive methods vary widely.

Therefore, despite the research conducted to date, much more experimerntal



work is required before a model is produced which accurately accounts for the

many parameters which affect creep;

s The uncertainty in the predictions from code type models may, to some degree,
be attribuitable to the fact that, of the methods listed above, only the BS 8110
(1985) method directly accounts for the influence of aggregate stiffness which

is known to effect the magnitude of ereep Hobbs (1971);
s The accuracy of existing creep prediction models when applied to concretes
containing South African aggregate and binder types and exposed to South

African environmental conditions has not been assessed.

Hence, the above needs initisted the investigation project which is described in

this dissertation.

1.4 Objectives of this Investigation

The purpose of this investigation was to assess the influence of aggregate stiffness

on the long-term (up to six months) creep behaviour of plain concrete and to

determine the suitability of a number of existing prediction models.

The specific objectives of this investigation were to:



o Evaluate the effect of different w/c ratios {0.56 and 0.4) on the basic and total

creep behaviour of concrete;

o Assess the effect of agategate stiffness on the basic and total creep behaviour
of concretes containing one of three different commonly used South African
agaregate types. The aggregate types considered were quartzite from the Ferro
quarry in Pretoris, granite from the Jukskei quarry in Midrand and andesite

from the Eikenhof quarry in Johannesburg, South Afiica;

s Confirm, and possibly supplement, the findings of Davis and Alexander (1992)
who conducted zesearch on the total creep of concretes containing either
quartzite, granite or andesite from the same sources as those used in this

investigation;

+ Compare the eip.erimental basic and totel creep values from this investigation
against those predicted at the corresponding ages by the BS 8110 (1985), ACI
209 (1992), AS 3600 (1988), CEB-FIP (1970), CEB-FIP (1978), CEB-FIP
(1990) and the RELEM Model B3 (1995) methods;

» Compare the accuracy of the above mentioned prediction methods established
in this investipation with the accuracy determined for the same methods from

resilts of other investigations;



» Identify the method or methods which provide the most accurate estimates of
creep strain of concrete made with either quartzite, granite or andesite

aggregates;

The ultimate objective of the investigation was to provide designers with
information regarding the most suifable method for predicting the creep of
concrete comprising any of the aggregates inciuded in the investigation, thersby
obviating the need for laboratory creep tests where any of these aggregates are

used in concrete,

1.5 Organisation of this Dissertation

Chapter 2 provides a general review of the literature on creep with particular
attention on the factors sffecting creep, the physical mechanisms of creep and the

influence of aggregate stiffness on creep,

Chapter 3 provides an overview of the prediction methods used in this study. The

approach and applicability of each method is also discussed.

Details on the materials and equipment used and tests conducted in this
investigation are discussed in Chapter 4 and the results obtained are presented and

discussed in Chapter 5.
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In Chapter 6, the measured strains are compared with the strains predicted at the
corresponding time periods by the seven prediction methods, six of which derive
from structural codes, inclnded in this investigation, This chapter includes details
on any assumptions made in the predictive procedures and statistical techniques
emplioyed in evaluating the accuracy of the predicted results. The findings are
discussed and compared with those of similar projects carried out by other

researchers.

Finally, Chapter 7 summarises the more important findings and conclusions of this
study and provides specific recommendations with regards to further research

based on these findings.
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CHAPTER 2

LITERATURE REVIEW

21 The Phenomenon of Creep

2.1.1 Taotal strain

At any time t, the total concrete stramn () in a specimen subjected to a uniform

sustained uniaxial stress can be e. 1. .assed by the following equation :

&(t) = 84t} + ec(t) + salt) + erlt) (2.1)
where,

g(t) = instantaneous efastic strain

o(t) = creep strain

gu(t) = ghrinkage sirain

&r{t) = temperature strain (omitted from the equation for the rest of

this project on the assumption of constant temperature

conditions}



12

It is usual to assume that the creep and shrinkage components are independent and
may be calonlated separately and summed to obtain the total non-elastic strain, as
shown in Figure 2.1. According to Neville et. al,, {1983), Reutz (1965), Kovier
(1996), Pawers (1966) and Pickett (1942} this principle of superposition is not
entirely correct since creep and shrinkape are not independent phenomena.
Nevertheless, all available information on creep and its prediction are based on the

agsumptian of the additive effects of creep and shrinkage,

Total strain /’_______
e(1) - Creep

(o= g{t) - Inzstantansous
- ex(t) - Shinkage

1] T ] _ Time, t

| Slress

61"~ ===
0 t . Time,t

Figure 2.1 Concrete strain components under sustained stress

2.1.2 Creep strain

Total creep strain, £q(t), at any time t, can be divided into several components as

follows:
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&:{t) = 84{t) + &s(t) + £alt) + salt) (2.2)

where,

sa(t) = delayed elastic strain (recoverable)

ex(t) = rapid initial How which ocours within 24 hours and is
dependent on the age at first loading

2a(t) == basic flow which depends on the composition of the concrete
mix

ep(t) = drying flow which depends on the moisture content and

gradient as well as the size and shape of the specimen

The drying flow creep component is generally referred to as dey'~g creep whereas
the remaining three components cbnstitute the basic creep. Drying creep will only
take place under conditions where the concrete it;' allowed to dry while under
sustained load. The basic oreep will ocour when conditions are such that no
moisture exchange between the concrete and the ambient medium is permitted.

The components of creep are illustrated in Fignre 2.2

| Croep
strain, gy

Figure 2,2 Creep components in & drying specimen (afier Gilbert, 1988)
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The above strain-time curves (Figures 2.1 and 2.2) are representative of situations
where the uniaxially applied sustained constant stress does not exceed 40 per cent
of the short term strength of the concrete. At higher stress levels the mechanisms
are different as significant load induced micro-cracking will occur between the
aggregate and the matrix and within the matrix, hence leading to an additional

creep component (Alexander, 1994a),

Pickett (1942) introduced the concept of drying creep to account for the difference
between the total creep and basic creep, Clearly this goncept deviates from the
assumption that creep and shrinkage are additive, “This deviation will inevitably
arise if the deformation of a drying specimen is expressed through that of a sealed
one because these two specimens represent different materials, in spite of the same
structure and geometry, age and load conditions, and even the same total moisture
content (in the initial moment of sealing). The main difference is that the
distribution of moisture and vapour pressure in sealed specimens is changed
immediately after sealing. Therefore, the deformations of sealed concretes should
proceed according to their own law, as deformations of another material “ (Kovler,

1996).
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2.1.3 Creep-time functions

The specific oraep {Co), creep coefficient {§) and creep function (P), as defined

below, are generally used for the computation of comparative creep strain,

Specific creep (oreep strain per unit applied stress) C, = %‘1- (2.3)
Creep coefficient (creep strain divided by initial elastic strain) ¢=z—° (2.4)
Creep function (sum of instantaneous and creep straing) ¢ =IE 1&) [1+dct,%)] (2.5)

where: g, is creep strain, &, i5 instantaneous elastic strain; ¢ is the applied constant
siress, B, is the elastic modulus of the concrete; t is the age of the conorete and ¢

is the time at which the load was applied. Therefore (t-t) is the titne under load.
2.1.4 Shrinkage strain
Shrinkage is defined s the time-dependent reduction in the volume of fresh or

hardened concrete. The shrinkage strain of hardened concrete that will oconr at

any time t, &4 (t), depends on the external enviranment and vocurs in the paste of
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the concrete (unless shrinking aggregates are used) (Alexandar, 1994a), Concrete
that is exposed to an environment where drying is pernutted will exhibit drying
shrinkage whereas concrete that is sealed from the environment (eg. very large
maembers) will erhibit autogenous shrinkage. Concrete that is stored in water will
swell (nepative shrinkage). Shrinkape due to carbonation may also occur in
hardened concrete. Drying shrinkapge and aufogenous shrinkage, which ate of

relevance to this project, ate briefly described below,

Drying shrinkage

Dryiag shrinkage is associated with the outflow of moisture from the concrete to
the environment, henee resulting in a decrease in the volume of the conerete, This
moisture loss occurs as conventional concrete contains more water than can

chernically be combined with the cement (Alexander, 1994a),

Autogenous shrinknge

Autogenous shrinkage is often referred to as vhemical shrinkage. Since the
products of hydration occupy less volume than the sum of the volumes of the
original separate cumponents, the cement/water systemn contracts as hydration
proceeds, Furthermore, if no additional water is made available after mixing, the
consumption of the water in the concrete during the hydration process resulis in
autogenous shrinkage. The magnitude of the autogenous shrinlage relaive to the

drying shrinkage is small (Alexander, 1986).
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The results of shrinkage tests conducted by Alexander (1994b) on concrete
containing either ordinary portland cement (OPC) or rapid hardening portland
cement (RHPC) or blended cements (incorporating blastfumace slag and
condensed silica fume) show the magnitudes of the autogenous shrinkage to be
significant, This finding is in contradiction with RILEM TC-~107 (1995) which
states that the magnitude of autogenous shrinkage is usvally negligible, Figure 2.3
illustrates the shrinkage exhibited by the sealed and 2xposed RHPC (mix 2.2) and
OPC (mix 2.1) specimens, At present, in South Africa CEM 1 42,5 cemen* is the
equivalent of OPC cement. The mix proportions of the abovementioned concretes

are given in Table 2.1.

600 |
500

£ i

I )

2, - 400 -
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£S 300

% B

< ]
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§ &

’g 200 —8--OPC (mix 2.1) Drying |

5 ~e=—0PC {mix 2.1} Autogenous
100 —h--RHPC (mix 2.2) Drylng [

—&— RHPC (mix 2.2) Autogenous

0 50 100 150 200 250 300 350 400
Time Since Loading (Days)

Figure 2.3 Comparison of RHPC (mix 2.2) and OPC (mix 2.1} drying and

autogenous shrinkage strains (after Alexander, 1994b)
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Table 2.1 Concrete mix proportions of mixes 2.1 and 2.2 (after Alexander, 1994b)

Cement Type OPC [ RHPC
Mix Number 2.1 2.2
Water (V) 190 190
Cement (kg/m®) 370 330
19mm Quartzite Crushed Stone (kg/m*) 1150 1150
Quartzite Crusher Sand (kg/m’®) 560 578
Natural Allavial Filler Sand (kg/m™) 185 200
W/C Ratio 0.51 0,57
A/C Ratio 512 5.84

The resuits shown in Figure 2.3 indicate autogenous shrinkage strain magnitudes of
approximately 450 micro-strain at an age of 360 days. According to Alexander
(1598), these magnitudes are unusually high and, typically, autogenous strains not

exceeding 150 micro-strain would be expected at an age of 360 days.

2.2 Factors Affecting Creep of Concrete

Creep of concrete is affected by many variables, Some of these variables are
intriusic properties of the mix or specimen and others are associated with extrinsio
environmental factors (Alexander, 1994a), The influence of the different factors on
creep is discussed by Alexander (1994a) and others and is briefly summarised, for

the uniaxial compressive stress state, below,
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2,24 Inirinsic factors

Water : cement ratio

A decrease in the w/o ratio of a mix results in an increase in ihe strength and
stiffhess and a decreass in the permeability of the cement paste, Hence, a decrease
in the wfc ratio causes a decrease in creep, This is shown in Figure 2.4, which has

been adapted by Alexander (19942) fiom Ruetz (1965).

L] I I |

Age at leading s 28d
RH turing drying = 40%

Specitic creep, alter 6 days under lood, Microstrain/MPal
T

0 1 1 I }
4 02 04 06 08 10 Wi

Figure 2.4 %ffect of w/c ratio.on creep of cement paste (after Ruetz, 1969)

Moisture content

The greater the moisture content of the cement paste at the time of loading and
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while under load, the greater the creep, This is due to the association of creep with
the presence of mobile water in the paste, This relationship is shown in Figure 2.5,
This figure also illustrates that the greater the extent to which pastes or concretes
are allowed to dry before loading, the less the magnitude of the creep. Therefore,
concretes that are fivst subjected to drying at loading will exhibit more creep than if

drying prior to loading was permitted (Wittmann, 1970).

600 T T t T 1 T
Drigd at 0 RH ot 880%

Creep {M%minl
a8

W/ =04
I5‘n'ess:sl‘ren9\h rnlt'ml'.l.z

0 100 200 N 00 S0 BOG 700
Time frotn Yading (Doys) ’

Figure 2.5 Effect of previous drying on basic creep of cement paste

(after Wittmann, 1970)

Cement {ype
The creep of cement paste is affected by the cement composition as follows;
o Cements with higher C3A or lower C;S contents exhibit relatively higher creep

straing (Mindess and Youug, 1981)

» Creep increases in magnitnde with the nse of the following cements: rapid-

hardening, ordinary portland and low heat (Meville et, al, 1983), (Alexander,
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1994s). According to Alexander (1994a), at least a difference of the portion of
the creep resulting from the use of different cements can be accounted for by
the variable strength gam rates which are affected by '3 composition and
fineness of grinding.

Cement extenders

Work by Alexander (1994b) showed that the presence of ground granulated
blastfirnace slag (GGBS) in ordinary portland cement (OPC) concretes caused a
possible small increase in creep (approximately 20 per cent) at early ag;s in drying

specitens, but that this effect was nsnally reversed at lager ages.

The use of fly ash (FA) in portland cement concretes had the effect of reducing the
specific creep in comparison with plain mixes with similar 28 day strengths,
particularly in the case of sealed specimens (Grieve, 1991), (CSIR, 1982), (Dhir et.

al,, 1986) and {Carette and Malhotra, 1986),

Limited research on the use of condensed silica fame (CSF) and OPC in concrete
indicated a rednction of the creep magnitude when compared with otherwise
similar OPC mixes (Alexander, 1994b), (Luther and Hangen, 1989), (Buil and

Acker, 1985) and (Wolsiefer, 1982).



Admixtures

The effect of admixtures on ereep has been found to be highly variable depending
on the composition and type of admixture used (Morgan, 1975), (Alexander,
1983) and (Brooks, 1989). Therefore, when the use of an admixture is proposed
for concrete where creep may detrimentally affect the structural performance, it is
recommended that the effect of the admixture on creep should be assessed by

means of laboratory tests (Alexander, 1954a),

Aggregate properties and content

Normal-density aggregates of crushed rock or hard gravel normally do not exhibit
creep at the stress levels to which they are subjected in normal concrete. Hence,
aggregates reduce the cresp of concrete by diluting the paste and restraining its
movement. The particle shape, maxi+um size and grading of the aggregate are an
important factor as they influence the volume fraction of aggregate in the concrete
(Ballim, 1983). From the above it is clear that creep of concrete is affected by both
the aggregate volume concentration and the stiffness of the aggregate (Alexander,
19642). In addivion, the profound influence of agpregate type on the deformation
properties of concrete was proved by Alexander (1996). A more detailed

discassion on the influence of apgregate stiffness on creep is given in Section 2.5,
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22,2 Extrinsic factors

Member geometry and size

The shape and size of & member are veflected in the volume-to-surface ratio
(Hansen and Mattock, 1966). In the case of drying under load, the larger the
volume-to-surface ratio the longer the diffusion paths for moisture loss, hence the
lower the early raie of drying creep and the ultimate creep (CEB-FIP, 1978). This

is shown in Figure 2.6.

4 1 ] 3 ] L]

30 year creep coefficient

—— [irying conerets
s Spaled conetele

i L L 1 1
1) g0 L 150 200 =0 FL)
Volume:isurtace ratio [enm)

Figure 2.6 Thirty year creep coefficient versus volume: surface ratio for sealed
concrete and for drying corcrete stored at a relative humidity of 60 per

cent (after Neville and Brooks, 1987)

Drying conditions (relative humidity and temperature).
In the case of creep tests where drying is permitted, the total creep (su.n of basic

and drying creep) will increase with a decrease in ambient relative humidity or an
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increase in tempurature (Alexander, 1994a). This is confirmed by Bhal and Mittz!
(1996) who found that the ultimate creep at 50 per cent relative humidity is
approximately three times the creep at 100 per cent relative humidity, According
to Troxell et al., (1958} concretes which are permitted to dry out for the firgt time
under load exhibit considerably higher creep nagnitudes at lower relative
humidities. This effect is illustrated in Figure 2.7,

1200

T T T [] T 1 1
Concrely cured in Jog Tor 28 days then a
leuded and stored at diffeesat
reintive humidities,
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g

Creep [Microsirain}
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Time since louding (Log scole}

Figure 2.7 Effect of relative humidity on ¢reep of conerete (after Troxell et al.,

1958}

The effect of an increase in temperature on concrete creep is dependent on the
time at which the temperature rise occurs relative to the time of load application
(Bamforth, 1980). According to Neville and Brooks (1987) concretes which are
cured at test tempetature will exhibit less creep than concretes which are cured at a
temperature of 21 °C and then heated to test iemperature at one week before
loading (refer to Figure 2,8), Note that the specimens were cured (saturated) at the

stated temperature from one day vntil loading at one year,
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Figure 2.8 Inflrence of temperature on creep (after Neville and Brooks, 1987)

Stress:strength ratio, curing and age at loading

The stress:strength ratio incorporates the effect of a number of factors which affect
concrete creep. These factors include the magnitude of stress, duration and type of
curing, age at loading and w/o cement ratio. For constant mix proportioas and the
same agpregate type, creep increases with higher siress and decreases with
increasing strength at the time of load application {Alexander, 1994a), The
relationship b@ew stress:strength ratio and creep is assumed to be linear for
stress levels less than approximately 40 per cent of the short term strength (Neville
et al,, 1983). Furthermore, the later the age of load appiication, the less e
expected creep (provided that adequate curing has been achieved), This trend is
shown in Figure 2.9 which is based on tests by different investigators (Neville et
al,, 1983),
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Figure 2.9 Influence of age of load application on creep of conctete relative to
creep of concrete loaded at 7 days and stored at a relative humidity of

approximately 75 per cent (after Neville et al, 1983)

Time nnder load

Creep of concrete ocours as long as it is subjected to an external load, if not
indefinitely, It is evident from Figure 2.7 that measurable creep still ocours at an
age of approximately 30 years after loading, In general, approximately 50 per cent
of the 20 year oreep ooours within a period of two to six months after loading,

while 80 per cent ocours after sbout one or two years (Alexander, 1994a).

2.3 Mechanisms of Creep

The results of many experiments have led to the development of models to explain
the mechanisms of oreep. However, a review of the proposed mechanisms

indicated that many of these were subsequently discredited by new tests. Thisis an



27

indication that the mechanisms of creep are not yet olearly understood (Yunping
and Jenningg, 1992}, The broad mechanisms that have been identified are briefly
discussed below. These mechanisms are applicable to stresses in concrete not

exceeding 40 per cent of the n'timate compressive strength,

234 Mechanical deformation theory

According to this theory, when concrete is subjected to a compressive stress, the
form of the capillary structure in the cement paste changes due to the applied load
and resulting internal stresses (Freyssinet, 1936). This entails the deformation of
the capillaries and the outward displacement of the water menisci to points where
the capillary diameters are larger, resulting in a decrease in the tension under which
the capillary water is held, Consequently, the induced compressive stress is
reduced. Furthermore, the hygral equilibrium is upset and water will evaporate
from the capillaries until the vapour pressure is reduced to the ambjent value, The
tension in the capillary water rises and, in oxder to maintain equilibrium, an increase
in the compression of the solid phase results, The resultant deformation is the
creep (Neville et al,, 1983).

This theory describes a delayed elastic type strain, in witich case the creep would
be reversed if’ the Joad were to be removed, As this hypothesis camnot explain

creep in water, it is not aceepted,
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2.3.2 Plastic theory

This theory suggest fhat the creep of concrete may be in the nature of the
crystalline flow. In other words creep ocours as a result of_s]ipping aiong planes
within the crystal lattice, similar to plastic flow of metals. Although this theory
mzy be applicable to concrete subjected to stresses of near failure magnitude, this
type of behaviour is not of great significance to the creep behaviour of conorete

under normal loads (Neville et al,, 1983),
2.3.3 Viscous and visco-elastic flow tlicory

This theory states that the hydrated cement paste is a highly viscous Hquid whose
viscosity increases with time due to chemical changes within the structure, This

was initially suggested by Thomas (1937) and was reiterated by Reiner {1949).

Hansen (1960) was of the opindon that the viscous flow in hydrated cement paste

took place at the grain or particle boundaries,

The viscous flow theory is one of the most important creep theories and there are
strong reasons to believe that this flow contributes to the creep of concrete,
However, it ig not clear whether it is the water or the gel that constitutes this

viscous phase (Neville et al,, 1983),
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234 Flastic after-effect theory

This theory denies the existence of creep and was expressed by Maney (1941)
The basis of this theory is that true creep is not appreciable at working loads and
that the effect of loading is simply an elastic change due to the change of non-
uniform shrmkage (Neville et al., 1983).

235 Seepage solution theory

This theory assnmes that the hydrated cement paste is 2 rigid gel and that when a
load is applied to the concrete, an expulsion of the viscous components from the
voids in the elastio skeleton results, This in turn leads to a redistribution of the
stresses from the viscous component to the elastic skeleton. Therefore, the creep
is due to the seepage of gel water under pressure, Note that only the gel water is
involved in this movement and not the capillary or chemically bound water (Neville

et al., 1983), This theory was supported by Lea and Lee (1946) and Seed (1948).

This theory provides an explanation for the large creep exhibited by drying
conorete in comparison to that of wet or dry concrete (Yunping and Jennings,

1992).
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2.4 Creep Hypotheses

Each of the mechanisms described above may form the basis of a m. sematicel
model for creep. However, the development of a comprehensive madel may resnit
from the combination of one or more of the proposed mechanis.,  To date no
universally accepted mechanism or hypothesis has been established, probably as
their is little evidence at a microstructural level to separate one mechanism from

another (Yunping and Jennings, 1992).

In view of the fact that not one of the abovementioned mechan” scounts for
the observed phenomena, integrated theories based on the combination of more
than one mechanism have been developed. A number of hypotheses representative

of the different schools of thought are briefly described below.
2.4.1 American Concrete Institute (1972)

The American Concrete Institute (ACI) (1972) have attributed creep to the

following four main mechanisms;

Viscous flow
This occurs in the cement paste and is caused by sliding or shear of the gel particles

which are lubricated by layers of adsorbed water.



3

Seepage
Consolidation occurs due to seepage of adsoibed water or the decomposition of

intezlayer hydrate water,

Delayed elgsticiy
This component accompanies viscous flow and seepage (sbove) and is due to the
cement paste which acts as 1 restraint on the elastic deformation of the aggregate

and gel crystals.

Permanent deformuotion
This is due to any looal fracture, including microcracking and crystal failure, as well

as formation of new physical bonds and recrystalization.

According to the ACI (1972) the bulk of creep exhibited by concrete is due to the

viscous flow and seepage mechanisms.
2.4.2 Powers? hypothesis

Powers (1966) states that the quasi-crystalline solid bodies comprising the hydrated
cement paste, which are plostly colloidal sized, are arranged in such a way that a
large proportion of the interstitial spaces are not wide enough to accommodate the
number of adsorbed water layers that can be held in the wider spaces at a given
relutive humidity, This obstruction of adsorption results in a disjoining pressure

{Neville et al,, 1983),
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Although this water is load bearing and represents a structural element of the
hardened cement paste it is more mobile than & solid, Therefore, when an extemal
stress is applied to the concrete, the load bearing water in the.areas of hindered
adsorption is subjected to an additional pressure. To preserve hygral equilibrium,
this water diffases to adjacent areas of unhindered adsorption, reducing the
swelling pressure as well as the thickness of the load bearing films, consequently
resulting in a reduction in inter-particle spacing. In the case of loaded concrete
which is permitted to dry, the water molecules are eventvally transferred out of the

system.

The reduction is in the direction of the applied load and coustimtes the creep, The
magnitude of the creep depends on the amount of water in the lhad—bearing area
that must be moved to restore the hygral equilibrium, According to this
hypothesis, which is concerned with reversible creep only, creep recovery is the
reversal of the above process which ocours when changes ocour due to a drop in

the pressure of the load bearing water (Powers, 1966).
243 ¥shai’s hypothesis
According to Ishai (1968), the application of an external load to a comcrcte

member results in an instantaneous elastic response of the solid phase and of the

tiquid in the cavities. Hence, the load is carried by the solid and the liquid phases.
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Under sustained load the compressed liquid in the cavities diffuses to areas of
relatively lower pressure causing gradual load transfer from the liquid to the solid

phase.

The stress on the capillary water disappears within a few days by being transferred
to the swrounding gel. Stmilarly, the stress on the gel water disappears after a
number of weeks. It appears that the pressure on the inter- and intracrystailine

water acts aimost indefinitely (Neville et al., 1983).

Furthermore, the reversible creep which oceurs at an initially high rate and
generally stabilises within a two month period after loading is governed by the
migration of capillary and gel water. The irreversible creep takes place in the
interparticle and inter- and intracrystalline spaces and continues for many years

after the reversible creep has ceased (Neville et al., 1983).

2.4.4 Feldman and Sereda’s hypothesis

This hypothesis suggests that the relocation of inter- and intralayer water is of
utmost importance and the role of adsorbed water is not significant in the creep
process. The application of a load to the concrete causes the removal of the inter-

and intralayer water which results in a reduction in the layer thickness and
spacing. This process is responsible for the reversible creep component (Feldman

and Sereda, 1968 & 1969).
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The irreversible creep ocours as a result of viscous flow of gel layers relative to
each other, introducing a process of breaking and remaking of mechanical and
chemical interparticle bonds (Feldman and Sereda, 1968 & 1969).

245 Kesler’s hypothesis

Vaishnav and Kesler (1961} suggested that the mechanisms of seepage, delayed

elasticity and viscous flow are responsible for ereep at lower stresses,

The initialty ligh creep rate is probably due to seepage which is reversible,
provided the desorbed water is available for re-sorption. However, creep resulting
from permanent changes in the arrangement of the gel partivles due to the
formation of new bonds and new gel particles by liydration during the intervening
period is not reversible. In addition to the seepage, after the initial period, viscous
deformation oocurs at the points of contact of gel particles covered with adsorbed
water, This displacement of the gel particles is irreversible, The delayed elastic
belaviour may arise from ths molecular diffision of the amorplious components of
the gel, acting in parallel with the more or less crystalline components (Neville et

al,, 1983),
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2.5 The Infiuence of Aggregate Stiffness on Creep

In general, concrete is vievied as a two phase material consisting of the hardened
cement paste and the aggregate. The role of the paste is to provide strength to the
concrete and the aggregate is relied upon to provided bulk, rigidity and
dimensional stability and normally reduce the cost. When conerete is subjected to
an external stress, the resuiting creep strain of the concrete is assumed to occur
mainly in the paste if the aggregate does not undergo any time-dependent
deformation of its own. The aggregate which is interspersed in the paste reduces

creep deformation of the paste by diluting the paste and by restraining its creep.

Ags creep continues to occur in the paste, more of the applied Joad is progressively
applied to the aggregate until & stage is reached where further deformation is
governed by the agpregate stiffness, Results of recent research indicate that creep
may also be affected by the lower density porous layer comprising the interfacial
zone around the particles (Mindess and Alexander 1995) and (Alexander and

Milre, 1995).

The following discussion describes how the creep of concrete is influenced by the

aggregate type and, in particular, aggregate stiffness.
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2.5.1 Aggregates oniside South Africa

Troxell et al., (1958) studied the influence of aggregate type on creep. The results

of their research, which clearly confirm the significant influence of aggregate type

on creep strain, are shown in Figure 2.10.

Sandstong —
1600~ pagalt 0 ©
Gravel Q
ray °
Granile <O —
Quartz : G0 O
)
Umestone — . o
1800 .
%
Q
1
[~%
8
500
1]

Days Yaars
‘Time undes Joad {log soale)

Figura 2,10 Creep of conoretes made with different aggregates; a/e ratio = 5.67;

wic = 0.59; applied stress = 5,5 MPa (after Troxell et al, 1958)

It is evident from Figure 2.10 that, all intrinsic and extrinsic parameters being
constant, the creep of sandstone concretes can exceed the creep of limestone
concretes by a factor of up to 2.5. Research by Rusch et al, (1962}, aléo showed
that sandstone concretes exhibited a higher oreep strain than concretes made with
other aggregates. Iowever, the order of increasing creep with the nse of the

different aggregates differed from that shown in Figure 2,10, This difference is
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probably attributable to the variance in the mineralogical and petrological
ocomposition (Alexander, 1994a) and physical properties of the aggregates us»d in

the two projects,

'Tne results of research by The Concrete Society (1974) in London cleady indicate
that the higher the elastic modulus of an aguregate, the greater the restraint offered
by the aggrepate to the oreep of the paste, This is shown in Figure 2,11 where it
can be seen that the magnitude of creep of concretes containing low-modulus
aggregates may be vp to four times that of concretes with relatively stiffer
aggregates. Furthermore, creep becomes insensitive to aggregate type in the case
of aggregates with a modulus of elasticity in excess of 70 GPa (Alexander, 1994a),
© Kordina (1960)

a Counto (1964)
» Brown and Blundell (1971)

.
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Figure 2.11 The effect of aggregate stiffness on creep of concrets (after The

Concrete Society, 1974)
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Kordina (1960) showed that a relationship exists between the absorption and
elastic modulus of an aggregate. Since the elastic modulus of 2 muterial depends
not only on the deformability of its constituents but also on the structure of the
material, the absorption in this case may have effectively been the porosity of the

material (Neville et al, 1983). Nevertheless, this relationship is shown in Fignre

2,12,
15}~
Red sandstona
'g 1o Gragn sandstons
5
T' & Merbla
=
2 Granite
g ad Rounded quartz
8 gl- River graval = A
< Grushed quarlz
Basalt
i ] ] ]
o - 25 50 75 100

Moduius of slastlelty of aggregate ~ GPa
Figure 2,12 Relationship between absorption and modulus of elasticity of different

" aggregates (after Kordina, 1960)

Work by Soroka and Jaegermann (1972) on creep of low density aggregate
concretes indicated an increase in creep with a decreasing aggr.egate modulus of
elasticity. A comparisen of low-density aggregate concrete and normal-dengity
aggregate concrete on the basis of an equal stress : strength ratio showed the creep

properties of the two concrete types to be essentizlly the same.



39

2.5.2 South African aggregates

Extensive research on the creep properties of eight most commonly used South
Aftican aggregate types from 23 sources was cartied cut by Davis and Alexander

(1992).

The results of this investigation led to the establishment of relative creep values for
the different aggregates, whick are shown in Figure 2.13, It is evident from this
Bgure that concretes with aggregates of the same generio origin from. different

sources exhibit different creep magnitndes.
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Figure 2.13 Relative creep of different South Afifean aggregates (after Davis and

Alexander, 1992)
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Alexander (1993a) found no correlation between the magnitude of the creep of

concrete and the elastic modulus of the aggregate used in the concrete,

2.6 Conclusions

There are many intrinsic and extrinsic factors that affect the creep of concrete,
including aggregate stiffness. Research into the affect of these different factors on
creep has led to the establishment of general relationships between creep
magnitude and eacu of these factors, Such results have been used to the

deveiopment of a number of models to explain the mechanisms of creep.

Since not one of the mechanism theories developed accounts for the observed
facts, a number of hypotheses have been proposed by different researchers, on the
basis of combining more than one mechanism, in an attempt to explain the

phenomenon of creep.

To date no universally accepted mechanism or hypothesis has been established,
probably as their is little evidence at a microstructural level to separate one

mechanism from another (Yunping and Jennings, 1952).

The results of creep tests conducted on concretes comprising South African
aggregate and binder types and exposed to a South African environment are

discussed in Chapter 5 of this report. In this discussion particular attention is
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given to the influence of aggregate stiffhess on the creep behaviour of these

concretes,
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CHAPTER 3

REVIEW OF CREEP PREDICTION METHODS

31 Levels of Creep Estimation

The magnitude of creep, which is required for design purposes, can be estimated at
various levels. The choice of level depends on the type of structure and the tims of
prediction with regards to the information available. A three level approach proposed

by Tilston et. al, (1979) is briefly described below ;
3441 Lowest level

At this level rough estimates which are snitable only for approximate caleulations are
required. These estimates are based on a few input parameters, which are available at
the design stage, such as characteristio compressive strength of concrete, member
thickness and velative humidity, Such estimates are acoeptable for structures that are
not sensitive to deformations but are not in accordance with the degree of accuracy
required for deformation-sensitive structures and hence would have to be revised at

the intermediate or highest level when more detailed information is made available,
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The level at which the final estimates are required is dependent on the nature of the

structure,

312 Intermediate level

At this level estimates are made by utilising relatively complex creep prediction
models which require input data which is available at the early stages of construction.
This data typically includes information on the mix design such as 28 day

compressive strength of the concrete, w/c ratio, binder type and age of loading,

313  Highestlevel

This level is relevant to structures where time dependent movemenis are critical. The
data required is usually produced by means of comprehensive laboratory testing and
mathematical and computer analyses, In the case of prestressed structures post-
construction ir-site measurements can be used as a basis for adjusting the stresses in

the tendons, thereby ensuring that the siructure conforms with the design.

This chapter focuses on reviewing some of the beiter known methods W ‘ch can be
applied to predict creep strains, generally at the intermediate level, without the need

for creep tests,



3.2

Creep Prediction Methods

3.2.1 General structure of methods

A total of seven different creep prediction methods are included in this investigation

and reviewed below. These are the:

British Stanc'ards Institution - Structural Use of Concrete, BS 8110 - Part 2 -
(198s)

American Conerete Institute (ACT) Commitiee 209 (1992)

Standards Association of Australia - Australian Standard for Concrete Structures -
AS 3600 (1988)

Comité Euro-International Du Béton - Federation Internationale De lLa
Precontrainte {CEB-FIP) Model Code (1970)

CEB-FIP Model Code (1978)

CEB-FIP Model Code (1990)

International Union of Testing and Research Laboratories for Materials and

Structures (RILEM) Model B3 (1935)

With the exception of the RILEM Model B3 (1995), the above models derive from

structural design codes of practice and express creep strain as the product of the

elastic deformation of the concrete (at the time of loading) and the creep coefficient.
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- The creep coefficient accounts for the effect of one or more intrinsic and/or extrirsic
variables. The RILEM Model B3 (1995) is, by relative compatison, more complex
than the design code models and has a different structure as it enables the calculation
of separate compliance functions for the basic creep and drying ereep (in excess of the
basic creep). Ali the methods employ one or more nomograms and/or algebraic
expressions to determine the creep strain. Table 3.1 shows which factors are

accounted for in each of the prediction models.
3.2.2 The BS 8110 (1985) method

The British Standard method (1985) is contained in BS 8110. This method was
earlier proposed by the British Concreie Society (1978) and is based on the CEB-FIP
(1970) recommendations and has been incorporated into the SABS 0100 (1992) code.

This method enables the estimation of fnal (30 year) creep strain (g} vsing the

following equation:

= .
5@ D
where,
o = applied constant stress (MPa)
d* = final creep coefficient

E. (1) = elastic modulus of the concrete at the: time of loading (MPa)



Table 3.1 Summary of factors accounted for by different prediction methods

e Inkrinsie Factora Extringio Faciors
TR R AR M A

9y
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Determination of creep coefficients
The final creep coefficient (¢*) is determined from Figure 3.1 (based on the CEB-FIP,
1970 recommendations) which account for the embient relative humidity, age at

loading and the effective thickness of the member under consideratina

30-year creep factor

23
Ellgctive sechion %:—‘f E
thickness (rm) = =
§ g ¥
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Ambient relathe bemidity %4)

Figure 3.1 Effects of relative humidity, age of loading and section thickness upon

creep factor (after BS 8110, 1985)

The effective thickness (in nm) is defined as twice the volume of the member divided
by the exposed surface area. For 2 slab drying firom both faces this reduces to slab
thickness. In the case of members which are flly sealed or immersed in Water, where

only basic creep occurs, an effective section thickness of 600 mm skonld be used,
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Determination of elastic modulus
Acco-ding to the BS 8110 (1985) method, the elastic modulus at the time of loading

E(t) is derived from the following two empirical expréssions :

£,
E (t) =B, .| 0,4 + 0,622
E g =K, +0,21,(28) (3.3)
where,
Ee.28 = static elastic modulus of elasticity at 28 days for normal weight

concrete. This value is adjusted for lightweight conerete

fou(t) = compressive strength of the concrete at time t
fou(28) = 28 day cube strength of the conerete in MPa
Ky = constant dependent on the stiffness of the aggregate and may be

taken as 20 GPa for normal weight concrete.

Modifications by Davis and Alexander

Research conducted by Davis and Alexander (1992), on the influence of South
Afiican aggregate types on creep has led to a refinement of the BS 8110 (1985)
method for certain aggregate types. These modifications entail:

o the application 5f a Relative Creep Coefficient for certain aggregate types, and
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» the establishment of an expression for the determination of elastic modulus, which

takes the aggrepgate type into account,

The Relative Creep Coefficient, obtained from Figure 2.13, is multiplied by the creep
coefficient obtained from Figure 3.1 to obtain the final creep coefficient, This
modification allows for the effect of the stiffness of the particular aggregate type on
the final creep coefficient and is justified by the fact that the BS 8110 (1985) method is
a simple predictive method and omits to account for a number of secondary variables

such as temperature, ouring conditions and w/c ratio (Davis and Alexander, 1992),
Tests conducted by Davis and Alexander (1992) to determine the elastio modulns (E)

of concrete made with different South Afiican aggregates have led to the

establishment of the following expression for estimating E.

E=Kp+ aﬁ, (3.4

where,

E = static modulus of elasticity for the particular age of concrete
being considered in GPa

£ ~ the cube strength in MPa (generally the characteristic strength)

K = constant related to the stiffness of the aggregate in GPa
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o = strength factor which is also related to the aggregate

characteristics, expressed in GPa/MPa.

The values of Ko and o have been determined for South African aggregates for
different ranges of concrete age, namely 3 to 28 days aud 6 months or older, as shown

in Tables A.1 and A2,

Rate of creep strain development

The BS 8110 (1985) method states that 40%, 60% and 80% of the final creep muy be
assumed to develop during the first month, six months and 30 months of loading,
respectively. This, however, is only applicable when concrete is exposed to constant

conditions of relative humidity (Davis and Alexander, 1992).
323 The ACI 209 (1992) method
The ACI Committee 209 (1992) method of creep prediction is identical to the ACI

209 (1978) method. According to this method, the creep strain at time t for a constant

stress o first applied at age T is:

() =2%4 - 69
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where, ¢ is a creep coefficient and E. is the elastic modulus at the time of loading,

which is obtained from the following expression developed by Pauw (1990):

Eqr)=p"* 0.043 [£(c)]* (3.6)
where,

p = the density of the concrete (kg/m®)

££7) = the mean compressive strength at the time of

loading MPa) based on the average uniaxial

comp.:ssive strength measured on cylinders.

The valucs of E(t) given by this equation are applicable for applied stresses up to 40
per cent of the meap vompressive strength of the concrete at the time of loading. This
method also inclades an equation for the prediction of concrete compressive sirength
at the time of loading which takes into account the cement type used and the method

of curing employed.

Culculation of the creep roefficient
The foliowing hyperbolic fanction represents the creep-time relationship : -

SRS (Zek) Balp
p(t,1) 0+ (i~ )“¢ {z) . &)
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where, 1 is the age of tha concrete at first loading {in days); t is the age of the

concrete (in days); ¢*(t) is the final creep coefficient and is expressed as :

G*() = 2.35v1y2y3y4rYs (3.8)

1 12 ¥e, are empirical correction factors {or partial coefficients), which account for the
majority of parameters which are likely to influence the magnitude of creep. These
factors include the age of concrete at the time of loading and the method of curing
(moisture or steam), variations in relative humidity (y,), size and shape of the member
(vs), shunp of the fresh concrete (ya), ratio of fine aggregate to total aggregate by mass

(ys) and air content in the concrete {ys). The equations used to calondate v, to ys are

given below.

11 = L2571 fort> 7 days - for moist cured concrete (2.9
or

1= 11370 fort> 3 days ~ for steam oured concrete (3.10)

2= 127-0.0067% for A >40 where A=relativebumidity (%)  (3.11)
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Caleulation of 3
ho=4V/8

where,

IF

ho

v

average thickness (inm)

volume (rm®)

S = surface area (mm?)

when hy £ 150 mum, 3 is obtained from Table 3.2.

(3.12)

. Table 3.2 y; correction factors applicable when hy £ 150 mm {after ACI 209, 1952)

hy(mm) | 50 75 100 125 150
3 1.3 1.17 1.11 1.04 1.00
When 150 mm <h,<380 mm

s = 1.14 - 0.00092h, when t - © £ 365 days
or
12 = 1.10-0.00067h, whent - 1> 365 days

and when hy = 380 mm

13 =2/3 {1+ 1.13¢7%B V5

(3.13)

(3.14)

(3.15)
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Calculation of vs to g

¥4 =0.82 + 0.00264s (3.16)
vs = 0,88 + 0.0024yy (3.17)
Y6=046-+0.090 (but not less than 1.0) (3.18)
where,

] = slump of the fresh concrete (mm)

Wy = ratio of the fine aggregate to total aggregate by mass (%)

a ™ air content (%)

324  The AS 3600 (1988) method

This method is intended to apply to structures with » characteristic compressive

strength at 28 days within the range of 20 to 50 MPa.

The general expression for predicting creep strain at any time & {t) due to a sustained
stress o, (in MPa) first applied at age 1 (in days) is given by :

43

() =22 :

E.(z) | (3.19)
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where, ¢ is a creep coefficient and E. (t) is the elastic modulus at the time of loading,
which is obtained from the expression developed by Pauw (1990) which is given

below. This is the same equation that is used in the ACI 209 (1992) method for

estimating the value of E,

Eq{r) = p"* 0,043 [£, ()] (3.20)
where,

p = the density of the concrete (kg/m®)

£, (1} = the mean compressive strength at the time of loading {(MPg)

measured on cylinders,

The Australian Standard AS 3600 (1988) proposes the following mathematical

- expression for predicting the creep coefficient ($) at time t as a result of a sustained

stress first applied at apet:

$(t, 7) = koks deos (3.21)
where,

Do = basic creep factor which is defined as the ratio of the ultimate

creep strain to elastic strain for a specimen loaded at 28 days
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under a constant stress equal to 40 per cent of the compressive
strength (f) of the concrete, This factor is obtained from the

Table 3.3 below.

creep factor coefficlent (obtained from Figure 3.2) which depends
on the relative humidity, time after loading and the hypothetical
thickness (t,). The hypothetical thickness (in mmy) is equal to
twice the cross-sectional area of the member (in num®) divided by

the perimeter of the cross section exposed to drying (in mm).

maturity coefficient (obtained from Figure 3.3) which depends on
the age of the concrete at the time of Ioading and is obtained from
the strength ratio £,/f,(28), where £ and £,(28) are the
compressive strength at the time of loading and the compressive
strength at 28 days, respectively. These compressive strengths

are taken as the cylinder strengths.

Table 3.3 Basic creep factors (after AS 3600, 1988)

£ (MPs)

20

25 32 40 30

¢cc.b

52

42 3.4 25 2.0
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325 The CEB-FIP Model Code (1970)

This method was proposed in 1970 but has been superseded by the CEB-FIP (1978)
and CEB-FIP (1990) methods, According to Gilbert (1988), this model is still of
importance as it Is included in many Australian building codes and has been shown te

be reasonably rocurate (Hilsdorf and Muller, 1979},

The creep strain (g) at time t, as a result of a constant sustained stress, oo applied at

time t is predicted by applying the following equation :

Ty
Eos

B (7)== (2, ) (3.22)

‘Where Egg is the longitudingl modudus of deformation at 28 days (taken as the mean

value of the secant modulus) and is calculated, in MPa, using the following equation:

Feag = 5940 [frues)]™? {3.23)

Where fiupg is the average compressive strength of the concrete at 28 days in MPa,

measured on eylinders.



39

The creep coefficient to be used in equation 3.22 is caleulated using the following

expression

d}(t,T) = kik!k':lkliks

(3.24)

The five coefficients {k; 10 ks)are caloulated by applying the following equations:

k, =3+ 0.01% - 0.00037A%

k= 045 + 1,768 236704

ks =[1.3 + 0.007c](w/c) ~ 0.85

ks =0,7 + 0,776°%0% where b = 2(A,/u)

ks =t /(1% + 0.250)

where,

A = relative humidity (%)

T = age ofloading (days)

c = cement content (kg/m®)

wic = ‘water/cement ratio

b = theoretical thickness {mm)

A, = cross sectional area of member (mm?) ‘

n = perimeter ofthe cross section exposed to drying (mm)

t = time vnder load (days)

(3.25)
(3.26)
(3.27)
(3.28)

(3.29)
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The wvalidity of this method is restricted to normal quality concretes made with
portland cement wizich are subjected to a maximum working stress equal to 40 per

cent of their mupture stress as determined on cylinders,

3.2.6 The CEB-FIP Model Code (1978)

This method which is docnmenzed in the CEB-FIP Model Code (1978) and concisely
summarised in Gilbert (1988), prescribes the game equation specified in the CEB-FIP

(1970) for the prediction of creep strain. This equation predicts the oreep strain () at

time t, as a result of a constant sustained stress, g applied at time , as follows.
]
8, (t,7) =——d(t,%) (3.30)
E 23

Where Ecg is the longitudinal modulug of deformation at 28 days (taken as the mean

value of the secant modulus) and is calculated, in MPa, using the following equation;

Bezg = 9500 [£,]" (3.31)

Where fi, is the average compressive strength of the concrete at 28 days in MPa,

measured on cylinders,
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However, one of the differences between this method and the CEB-FIP (1970)
method is that this method enables the separate calculation of the reversible delayed
elastic strain and irreversible flow components of the creep coefficient at any age t
(including the final creep coefficient), The flow component is sub-divided into a
compunent representing flow during the first 24 howrs under load (rapid initial flow)

and a subsequeut flow comyonent.

The creep coefficient, § (t,1), is estimated from the sum of the delayed elastic strain,

rapid initial flow and delayed flow components using the following equation,

b (4,7) = da Balt « 7) + Balv) + Ge[Br(t) ~ Be(z)] (3.32)
where,

t = age of specimen (in days) at which creep strain is required,

T = age of concrete at first loading (in days)

ba = the final delayed elastic creep coefficient which is taken as the

ratio of the final delayed elastic strain and the instantaneous strain

at 28 days which is equal to 0.4
Bat~7) = describes the development of delayed elastic strain with time
Ba(t) = rapid initial flow

e = flow coefficient
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Be(t)
Br(z)

function describing the development of delayed flow with time

fimetion to account for the age at application of load (whent = T).

The equations nsed to caloulate the creep components are as follows :

Ba(t-1)=0.73{1- ™) 10,27 (3.33)
Tll.?l
=0, - ——— .
B.() f{l 5_27“.,,1,] (3.34)
& =gy + ry (3.35)
where,
b, =%[0.0002h’ —0.043h7 +2.57h]- 2.2 (3.36)
ey =1, 12[1 + e'°*°“"‘°”'] (3.37)
whereh, = 1.% (3.38) .
and A =1+ 0,00049¢"™ when h < 98 (3.39)
A=30 when h =100 (3.40)
k - = - - 3,
Bs (8)- B (1) [t +H, ] ['c i, ) for all values of'h, (3.41)

Alternatively, equation 3.42 by Gilbert (1988) may be used for more acourate results in

cases where 50 mm < h, < 1600 mm

. t* X
- Be(t)-Be (1) = [t“_+§] (3.42)
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where,

o = 0.8+0,55¢ 090k (3.43)
B = 770421000043 (3.44)
T = age of concrete at first loading (days)

t = age of specimen (days)

h = relative humidity (%)

h, = notional thickness (inm)

A = humidity coefficient

A, = cross-sectional area of member (mm?)

u = perimeter exposed to drying (mm)

H;: = constant depending on the notional thickness give in Table 3.4

Table 3.4 Values of Hy for various notional thicknesses (after CEB-FIP, 1978)

T (ram) | 50 100 [200 400 ]800 |1600

Hr(days) | 330 | 425 |570 |870 |1500 | 2500

In cases where the ambient temperature during curing is significantly different from
20 °C, the age of the concrete {t) to be used in equations 3.33 and 3.41 or 3.42 is
adjusted to an effective age (t;). This adjustment is dependent on the mean daily

temperature of the concrete and the type of cement used, as detailed below.
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t
a ]
te =Ezoz[a:r(tm)+1o)mm] (3.45)
where,
T = mean daily temperature of the concrete (°C) during a period Ay,
{days)
o = 1 for normal and slow hardeuing cements

= 2 for rapid hardening cements

= 3 for rapid hardening high strength cements

This method of creep prediction is only applicable to comcrete subjected to a
cowmpressive stress not exceeding 40 percent of fue compressive strength,
Furthermore, the numerical values predicted should be cousidered as representative

values liable to vary by 20 per cent in either direction,
3.27  The CEB-FIP Model Code (1990)

This method, which is described in the CEB-FIP Model Code 1990 (First Draft), may
be applied to predict creep strain after 2 given duration of loading (g« {t,t.)} from the

following equation:

e, (t,t,) =%t"}¢(t,t,) (3.46)
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where,

o = the constant stress sustained at time t,
btt) = creep coefficient

E. = elastic modulus at 28 days

The elastic modulus at 28 days (E.) is calculated using an empirical equation which
takes into account the characteristic strength of the concrete at 28 days in MPa (fu,) as

follows.
E. = 10°[f] " (3.47)

The charactetistic strength (£,) is based on the uniaxial compressive strength of
cylinders, which are 150 mm in diameter and 300 mno in height, stored in water at 20 +
2 *C and tested at 28 days. The upproximate cylinder strengths of various cube

strengths are given in the Table 3.5.

Tabie 3.5 Characteristic cube and cylinder strength values (after CEB-FIP,1990)

fon - cube 15 (25 [37 {50 [60 {70 |85 |95

Em-cylinder {12 {20 (30 {40 |50 {60 (70 |80
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The creep coefficient, d(t,t,) is estimated from :

Pt t,) = ¢.B,(t-1,) - (3.48) .
where,

N = the notional creep coefficient

Be = coefficient describing the development of creep with time

t = age of conorete (days) at the moment considered

t, = age of conorete at loading (days)

The notional creep coefficient (¢.) may be estimated using the following equations:

¢o = q)RH B(fum )B(tn) (349)

with :

ﬁ(fm)=f}§‘=3 (3.51)
1

B(t.) (3.52)



67

The development of creep with time, B (t-t,) is given by ;

Bult—t,)= [.__.@_:5)__}” (3.53)
Y [Be(t-t)
with
By =15[1+(0.012RH)*Th, +250 <£1500mm (3.54)
where,
RH = relative humidity of the ambient environment (%)
h, = notional size of mernber (mm)
A, = oross-sectional area of member (mm®)
n = the perimeter of the member in contact with the atmosphers (mm)
fom = mean compressive strength of concrete at 28 days (MPa)
t, = age of conorete at loading {days) (adjusted in case of B(t,) — see
below)
t e age of concrete (days) at moment considered

Adjusiments ta the age of loading

The age of concrete at loading used to determine B(t,) (equation 3.52 above) is
adjusted by applying equation 3.55 (below) which accounts for the degree of hydration
resulting at the age of loading, The degree of hydration is affected by the cement type

used in the concrete,
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9 13
t, =t +1 2035
. n;[z - ] to (3.55)
where,
o = -1 for slow hardening cements, SL;
= 0 for normal or rapid hardening cemtents, N} R}

= 1 for rapid hardening high strength cements, RS;

toT = age of concrete at loading (days) adjusted to account for elevated
or reduced temperatures on the maturity of the concrete

according to the equation 3.56,

5 4000
fo = -2 _1365].at
T Iz_}exp[ [273+’I‘(Ati) ) ‘] 3.56)

where,

tr = temperaturs adjusted conorete age which replaces t in the
correspoading equations

TAL) = temperature (° C} during the time period At;

A = number of days during which a temperawre T prevails.
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This method also makes an allowance for the non-linearity of creep at stress levels in

the range of 0,4f ,(t,} <o, <0,6£n(t.) by using the following equations:

o = o' 04 for 0.4 <k 0.6 (3.57)

ok = o fork<0.4 (3.58)

where,

Dok = non-finear notional creep coefficient, which replaces o in
equation 3.48

k = stress-strength-ratio o/fin

This method, which is simﬁler than those proposed in the CEB-FIP 1970 and 1978
codes, is valid for ordinary structural concrete with a compressive strength greater
than 12 MPa but not exceeding 80 MPa and whick is subjected to a maximum
stress/strength ratio of 0.4 and exposed to mean relative humidities in the range 40 to

100 per cent st mean temperatures firom 5 °C to 30 °C.
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3.2.8 The RILEM Model B3 (1995)

The creep und shrinkage prediction model for analysis and design of concrete
structures — model B3 _1995) has been published as a draft RILEM Reconmmendation,
This modet is based on the work of Bazant and Baweja (1994) and represents the third
major update of the models previously developed by Bazant and Panula (1978 &
1979) and Bazant et al, (1991a & b and 19924, b and c) at North-Western University,
This model has been calibrated by a computerised data bank comprising data (about 15
000 points) obtained from different laboratories throughout the world and conforms

with the recently formudated RILEM TC-197 (1995) gnidelines.

The equations included in this method are based on imperial units. These equations

have been converted to apply to SIunit inputs in the description of this method below,

The main notations nsed in the expressions constituting this model are difined as

follows:
t = time, representing the age of concrete in days
T = age at Joading, in days

ts = age when drying begins, it days (only t, < 1 is considered)



Calti7)

Calt, 7, to)

Esh: gshm

S(t)
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|
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compliance function for basic creep only in 108 MPa™
compliance finction for additional creep due to drying in 107
Mpa™

shrinkage strain and ultimate (fina!) shrinkage strain, always
given in 10'5; g;, considered negative (except for swelling, for
which the sign is positive)

relative humidity of the environment {expressed as a decimal
number, not as a percentage, 0 £h<1)

time function for shrinkage

shrinkage half-time (in days)

2v/s = effective cross-section thickness in mm
volume-to-exposed surface ratio in mm

cerant vontent of concrete in kg/m’

ratio (by weight) of water to cetentitious material

{wic)c = water content of concrete in kg/m®

ratio (by weight) of apgregate to cement

28-day standard eylinder compression strength in MPa (if only
design strength £ is known, then f = £ + 8,27 MPa)

stress applied in MPa

elastic modulus of concrete at age when drying begins (t,), in

MPa
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E(t) = elastic modulus of concrete at age t iv MPa

E(7) = elastic modulus of concrete at time of loading in MPa

The application of this model enables the separate calculation of basic creep and diying

creep.

Baslc crecp
The basic creep compliance (function) at time t due to a constant uniaxial stress o

applied at time T is:

C, (t,7)= 145.033[;13 Qlt,7)+qs £n 1+ (t-7)" J+q 0 [::—J]

(3.59)
where,
m. = 0.5
n = 0.1
Q2 = 127805, (3.60)
a0 = 0.29 (wic)'qz (3.61)
Q4 = 0.14(a/cy’ (3.62)
Qitr) = binomial integral calculated from the following approﬁmate

equation which is derived by Bazant and Pragannan (1989).
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t{5) =1fe(5}
Qt,5) = Qr(»c)[1+(-§(£{f%) ] (3.63)
with
r(v)= L7 G)"2+8 (3.64)
Z (t, ©)y= ()" W1+t~ 1)'] (3.65)
Qz(x) = [0.086(z)*° + 1.21(x)"* (3.66)
Diying creep

The compliance fin. .tion for additional creep due to drying Calt,7,t.} is given below.
This fimction is only applicable in situations where drying commences prior to or at

the same time as the load application (T 2 t.),

Calt, 7, to)= 145.033q;[e’ ™0 - N2 (3.67)
in which

H(t) = 1- (i -1)S() (3.68)
and

gs = 5219.528," 248 (3.69)
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where,
A
t-t .
S(t) = tmﬂ1[~—-————"~:| (3.70)
gh
T = L.55x10%(k,D)? @I
= 2v/s = effective cross section thickness (in mm)
ks = oross section shape factor which equals 1,00 for an infinite slab,
1.15 for an infinite cylinder, 1.25 for an infinite square prism, 1.30
for a sphere and 1.55 for a cube.
k= 54,98, 27,1 (3.72)
E(t,)88034.81
ol = C 3.73
B S B E)145.03X(t, +7) (3.7)
o= 02{ 1.903x 102w £, %4270} (in 10°%) (3.74)
o = 1.0 for type I cement (ordinary portland cement)
= 0,85 for type II cement
= 1.1 Yor type III cement
oz = 0,75 for steam cured specimens

= 1.0 for specimens cured in water or at 100% relative humidity

= 1.2 for specimens sealed during curing
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4
t
t) = B(28) ———— (3.75)
S |
B(28) = 4733,F, ©(3.76)
Calcalation of creep sirain
Drying plus basic creep strain ={Cy(t,t)*+Cut,1,tu)]c (3.77

Basic creep strain = [Co(t, 7)o (3.78)

Calculation of creep coefficient

The creep coefficients for basic plos dryfng creep ¢oy and for basic creep only §n, are ;

B =[Oy (6,7) + Cyt, 7, 1, )]ELT) (3.79)
4, = [C. (6 )JECT) (3.80)
Applicability of madel

This model is Intended for portland cement coneretes for the following parameter
ranges:

17 MPa < £, < 70 MPa

160 kg/m’® <c £ 720 kg/m®

03swic5085

2.55a/c513.5
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33 Conclusions

The seven creep prediction models reviewed in this chapter are all empirically based
and vary with regards to their complexity and the number of factors that they account |
for. Of these methods, the BS 8110 (1985) method prescribes e simplest procedure
and accounty for the least number of intringic and/or extrinsic variables, By contrast,
the RILEM Model B3 (1995) employs the most complex procedure and cﬁnsiders the
most yvariables. Furthermore, only the BS 8110 (1985) method directly accounts for

the stiffness of the apgregate.

With the exception of the RILEM Model B3 (1995), all the methods reviewed in this
chapter derive from structural design codes of practice and express creep strain as the
product of the elastic deformation of the concrete (at the time of loading) and the
creep coefficient. The structure of the RILEM Model B3 differs from that of the
design code models as this model enables the calculation of separate compliance
functions for the basic creep and drying creep (in excess of the basic creep), which

may be added to obtain the total creep.

Chapter 6 assesses the acouracy of each of the seven models when applied to South
African conditions, by con prriig the values of the measured creep strains exhibited

by the specimens in this investigation against those predicied at the corresponding
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ages by the different models, In this assessment, particular attention is given - the

influence of the aggregate stiffness on the predicted creep values,
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CHAPTER 4

EXPERIMENTAL DETAILS

4.1 Introduction

This chapter gives details on the materials and equipment used as well as the
experimental techniques employed in this investigation, The material details
include the cement and agpregate types and their sources as well as the material
proportions comprising the different mixes. The experimental details include
descriptions on the preparation of the concrete samples and tests conducted on the

hardened concrete or on rock samples of the aggregates used in the concretes.

4.2 Materials

4.2.1 Cement

A single batch of CEM I 42,5 cement, complying with the SABS ENV 197-1
(1992) specification, was received from the Dudfield factory of Alpha Cement and

used for all the fests carried out in this investigation.
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4,22 Apgregates

Three aggregate types fiom different Hippo Quarries sources in South Afiica were
used in this investigation, These were quartzite fiom the Ferro quarry in Pretoria,
granite from the Jukskei quarry in Midrand and andesite from the Eikenhof quarty

in Johannesburg,

For each of the three aggregate types used, the coarse and fine aggregate were
from the same source. The coarse aggregate was 19 mm nominal size and the fine
aggregate was a crusher sand, The resnlts of a grading analysis conducted on each
of the crusher sands are given in Figures B.1 to B.3 in the appendix These crusher
sands comply with the grading requirements for fine aggregate specified in SABS
1083 (1994), except in the case of the andesite where the dust content exceeds the

permissible value (ten per cent) by approximately three per cent,

4.3 Laboratory Procedures

4.3.1 Mix proportions

The mixes were designed with the futention of investigating the following two

aspeots of creep behaviour:

s the difference in the oreep behaviour of conerste with varying w/c ratios, and
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o the differences in the creep behaviour of concretes with the same w/c ratio but

different aggregate type.

Triat mixes were prepared to establish the water content which would yield a shamp
of approximately 50 mm when using & w/c ratio of 0.4 and quartzite aggregate.
The quartzite aggregate was selected on the basis of its fineness modulus
coincidentally being the average of the fineness modulus values of the thfee

different crusher sands. The water content decided upon was 195 Vo',

Thereafter, a total of six mixes were designed in accordance with the C & CI
method (formerly PCI method) which is desoribed by Daly (196%). These
comprised two mixes with w/o ratios of 0.56 and 0.4., for cach of the three
aggregate types included in the investigation, For each mix, a constant water
content of 195 Vuo® was used. The w/o ratios of 0.56 and 0.4 were chosen to
respectively represent typical medium and high strength concretes used in practice.
Table 4.1 shows the mix proportions of the gix mixes and the shump values

obtained for the concretes.

Table 4.1 Mix proportions and shunp test resulis of the conorete used in this

investigation
| Aggregate Typs Quartzite Granite Andesite
Mix Number a |l elalel|l | x
Water (I/m’) 195 195 195 195 195 195
Cement (kg/m®) 348 488 348 488 348 488

19 mm Stone (kym’) 1015 1015 065 963 1135 1135
Crusher Sand (kg/m’) 810 695 880 765 860 732
'W/C Ratio 0.56 0.4 0.56 0.4 0.5_6 _ 04
A/C Ralio . 5.24 3.50 5.30 3.55 5,73 3,33
Slump (o) a0 50 115 70 95 55
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4.3.2 Mixing procedure

Sufficient conc: .te of each mix was prepared to fill three 101.6 x 101.6 x 700 mm
beamn moulds and six 101.6 mm cube moulds, A 100 kg mixer was charged with
the materials in the order sand, cement, stone and water. The dry materials were
mixed and then water was added over a period of approximately one minute.
Thereafter, mixing was continned for a further three minutes, The slump tests

were carried out immediately after mixing,

43.3 Compaction

All the moulds were loosely filled with concrete and were hand held on a
mechanical vibrating table for approximately 10 seconds. Conerete was added to
the moulds which were then held on the vibrating table for a further 30 to 60

seconds, depending on the consistency of the mix,

434  Curing

The concrete filled moulds were covered with plastic sheets and the temperature in
the room was kept constant at 19 + 1 °C for a period of approximately 20 hours.
Thereafter, the concrete was removed from the moulds and placed in a water bath.

The temperature of the water in the bath was maintained at 22 + 1 °C.



82

Approximately 20 days after casting, each concrete beamn was accurately cut to
form three 101.6 x 101.6 x 200 mm prisms, The end faces of each prism were
ground in a high speed facing machine to ensure that they were parallel to each
other. Hence, nine prisms were obtained for each of the six mixes, The prisms

were then placed back into the curing bath.

4.3.5 Preparation of specimens

At approximately 2] days after casting, the prisms were removed from the curing
bath and Demec targets were glued onto two opposite formed sides of each prism,
on a vertical exis symmetrically about the middle of the specimen, to
accommodate a 100 mm Demee strain gauge, A quick-setting glue
(Schnejlklebstoff X 60 Epoxy Glue) which adheres to wet concrete was used for
this purpose. After the glue had set (approximately 15 minuteg after application]
the prisms were returned to the curing bath where they remained for a total of 28

days after casting,

4.4 Testing of Hardened Concrete

44.1 Cormpressive strength

The six cubes cast for each mix were tested in uniaxial coulpression in an Amsler

type 103 compression testing machine which has a capacity of 2 000 kN. Three

cubes were tested at seven days and three at 28 days after easting.



&3

Tte cubes were removed from the bath immediately before testing und weighed to
the nearest 5 g, after the excess water had been wiped from the sueface, The cubes
were then placed in the testing apparatus. The load was applied at a rate of
approximately 150 kN per minute, The failure load was recorded to the nearest 1

kN.
4,4.2 Creep nnd associated shrinkage tests

The prisms were removed from the curing bath at age of 28 days after casting, Of
the nine prisms of each mix, thres were left unsealed and subjected to & creep test
(in loading frames), three were sealed and subjected to a creep test and the
remaining three were left unsealed, unloaded and placed in the creep room to

monitor shrinkage,

The sealed specimens were covered wuh a 5 mm (minimumy) thick coat of water
based bitumen ap-1 wrapped in alumininm foil The trade name of the bitumen is
ABE Super Laykold Bubberised Bitumen Waterproofer. All prisms were ¢ured in
water for 28 days and creep loads were applied immediately after this curing

period,
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Creep tests

Creep frames. These frames were developed by Ballim (1983) and are based on
the ASTM C512-76 (1976) creep frame, except the load is applied by a hydraulio
flat jack instead of a compressed spring. Figures 4.1 and 4.2 (overleaf) show
details of the creep frames. Each frame was loaded by pumping oil into the flat
jack by means of a hand pump. The lead was maintained using a nitrogen pressure
accnmulator and monitored using a proving ring and dial gauge arrangement. The
purpose of the dumn;l}' specimens at the top and bottom of the column was to
eliminate the effects of end restraint from the loading plates on the specimens being
tested. By means of an air conditioner and umidifier, the temperature and relat’ /e

Immidity in the room in which the fiames werre house was kept between 23 & 3 °C

and 65 £ 5 °C, respectively.
Fixed
plate
. Dial ] | Proving .
gauge [T rlng
[ w, ] Movable
; |~ plate
Dummy ||
sample -
Tenalon
- 1od
‘Teat |
sampls “'---.__‘__
Preasure
ageumulator
Fiak e
IRV SN |
I i N To hydraulia
Base [ - | pump
nlate N

Figure 4,1 Schematic arrangement of the creep loading frame (after Ballim, 1983)



Figure 4.3 Companion drying shrinkage samples
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The six creep specimens (three sealed and three unsealed) of each mix were placed
in separate creep frames. The unsealed specimens were placed on top of the three
sealed specimens. The joints at the ends of the sealed specimens which were in
contact with other specimens were covered to prevent moiéture loss, by means of

an adhesive tape which was placed around the prism perimeter at the joint.

Loading, The 28 day compressive strength tests (cube tests) were conducted
immediately bufore the frames were loaded, The prisms in each of the six creep
frames were subjected to a const.nt stress equal to 25 per cent of the 28 day
compressive strength of the relevant mix., Note that at higher stress levels of
above 40 to 50 per cent of short term strength, the creep mechanisms are different
as significant load - induced mictocracking occurs {Alexander, 1994a). The
stresses were maintained to an accuracy of & 0,5 MPa for a period of six months,
Specific details on the loading procedure are discussed in the section giving

information on the measurements (below),

Shrinkage tests

The shrinkage samples (three for each mix) were placed on a rack in the same
room as the creep samples and, in order to ensure a drying surface ares equivelent
to the creep samples, the two 100 mra square ends were dipped in warm w~ < to
prevent drying from these surfaces. The rack, which is shown in Figur. 4.3, is
designed to facilitate air movement around afl the specimens and a rminimum

distance of 10 mm between neighbouriny specimens,
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Measurements

After the specimens were stacked in the creep frame, readings were taken during

the loading procedure described balow:

¢ Tihe load corresponding to a stress/strength ratio of 25 per cent (o,) was

+ applied in the frame, maintained for 60 seconds, and then wnloadea:

» Thirty seconds later, a pre-load of approximately 1 MPa (o) was applied and
maintained for 60 seconds;

¢ 'The load was increased to &, maintained for 60 seconds and unloaded to oy}

s Thirty seconds later a set of readings was taken (at o) and regarded as the
zero-strain readings;

+ The load was increased to <. and a set of readings was taken within ten
minutes, These readings were taken as being the immediate elastic deflections

(ASTM C512-76, 1976},

After the above loading procedurs, the total strains were determined daily for one
week, weekly until the end of one montl;, and approximately monthly thereafter,
"The shrinkspe strain of the vnsealed (companion) specimens was measured on the
unloaded specimens which were exposed to the same eavironment as the loaded
specimens, The zero-strain readings of the shrinkage specimens was taken
jmmediately after the elastic strain readings of the creep specimens. Thereafter,
readings on the shrinkage specimens were taken at the same time as those taken on

the creep specimens,
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At each measuring period, the strain of each prism was taken as the average of the
strains measured on the two oppos} ¢ faces of the prism. The strain of each group
of prisms, that is the three unsealed prisms or three sealed prisms or three
companion shrinkage prisms of a particular mix, was taken as the average of the

strains of the prisms in that group,

443 Determinatiou of elasttc moduli of the aggregates

Measurements of aggregate stiffness were carried out on boulders which were
collected from the area of each quarry where the aggregate, used in the concrete
specimens in this investigation, derived from, Therefore, the stiffness of each rock
type as determined on the boulders was taken to be representative of the stiffness

of the relevant aggregates used in the conerete specimens.

"Two rock boulders were collected from each of the quartzite (Ferro) and andesite
(Eikenhof) quarries for the determination of the elastic modulus of the rock.
Since the appearance of the rocks observed in the Granite (Juleskei) quarry
appeared quite variable, two boulders of two different looking rocks occurring in

that quarry were collected for testing,

Three cores measuring 42 mm in diameter and 82 mm long were cut from each set
of two boulders and these were tested, according to the procedure described in BS
1881 (1983), to determine the elastic modulus of the aggregates used in this

investigation. Two LVDT displacement gauges were attached diametrically
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opposite each other on each core and strain measurements were taken over a
length of 50 mm. The cores were tested in the Amsler type 103 compression
testing machine which has a capacity of 2 000 kN. The load and axial
deformations of the specimens were autographically recorded by a Graphtech Data
Recorder on an XY plotter over -ae cycle of loading and unloading. The cores
were Joaded to a maximum stress equal to approximately 25 per cent of the
average unconfined compression strength values determined for the relevant
aggregate types by Davis and Alexander (1992), Table 4.2 shows the average
unconfined compressive strength values determined by Davis and Alexander

(1992) and the maximum stresses exerted on the rock cores in this investigation.

Table 4.2 Average unconfined compressive strength values for the different

aggregate types and maximum stresses applied to the rock samples

Apgegnta  {Unconfined Compressive Strength (UCS)|  Stressea Applied to Rock Samples  {Apphied Strass ns
Type {afer Davis nnd Alexander, 1992 o Percantage of
Range Hean Core Steess Menn UCS
{MPo) {MvPa) Mumnber {MPa)
Cuartzile 11 61.5 246
{Ferro) 105 - 394 250 12 585 235
L3 614 248
Granile 17 413 b2 B
{Jueabeei} 12 AB.6 2545
173 1.5 250
-0 190
21 474 4.5
UL 479 252
pIx] 469 24
Andesite 111 123.6 25
(Elkenhof) 316 - 538 527 12 129.4 24,6
. 1A . 123.9 235

The results of all the tests condueted on the concrete specimens and on the rock

samples are presented and discussed in the following chapter.
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CHAPTER §

RESULTS AND DISCUSSIG

5.1 Compressive Strength of Concrete

The average seven and 28 day comn . gtrengths of the concrete cubes
comprising the different aggregates used in the research are shown according to

the two w/c ratios in Figure 5.1, The individual results of the cubes tested are

given in Appendix C,

. 100

=

E 80 T £ Quartzite 8 Day
gn 60 £ Geanite 7 Day
- M Andesite 7 Day
o

% 40 1 Quartzite 28 Day
% 20 - (6l Granite 28 Day
6 W Andesite 28 Day

0 - . bt o ——an
0.56 0.4
W/C Ratio

Figure 5.1 Average cvbe siron;ahs of concretes with different aggregates for the

two wic ratios
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It is clear from the figure above that the trend is for the andesite aggregate to yield
relatively high strengths, Furthermore, the strengths of the quattziie and granite
are genernlly of similer magnitude, This confirms that aggregates have s definite
influence on the compressive strength of comcrete. This was also noted by

Hannant (1968), Ballim (1983) and Davis and Alexander (1982).

52 Measured and Inferred Strains

521 Measured strains

The strains measured on the laboratory specimens at the time periods mentioned in
paragraph 4.4.2, for each of the six mixes (Q1, Q2, G1, G2, Al and A2}, together
with the temperature and relative humidity values ave presented m Tables D.1 to
D.6 in the appendix. These sirains comprise the shrinkage strains exhibited by the
unloaded companion specimens and the total strains of the loaded sealed and

unsealed specimens.

5.2.2 Inferred strains

No provision was made in this project for the '. easurement of the actual
autogenous shrinkage strains of the sealed samples, Therefore, the autogenous
shrinkage strains were inferred from the test resuits of cne of tiie mixes used in a

research project conducted by Alexander (1994b). These rrsrlis are presented in
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Figure 2.3 and mix 2,1 was selected as the reference mix because it comprised
OPC as well as a water content of 190 1/m® which is of similar magnitude to that
used for all the mixes in this research (195 Ym®). In addition, the cement content,
wic ratio and a/o ratio of Alexander’s reference mix are of a similar magnituds to
the corresponding mix proportions of the three Jow strength mixes (Q1, G1 and
Al) in this project. The abovementioned similarities are evident from a

comparison of the mix proportions given in Tables 2,1 and 4.1,

For each of the six mixes included in this project, the antogenous shrinkage strains,
corresponding to the times at which total straing and drying shrinkage strains were
measured, were caleulated by considering the a/c ratio of the mix relative to the a/c
1atio of Alexander’s reference mix (by mass) which was 5.12. The premise was
adopted that if the a/o ratio of a mix being considered (from this project) is higher
than 5,12 then the expected antogenous shrinkage at any age should be relatively
lower than that of Alexander’s reference mix at the same age. This premise is
based on the fact that autogenons shrinkage occurs in the paste and should increase
with an increase in cement content relative to the aggregate content, for 2 constant
water content. The inferred autogenous shrinkage values were caleulated using the
equations below (which assums a linear relationship} and are shown in Table E.1 in

the appendix,

F = 5,12/(a/c) (5.1)
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B () =F X Ear {t) 5.2)
whers,
F = Factor accounting for the relative difference between the a/c

ratios of Alexander’s reference mix (5.12) and the mix being

considered
alc = aggregate cement ratio of mix considered
SR = Autogenous shrinkage strain of Alexander’s reference mix at

timet (t =0, 10, 30, 100 or 200 days), deternsined from
Figure 2.3
Eahn = Autogenous shrinkage strain of the mix under consideration

at time t.

The autogenous shrinkage strains corresponding to the times at which total straing
and drying shrinkage strains were measured in this project were determined by
lineasly interpolating between the &g, values at times t = 0, 10, 30, 100 or 200

days,

The cumulative autogenous shrinkage strains with time inferred for the mixes with
a w/c ratio of 0.56 (Q1, G1, Al) and for the mixes with a w/c ratio of 0.4 (Q2, G2,

AZ) are shown in Figures 5.2 and 5.3,
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Figure 5,2 Cumnlative antogenous shrinkage strain versus time for mixes with a

wic ratio of 0.56
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As the shrinkages in Figures 5.2 and 5.3 were inferred on the basis of their afc

ratio, they cannot be used to assess the actual effect of the aggregate type on

autogenous shrinkage, These figure- indicate the following intended trends:

s the low w/c ratio mixes (0.4) have higher shrinkag,e values than the high w/c
ratio mixes (0.56) as the former contain more cement, and

¢ in the case of the mixes of each of the w/c ratios, the higher the a/c ratio, the

lower the autogenous shrinkage strain.

5.3 Calculation of Creep Strains and Creep-Time Functions

For each of the six mixes included in this project, the measured strains were used
to calculate the total creep strains (sum of basic plus drying), specific total aeep,
total sreep coefficients, basic creep strains, specific basic creep and basic creep
coefficients, pertaining to the times at which measurements were taken, which are

presented in Tables 5.1 to 5.3.

The average cumulative total creep (g. oy (1)) and basic creep (g (bas) (1)) strains
were calculated from equations 5.3 and 5.4 (below), respectively. The specific
creep (Co) and creep coefficient (§) values were calculated by appiying equations

2.3 and 2.4, respectively,



Table 5.1 Results of creep measurements on quarizite-aggregate concretes

IMix No. Q1 Q2
Applied 225 MPa 16.30 MPz
Stress
Total Creep (sum of basic and drying) Basic Creep Total Creep (sam of basic end drying) Basic Creep
Awvernge - Specific Creep Average  Specific Cresp Awerage  Specific Creep Averape  Specific Creep
Age [Comulative Creep  Coefficient | Comulative  Creep  Coefficientf Cunmlative Creep  Coefficient | Cumulative Creep  Coefficient
(Days) Stmin (x10E-6/ (Cresp Strain (x10E-&/ (Creep Strain { 10B-6/  (Creep Strxn (x10B-6/ (Creep
{x10E-5) MPa) Factor) (x10E-6) MPn) Factor) | (x10E 6) MPa) Factor) {x10B-6) MPe) Factor)
1 61 6.620 0.161 85 2234 0.252 91 5.605 0185 85 5.194 0.182]
2 111 12.036 0.203 73 7.937 0.217 125 7,654 0.252 75 4773 0.167
3 128 13341 0.337 38 4.124 0113 155 9.533 0.314 88 5376 0.188
4 175 18957 0.461 - 7 0,721 0,020 186 11411 0.376 56 3418 0.120
5 178 19258 0.469 22 2432 0.066 203 12436 0.409 51 3.106 0.109
6 186 20,150 0.401 27 2941 0.080 205 12606 0415 63 3.880 0.136
7 25 24072 0.586 21 2245 2.061 242  14.825 0.488 65 397 0.13%
14 320 34604 0.842 23 2.533 0.069 353 21.656 0.713 51 3.113 0.109
21 392 42427 1.033 85 9.243 0.252 414 25413 0.837 113 6.916 0.242
28 423 45.737 1113 94 10128 0.2746 437 26,779 0.882 133 8.157 0,285
56 576 62286 1.516 185 20,022 0.546 362 34463 1.135 24  13.762 0.481
112 ns 17 1.882 246 26.541 0.724 662 40610 1.337 254 15554 0544
140 757  BL84S 1.992 304 32888 0.897 709  43.513 1.433 302 18543 0.649
158 799 B6.359 2102 307 33218 0.906 745  45.733 1,506 298 18287 0.640
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"Fable 5.2 Results of creep measurements on granite-aggregate concretes

Mix No. a1 G2
Applied 942 MPa 1630 MP=a
Stress
Total Creep (sum of basic and deying) Basic Croep Total Creep (smm of basic and drying) Basio Croep
Average  Specific Creep Average  Specific Creap Averapgs  Specific Creep Average  Speeific  Creep
! Aps |Cuomulative Creep  Coefficient [ Cumuiafiva Creep Coefficient| Cumulative Cmep  Coofficient | Comalative Creep  Cosfficiznt
(Days) | Strain  (x10B-&/  (Creep Stain  (xI0B-6/ (Creep Stram  (xI0B-6/  (Creep Stain  (l0B-6/ {Creep
XI0E-6)  MPs) Factor) | (x10B6) MPa)  Factor) | (x10B-6) MPa}  Factor) | (xI0E-5) MPa)  Factor)
1 145 15354 0.449 52 5471 0.144 156 9.554 0.284 82 5.031 0.141
2 178 1R90G0 0.553 40 4,197 0.111 214  13.140 0,301 i 4.785 0.134
3 200 21.263 0.622 41 4.400 0.116 256 15701 0457 o3 5.706 0.160
4 238 25400 0.743 7L 7.558 0.199 273 16.726 10498 117 7178 0.202
5 245 25991 0.760 45 4.807 0.127 298 18263 0.543 03 5708 0.160
3 275 29241 0.855 42 4.420 0.117| 320 19.529 0.584 93 5.7C6 0.160
T 89 30718 0.899 iz 4.032 0.106 345 21.166 0.630 83 5.092 0.143
4 376 39.878 1167 59 7376 0.195 437  26.801 0.797 118 7.239 0.203
21 422 45492 1.331 123 13.079 0345 506 31.070 0924 151 11.718 0329
28 479 50810 1.486 156 16.607 0.438 534 33972 1.010 215 13190 0371
26 576 6L152 1.789 226 23,958 0.632 665  40.803 1.214 318 19.509 0.548
112 §96 13.857 - 2151 340 36.079 0,952 793 4B.657 1.447 397 24356 0.684
140 37 78289 2290 379 40.244 1.062 835 51219 1.523 412 25276 0710
168 760  80.653 2.359 389 41.265 1.089 846 51902 1.544 422 25,390 0.728

L6



Table 5.3 Results of creep measnrements on andesite-aggregate concretes

Mix No. Al AZ
Applied 12.00 MPa 18.47 MIta
Siress .
Totat Creep (smm of basic and drying) Basic Creep Tatal Creep (snm of basio and drying) Basic Creep
Averaga  Speeific Creep Averape  Specific Cresp Average  Bpesific Cresp Average  Specific  Cresp
Age {Cumuletive Cresp Coefficient|{ Comofative Creep Coefficient} Cmnulstive Creep  Coefficient | Cumufative Creep  Coefficient
(Days) | Stmin  (x10E-6/ (Creep Strain  (x10B-6/  (Creep Stain  (xI10B-&/ (Cresp Stmin  (x10E-&/  (Creap
(l0E-6)  MER) Factr) | (x105-6y MPs)  Factor) 10E-6)  MPa) Faotor) | (x10E-6) MPs)  Factor)
1 120 9.965 0.390 25 2.088 0.072 131 7.003 0.291 69 3.750 0.153
2 164 13.676 0.535 47 3954 0.136 172 9354 0.384 o8 5,295 0.216
3 175 14604 0.571 39 3.269 0.112 176 9.505 0.390 81 4375 0.178
4 2 17388 0.680 39 3281 0.113 212 11.464 0.471 20 4.865 0.198
5 25 18.779 0.734 42 3.524 0.121 228 12368 0.508 o0 4348 0.198
6 231 19.243 0.752 42 3.535 0.122 242 13121 0.539 89 4.832 0.197
7 256 21331 0.834 56 4.706 0.162 273 14719 0.607 9 5.021 0.205
14 370 30.840 1.205 93 7.747 0.266. 400 21711 0.391 138 7452 0.304
21 448 37335 1.459 134 11.147 0383 482  26.081 1070 183 2.915 0.404
23 526 43.829 L.713 162 13471 0.463 551 20.848 1.225 206 1L.173 0.456
56 693 57.746 2257 269 22,442 9.772 718 38.890 1.596 321 17402 0.710
112 846  T70.503 2756 402 33.468 1.151 866 46877 1.924 406 21991 0.897
140 882 73518 2874 479 30919 1373 921  49.891 2.048 458 24.791 1.011
168 924 76997 3.010 495 41.268 1419 955  51.659 2122 462  25.029 1.020
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Ba oy () = 5(t) - € - Bua (t) (5.3)
Se oy (£) = E(L) = Eo - Bt (1) (5.4)
where,
Sopop(t) = total creep strain at any time t
Eouy(t) = basic creep strain at any time t
(t) = total conorete sirain st any time t
& = average instantaneous elastic strain recorded immediately
after loading
g (t) = cumulative drying shrinkage strain at any time t (recorded
on the companion specimens)
Ea(t) = autogenous shrinkage strain at any time t (inferred ag

described in paragraph 5,2.2)

5.4 Prying Shrinkage Strains

A detailed discussion of shrinkage straing is beyond the scope of this research,
However, as the shrinkage strain magnitudes were used in the caloulation of the
creep strains in this research, it appears relevant to comment on the shrinkage
exhibited by the companion samples. The average cumulative drying shrinkage
straint with time measured on the companion specimens of mixes with a wrc ratio of

0.56 (Q1, G1, Al) and those measured on the specimens with a wrc ratio of 0.4
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{Q2, G2, A2} are shown in Figures 5.4 and 5.5, which are plotted to the same
scale, The negative shrinkage values which were recorded for the G1 specimens
within the first two days of drying (shown in Table D.3 iu: the appendix) are not

included in Figure 5.4,

With reference to Figures 5.4 and 5.5, it is evident that, for each aggregate type,
the specimens with the higher w/c ratio {0.56) exhibited less drying shrinkage than
those with the lower w/c ratio (0.4). In addition, it was noted that the difference
between the shrinkage of the two strength grades of each aggregate type appears
to reduce with time and the rate of shrinkage of all the mixes decreases with time,

These trends ave in agresment with the findings of Alexander (1993b),

The decrease in cumulative shrinkage at an age of 168 days (after loading), which
is most pronounced for the quartzite concretes, is probably atiributable to the
increase in both relative humidity and temperature {see Tables D.1 to D,6) which
resulted from a temporary breakdown of the air conditioner during the week in

which those shrinkage strains were recorded,

Furthermore, the concretes containing quartzite aggregate displayed less shrinkage
than both the granite and andesite concretes, for both w/o ratios. The specimens
containing pranite generally exhibited less shrinkage than those containing andesite
in the case of the high w/c ratio, but more shrinkage than the andesite in the

comparison of specimens with the lower w/c ratio.
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Figure 5,4 Cumulative drying shrinkage strain versus time of drying for

shrinkage specitnens with a w/o ratio of 0.56
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Tigure 5.5 Cumulative drying shrinkage strain versus time of drying for
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Extensive shrinkape tests camried out by Davis and Alexander (1992) on concretes
with aggregates from the same sources as those used in thic project showed the
relative shrinkage of the concrete confaining granite to be higher then that of
concrete containing quartzite but lower than andesite concrete. This order of
relative shrinkages with the use of different aggrepates is indicated in Figure 5.4,
Nevertheless, according to Davis and Alexander (1992), the relative shrinkages are
merely intended for general gui‘ance as the shrinkage of concretes containing

aggregates from g particular sourcs can vary,
5.8 Creep

5.5.1 Correlation of total creep with E of aggregate

The measured elastic moduli, ranges and averages for each of the three apgregate
types (determined in this research) are shown in Table 5,4. This table also includes
the ranges and average values determined by Davis and Alexander (1992) for the

same aggregates from the same sources.

For the purposes of comparing the influence of aggregate alone on specifie total
oreep, the specific total creep values at 168 days (six months) after loading were

modified to account for the different w/c ratios,



103

Table 5.4 Results of elastic moduli tests on cores

Agpregate Elestic Moduli of Rock Cores
Type Measured Davis and slexamder

Core B Range Mean | Range  Memn
Nypmber {(GPa) (GPa) (GPa) | {GPa) {GP3a)

Quarite | 1/1 731
(Feo) | 122 876 59-88 73 | 42-98 70
3 594

Granite 11 65.8
(Fukskei} | 172 79.5

13 68,6
66 - 80 70 27-93 60
n 66.7
212 70.5
23 703

Andesite 11 82.4
(Eikenhof)| 1/2 93.5 82-94 89 80-110 95
173 91.3

This modification, which is similar to one carried out by Davis and Alexander
(1992), entniled the adjusting of the specific total creep values by the ratio of their
compressive streugth at the age of loading to the mean of the compressive
strengths of all six mixes (54.5 MPa). The average of the two adjusted specific
creep values for each aggregate type was then expressed as a ratio of the mean of
the six adjnsted values (61.54¢ x 10E-6/MPa), to obtain a relative Gr’eepl value for
each aggregate type. The adjustment factors, adjusted specific fotal creep values
and relative creep factors are given in Table F,1 in the appendix which includes the
relative creep values determined by Davis end Alexander (1992) for the same

aggregates,
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Figure 5.6 shows a correlation of the relative creep with average elastic modulus of
the aggregate using the specific total creep results from this research and from the
work by Davis and Alexander (1992). The letters Q,G and A denote quartzte,
granite and andesite concretes, respectively. The results in Figrre 5.6 indicate
significant variations in the stiffness of aggregates from a particular source,
Furthermore, the higher the average elastic modulns of an aggregate, the more the
relative oreep of the concrete, The regiession equations and corvelation
coefficients applicable to the valnes from this research and from Davis and

Alexander’s (1992) research, when considered separately and together, are given in

Table 5,5,
14
4 Meztured
mDavis end Alesendes |
13
12

11

Relative Creep

0.8

0.8

&7

50 ° ] .70 . a0 0
Averape Moduluz of Eln.jsticily of Aggrepate (GPa)

Figure 5.6 Relationship between relative creep and elastic modulus of nggregates

100
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Table 5.5 Statistics pertaining to the correlation of relative creep to average

modulus of elasticity of aggregates

Line Data Regression I
Source Equation
A Measured v =0.010x+0.229 0.941
B Davis and Alexander |y = 0.012x 4+ 0.052 0,973
Combined y = 0.012x +0.092 0.965

The correlations in Figure 5.6 show an opposite trend to those established by
Rusch et al, (1962) and The Concrete Society (1974) (see Figure 2.11) which
indicate that the higher the elastic modulus of the aggregate, the greater ithe
restraint offercd by the aggregate to the creep of the paste, However, the work of
the abovementioned researchers shows creep of concrete to be relatively insensitive
to aggregate stiffiess in the case of aggregates with a modulus of elasticity in
excess of approxtmately 70 GPa. Therefore, the corcelations shown in Figure 5.6
do not disprove the frends which were established by other researchers on the basis

of an apgregate stiffness range greater than that used in this research,

From the above, it is concluded that some other property of the aggregate, rather

than stiffness, has a more significant effect on creep.
552  Total creep strains

Since the stress:strength ratio for all the mixes was constant (25 per cent), creep in

this case should be independent of w/c ratio and applied stress if the differences in
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the volumetric paste volumes are accounted for (Orchard, 1979). However, in this
research, the creep results were not normalised to account for the different paste
volumes, which were 0.31 and 0,35 of the mix volume in the case of the low
strength and high strength concretes, respectively, The reason for this is that the
creep of the paste which is quired for this adjustment was not determined,
Therefore, specific creep strains were used when comparing the creep exhibited by
the different mixes. The specific total creep (basic and drying) values measured

on the prisms of each of the six mixes since the timec of loading are shown in

Figure 5.7.
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Figure 5.7 Specific total creep versus time since loading

It is evident from Figure 5.7 that, for each of the aggregate types, the mix with the

lower w/c ratio (stiffer mix) yielded a lower specific total creep value. This is in
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accordance with the findings of Reutz (1965), Ballim (1983), Smadi et al., (1987},

Addis (1992) and Fiorato {1995).

The reason for the abovementioned trend is that the conrcete with the higher
strength and stiffness has a relatively lower porosity of the hardened cement paste
mairix in comparison with the lower strength concrete (Muller and Kutmer, 1996),
Furthermore, the curves of the higher w/c ratio (0.56) mixes indicate the: the order
of increasing specific total creep of concrete, for most of the test period, with the
use of the different aggrepates, to be andesite, granite and quartzite. By relative
comparisen, the positions of the specific total creep curves of the lower w/c ratio
(0.4) mixes differ in that the gnartzite concretes yielded the lowest specific total
creep values, Hence, when considering the average elastic moduli values of the
three aggregate types, which are given in Table '5 4, it is evident that no
correlation exists between the specific total creep of the concrete and the stiffness

of the aggrepate included in the concrete,

Research conducted by Davis and Alexander (1992) on creep of concretes with
various aggregates, including those used in this research, showed concrete creep
with the use of these aggregates to increase in the order granite, quartzite and
andesite. Referring to Figure 5.7, it is evident that the positions of the specific
total creep curve of the andesite concretes (in the case of the higher w/c ratio) and
the granite cow:retes (in the lower w/c ratio) are in disagreement with the results

of Davis and Alexander (1992).
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5.53 Basic creep strains

The specific b.sic ereep of each of the six mixes since the time of loading are

ghown in Figure 5.8.
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Figure 8.8 Specific basic creep versus time since foading

It is evident from Figure 5.8 that, for each of the aggregate types, the mix with the
lower w/c ratio yielded a lower specific basic creep value. This trend was also
observed in the specific total creep results (above). A comparison of the specific
basic creep curves indicates the order of increasing specific basic creep with the
use of different aggregates to be quartzite, andesite and granite in the case of both
w/c ratios, This trend indicates that, as was the case in the specific total creep
results, no correlation exists between the specific basic creep of concrete and the

stiffness of the uggregate included in the comcrete. Furthermore, the relative



109

positions of the curves in Figure 5.8 differ from the findings of Davis and
Alexander (1992) which indicate the total creep with the use of these aggregates to

increase in the order granite, quartzite and andesite.

A comparison of the relative positions of the specific total creep and specific basic
creep curves for vach of the w/c ratios (Figures 5.7 and 5.8), indicates only one
difference. This difference is the position of the quartzite curve in the higher w/c
ratio mixes which represents the highest and lowest values in the case of the
specific total creep and specific basic creep, respectively. Note that the specifie
basic creep values of the granite and andesite concretes of each w/c ratio are of a

similar mapnitude,

It should be borne in mind that the measured specific basic creep values
incorporate the magnitude of the inferred autogenous shrinkage strain, The
autogenous shrinkage strains were inferred from data by Alexander (1994b),
pettaining to concrete containing only quartzite aggregates, which were of
magnitudes up to three times higher than anticipated (Alexander, 1998).
Therefore, the accuracy of the specific basic creep values in this research has not

been verified.
554 Comparison of total and basic creep
The specific total creep and specific basic creep strains of the six mixes exhibited

over the six month loading period are shown in Figures G.1 to G.6 in the

appendix.
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For each of the mixes, for the loading period considered, the specifie basic creep
was expressed as a percentage of the specific total creep at each of the apes at
which measvrements were taken, The average of these ratios for eash mix are

given in Table 5.6,

Table 5.6 Average of specific basic creep to specific total creep ratios (expressed

as a percentage) for the six month loading period

Average Specific Basic/Total Creep (%)
Mix Q1 | Mix Q2 | Mix G1 | Mix G2 | Mix Al | Mix A2
25.7 39.2 30.9 39.7 313 43.3

The average specific basic/specific total creep ratio given for mix Q1 in the table
above excludes the data pertaining to one day after loading, as the sealed samples
of this mix indicated the specific basic creep to exceed the specific total creep at
an age of one day after loading by approximately 39 per cent. This observation,
which contradicts the assurped fact that drying always enhances creep, is due to
swelling deformation of the sealed concrete. The swelling is due to the release of
surface tension of capillary water due to the change of vapour pressure above
water menisci in the capillaries (Kovler, 1996). This swelling usually takes place

if the concrete is subjected to drying priot to sealing.

From the data in Table 5.6 it appears that, for the concrete of each aggregate type,
the ratio of the average specific basic to total creep is larger in the case of the
lower w/c ratio mix, This indicates that the drying creep, 8 (t) in equation 2.2, is

less in the case of the lower w/c ratio mixes,
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According to Muller and Kuttner (1996) this is due to the relatively low porosity
of the hardened cement paste of the high strength concrete, in comparison with the
low strength concrete, which affects (reduces) the diffusion properties of the
concrete. In addition, in the case of both wic ratios, the drying creep of e
concretes comprising the three different aggregates increases in the order andesite,

granite and quartzite,

555  Correlation of secant modulus of conerete and creep strain

The relationship between the specific creep values at 168 days and secant modulus

of each concrete mix at the age of loading (28 days) is shown in Figure 5.9.
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Figure 5.9 Relationship between specific creep at 168 days and secant modulus

of concrete at 28 dayy
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With reference to Figure 5.9 it is evident that no correlation exists between the
secant moduli and the specific creep of any of the mixes used. Nevertheless, the
secant moduli used in Figure 5.9 are not accurate, as a difference of one division
on the Demec gauge (which is equal fo 17 wicro-stiain) could alter these values by

a difference ranging from 0.89 to 2.05 GPa.
5.6 Conclusions

5.6.1 Shrinkage strains

The results of this research indicate that, for each aggregate type, the specimens
with the higher w/c ratio {0.56) exhil 'ted less drying shrinkage than those with the
lower w/c ratio (0.4). Furthermore, no correlation was established between the

drying shrinkage magnitude and the stiffness of the included agpregate.

The autogenous stuinkage sirain values used in this research were inferred from
data by Alexander (1994b). The accuracy of the inferred values was not
determined. Henge, further research is justified to establish the actual autogenous

shrinkage strain magnitudes for the mixes nsed in this project,
5.6.2 Effect of aggregate stiffness on creep strain

At any age after loading, the specific basic creep values (for both w/e ratios) and

specific total creep values for the lower wfc ratio mixes, with the use of the
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different agprepates included in this research, increase in the order quartzite,
andesite and granite. In the case of the specific total creep for the higher w/c
ratios, the values of the concretes made with different aggregates increase in the
order andesite, granite and quartzite. These resuits indicate that no correlation
exists between the creep of concrete and the stiffness of the aggregate included in
the concrete, Furthermeore, the correlation between relative creep and agpregate
stiffness indicated that the creep of concrete increased with ¢+ “easing stiffness of
the included apgregate. This trend is opposite to correlations established by Rusch
et al,, (1962) and The Concrete Society (1974), on the basis of an aggregate
stiffhess range pgreater than that used in this research, However, the
abovementioned relationships indicate the creep of conerete to be relatively
insensitive to aggregate stiffness in the case of apgregates with a modulus of

elasticity in excess of approximately 70 GPa.

The abovementioned conclusions appear to be attributable to the sivess stiain
behaviour of the aggregate/paste interfacial zone. Consideration of the behaviour
of the interfacial zone, which is Jependent on bond strength and density of this
zone, is of significance and should not be overlooked by assuming that concrete is
a two phase material (Nilsen and Monteiro, (1993), Alexander, (1991), Alexander
and Davis (1992), Alexander (1993b) and Mindess and Alexander (1995)).
Therefore, in this research the measmyed creep that was assumed to have taken
place in the paste may have included the magnitude of strains which occurred at
the interfacial zone, This important phenomenon was reiterated by Alexander

(1997), According to Alexander and Milne (1995), the size of the interfacial
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region and perhaps the bonding of the aggregate to the matrix may be influenced

by the hydrophobic or hydrophilic nature of aggregates,

5.6.3 Comparisen of results with those of Davis and Alexander (1992}

The relative magnitudes of concrete creep with the use of different aggregates,
obtained for the mixes in this research (see Section 5.6.2), are in disagreement
with the outcome of research conducted by Davis and Alexander (1992) on creep
of concretes with various aggregates, including those used in this research, which
shows concrete cresp with the use of these aggregates to increase in the order
granite, quartzite and andesite, These disagreements appear fo be mainly due to
the possible inaccuracy of the findings of Davis and Alexander (1992), resulting
from a number of data adjustments, and to a lesser extent due to variations in the

properties of aggregates from the same source, as discussed below.

Adjusimentis to data used by Davis and Alexander (1992)

The creep data analysed by Davis and Alexander (1992) was sapplicable to
concretes with aggregates from 23 different sources which had different test
variables and hence a number of adjustments were made to the data before it could
be compared directly in order to establish the relative creep values. These
included:

e adjustments to account for different ages of loading, w/c ratios and cement

types
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extrapolation to obtain the creep at an age of five years after loading

normalisation to account for effects due to differences in paste volumes

adjustment of cresp values such that their mean was equei to the value
predicted uging the BS 8110 method at 5 years, assuming a c.mmon age of
first loading of one year

+ the relative creep of concretes of each aggrepate type was determined relative

to the mean.

Varintions in aggregales from the sanie source
Generically similar aggregates from different geegraphical regions, within South
Aftica, and also within a particular quarry may vary in their mineralogical,

petrological and physical properties (Alexander, 1990).

5.6.4 Effect of secant modulus of concrete at age of loading on creep

For all the mixes considered, no correlation was established between the secant

modulus of the concrete at the age of loading (28 ¢ays) and the specific creep

values ai 168 days after loading.
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CHAPTER 6
COMPARISON OF MEASURED ANDI PREDICTED

CREEP STRAINS

6.1 Introduction

The creep prediction methods reviewed in Chapter 3 were used to predict the
specific total creep (basic and dxymg creep) as well ag the specific basic creep
strains, at the same ages at which measurements were taken (see Section 4.4.2),
for the concrete of each of the six mixes used in this investigation. The values of
the intringic and extrinsic factors pertaining to the test specimens and their
environment were used as the values for the relevant factors required as input by
the different prediction methods. The measured and predicted values are
compared and discussed in Section 6.4. These results are in turn compared with
the results of other research projects where experimental and predicted creep

values were compared, in Section 6.5.

The measured specific total creep and specific basic creep values recorded on the
concrete specimens of each of the six mixes since the time of loading are shown in

Tables 5.1 to 5.3 in Chapter 5.
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The empirical factors as well as other variables used in each prediction method are
given in Tables H.1 to H.18 in Appendix H. The measured and predicted total
creep coefficients and basic creep coefficients, for different times under load, for
each of the six mixes are given in Tables 1.1 to 1.6 in Appendix I. The measured
and predicted specific total creep and specific basic creep valies, for the concrete
of each strength grade for each of the aggregate types investigated, are given in

Tables J.1 to 1.6 in Appendix J.

Specific creep values were used for comparative purposes and not creep
coefficient (¢) values. The reason for this is that the ¢ value and elastic modulus
(E) value are both considered in the calculation of the predicted creep in all the
design code models included in this investigation and the different models do not

l] prescribe the sarme equation for the estimation of E,

6.2 Assumptions Made in Analysis

6.2.1 General assumptions

Absence of reinforcement

All the prediction methods used are applicable to plain (unreinforced) concrete. It
has however been shown that the creep in concrete members with symmetrically
distributed reinforcement is relatively less than that of identical unreinforced

members (Troxell et al., 1958 and Lambotte et al., 1983).
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Elastic modnli values of concrete

With the exception of the RILEM Maodel B3 (1995}, all the models reviewed in
Chapter 3 express creep strain as the product of the elastic deformation of the
concrete (usually at the time of loading) and the creep coefficient. Therefore, the
magnitude of the elastic modulus of the concrete has a significant influence on the

predicted creep values.

The elastic modufi used in the creep predictions were determined in accordance
with each method, It should be noted that the AS 3600 (1988) method also makes

provision for the use of an elastic modulus of the concrete determined by testing,

The BS 8110 {1985) method specifies the use of only characterisiic strength as the
basis for determining elastic modulus. The CEB-FIP {1978) and CEB-FIP {1990)
methods make provision for the determination of the elastic moduli on the besis of
characteristic or actval concrete strength. In this investigation, the mean value of
the actual compressive strength of the concrete prisms of each mix, at 28 days,

was used for the prediction of elastic moduli.

With the exception of the BS 8110 (1995) method, all the creep prediction
methods included in this investigation prescribe that the 28 day compressive
sirength of the concrete, used to calculate the elastic modulus (E), should be
determined on cylinders. Therefore, where the cylinder strengths were required, -
the 28 day compressive strength values determined on 150 mm cubes were

reduced to their equivalent cylinder strengths in accordance with the conversions

given in Table 3.5, which derives from the CEB-FIP (1990) Model Code.



119

Relative rumidity and temperature values

In the caleulation of specific total creep, using methods that account for the
relative humidity of the ambient environment, variations in relative humidity were
ignored and a constant value of 65 per cent was assumed throughout. The reason
for this is that the relative humidity in the creep testing room was maintained at
6545 per cent and was only recorded at times when readings were taken,
Therefore, it would be incorrect to assume that the relative humidity values that
were recorded when readings were taken prevailed during the periods between
readings. A relative humidity of 100 per cent was used in the basic creep
predictions. Where the actual terperature was required by a prediction method, a

temperature of 23 °C was used.

6.2.2 Method specific assumptions

Assumptions and comments specific to each method used are discussed below,

BS 8110 (1985)

The elastic moduli were detetmined using equation 3.4 and design values (Tables

Al and A.2) which were established by Davis and Alexander (1992},

The effective section thickness of the test specimens was 50 run, Therefore, the
lowest section thickness of 150 mm was used when determining the creep

coefficient for total creep from Figure 3.1,
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As mentioned in Chapter 3, this method enables the estimation of the final (30
year) creep strain (g.) of which 40 %, 60 % and 80 % may be assumed to develop
during the first month, 6 months and 30 months of loading, respectively.
Therefore, in order to predict the creep strain at the ages at which measurements
were taken on the samples included in this investigation, equation 6.1 which was
developed by Margquey (1992) was used. This equation was obtained from a linear

regression of % creep and log (t-1).

% of final creep = 100[0.257906(log1o (t-1)) + 0.028622] for (t-r) = 1 day  (6.1)

where,

(1) = age since loading (days)

Two sets of creep values were predicted for each of the mixes, one excluding and
the other including the relative creep coefficients devived by Davis and Alexander
(1992). In this chapter, the former and latter procedures are referred to as the BS

8110 (1985) method and the BS 8110 (1985) - Modified method, respectively.

ACT 209 (1992) method
As the actual air content in the samples tested was not known, the correction
factor for air content (ys) was assumied to be equal to the minimum allowable

value of 1.0. Tt should be noted that a value of 1,0 is yielded for air contents jzss
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than eight per cent. In any event, these correction factors are normally not
excessive and in most cases tend to offset each other, they are therefore often

neglected for design purposes (ACI 209, 1592),

AS 3600 (1988)

This method is intended to apply to structures with a characteristic compressive
strength at 28 days within the range of 20 to 50 MPa, For this reason, this method
was only applied to predict creep strains for various ages after loading for the low
strength grade concretes of the aggregate types included in the investigation (i.e

mixes Q1, Gl and Al).

The basic creep factors were obtained by linearly interpolating between the values
given in Table 3.3, For the purposes of the basic creep predictions, the
hypothetical thickness (ty) used for the determination of the creep factor

‘coefficient (k;) was assumed to be the maximum of 400 mm.

CEB-FIP Model Code (1978)

The CEB-FIP (1978) method preseribes an adjustment tu the age at which e
preciction is made in cases where the curing temperature of the concrete is
significantly different from 20 °C. This adjustment was not implemented as the

concrete was cured at a temperature of 22 4 1 °C,
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CEB-FIP Model Code (1990)

When calculating the notional creep coefficient {¢g), the age of concrete at Joading
(to) substituted into equation 3,52 to determine P(to} was not adjusted to account
for the effect of elevated or reduced temperatures on the maturity of the concrete,
as the prevailing temperature was assumed constant for all the predictions,
Furthetmore, the value of tp was unaffected by the second possible adjustment

which accounts for the effect of cement type.

RILEM Model B3 (1995)
During the application of this method the cross-section shape factor (ko) for the

test prisms was taken to be that prescribed for an infinite square prism (1.25).

6.3 Statistical Techniques Employed

6 l3 L] 1 T'Test

The paired (two-tailed) t-Test was applied to paired data valucs to determine
whether the two samples are likely to have come from the same two underlying
populations that have the same mean (Moroney, 1984, Cohen, 1991 and Spiegel,
1992). Where applied, the null hypotiesis was assumed (ie. any observed
differences are due to fluctuations within the same population). The five percent

significance level was decided upon.



123

The probability calculated is associated with the Student’s t-Test. The
significance levels established () indicate the probability that the magnitudes in
the paired readings arose by chance. Therefore, probability values exceeding five
per cent indicate that the discrepancies in the paired values are not significant, It
should be borne in mind that, in the statistical sense, the result ‘not significant’ is
not so much a complete acceptance of the null hypothesis but rather an outcome of

*significance of difference not established’.

6.3.2 Coefficient of variation of errors

The coefficient of variation of errors (w;) was initially defined in Part VI of Bazant
and Panula (1979) and subsequently used by Bazant et al., (1991a & b and 1992a,
b & c), Bazant et al., (1993) and RILEM Model B3 (1995) 1o quantify the extent
to which predicted creep values at different ages after loading deviate from the
values nwasul_‘ed af the relevant ages. The more accurate the predietion, the lowsr

the value of ),

The coefficient of variation of errors (m;) was used to quantify the extent to which
predicted creep values at different ages after loading (determined by applying a
particular model) deviate from the values measured at the relevant ages on the
specimens of a particular concrete mix. This coefficient is expressed as a

percentage and is defined by the following equations:
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@y = {[Z A%/(n-11 (62)
in which

Ji= 5 Ty 6.3)
where,

o = coefficient of variation for data set j

Ay = the deviation (vertical) between the measured and predicted

value for data point i on data set j
Xy = the measured values (labelled by the subscript i) of specific
creep in the data set numbe - j

n = the total number of data prints in the set
The overall coefficient of variation (@n) was used to estimate the average (pooled)

coefficient of variation of a number of independent coefficients of variation, as

follows:

[127] R [EjmffN] ” (6.4)

where,

N = the numbe: sets considered
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6.4 Discussion of Results

6.4.1 Elastic moduli of concrete

All the creep prediction models applied in this investigation include an empirical
equation for the prediction of the elastic modulus of the concrete, which usually
takes the 28 day compressive strength of the concrete into account (see Chapter 3),
This equation is identical for the ACI 209 (1992) and AS 3600 (1988) methods
(Pauw, 1990). In the case of the RILEM Model B3 (1995), the predicted elastic
modulus is used in the calculation of the compliance function for additional creep
due to drying (Cat, 7, t5)) and may be used to calculate the creep coefficient (¢)
from the relevant compliance function, Cqft, ) or Calt, 7, t,) from equations 3.59
or 3.67, respectively. However, in the case of all the other creep prediction
models reviewed in Chapter 3, the predicted creep strain is directly dependent on
the value of predicted elastic modulus, Therefore, the predicted elastic modulus is

significant in the prediction of creep.

Figure 6.1 shows the elastic moduli predicted for each mix according to the
different creep prediction methods and the average measured elastic modul of the
prisms of th six mixes (measured at 28 days after casting). The average of the
meagured values was taken as the average of all the values measured on the sealed

and unsealed prisms of each mix,
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Figure 6.1 Measured and predicted elastic moduli valnes at 28 days after casting

The measured and predicted elastic moduli corresponding to the predicted values
are given in Table 6.1, The statistical parameters at the bottom of the table pertain
to the elastic moduli valnes of each mix {columns} and the t-Test results pertain to
paired comparison of the measured values and the predicted values determined by

each of the methods (rows).

It is evident from Table 6.1 that a relatively larger variance ocourred in the values
predicted for the lower w/c ratio mixes (Q2, G2 and A2) in comparison with +e
higher w/c ratio mixes, Furthermore, in the case of both w/o ratio mixes, the
variance of the predicted elastic moduli with the use of different aggregates

increases in the order quartzite, granite and andesite.



Table 6.1 Measured and predicted modulus of elasticity values for different concrete mixes

| Elastic Modulps of Concrets (GP2) T-Test Resulis

METHOD Mix Q1 MixQZ | MxGl Mix G2 Mix Al Mix A2 |Differemce |Level of Significance
Significant ? P (%)

MEASTURED 258 34.0 278 28.9 36.7 409

‘Emlcrm

BS 8110 (1985) - modified 318 43.0 27.6 33.0 38.6 43.8]  Yes 3.1

ACI 209 (1952) and AS 3600 (1928) 27.7 37.5 28.1 375 354 451} Ne 9.9

- FIP {1970) 32.5 44,1 33.1 44.1 369 470}  Yes 1.7

(CEB - FIP {1978) 295 361 208 361 321 37.7 No 531

- FIP (1950) 311 38.0 31.4 38.0 338 37 Mo 159

RILEM Model B3 (1695) 259 35.1 26.4 35.1 29.4 375 Mo 68.2

Avesaga 208 39.0 204 373 34.3 418

Stamdard Deviatior: 255 3.69 2.52 3.75 334 405

Variance 6.53 13.63 637 1417 11.14 15.40

el
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Accordiqg to the t-Test results shown in Table 6.1, the discrepancies between the
measured and predicted elastic moduli values, for the different mixes, were only
significant in the case of the BS 8110 (1985) - modified method (P = 3.1) and the
CEB-FIP (1970) method (P = 1.7). Figwre 6.1 indicates the abovementioned
significant differences to be atfributable to the general over-estimation of elastic
moduli values for each mix. The RILEM Mlodel B3 (1995) yields the most

accurate predictions (P = 68.2).

6.4.2 Rapid initial fiow

As mentioned in Section 3.2.6, the CEB-FIP (1978) method enables the separate
calculation of the reversible delayed elastic strain and irreversible flow
components of the creep coefficient at any age t. The flow component is sub-
divided inte a component representing flow during the first 24 hours under load
(rapid initial flow, Ba(z)) and a subsequent flow component.

The predicted and measured specific rapid initial flow creep values, for the six
mixes included i the investigation, are given in Table 6.2, As the calculation of
Ba(t) does not consider whether moisture exchange between the concrete and toe
ambient environment is permitted, the measured value for each mix was taken as
the average of the values measured for all the specimens (sealed and unsealed) of

that mix.,
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Table 6.2 Measured and predicted specific rapid initial flow values

[ Spocitio Rapid Luitil Flow
: (x10E-6/MPa)
_Mensuren | Predicted

Q1 7.92 8.54
Q2 5.40 6.99'
Gl 10.41 8,49
G2 729 699
Al 6.03 7.92
A2 5.42 6.71
Differenice
Sipnificant ? No

‘[Level of Significance
P (%) 40,8

A t-Test conducted or the measured and predicted values in the above table

indicated that the difference between the paired values is not dgnificant (P = 40.8).

6.4.3 Total ereep strain -

The measured and predicted specific total creep values, for the concrete of each

strength grade for each of the aggregate types tested, are included in Tables 1.1 to

J.6 in the appendix and shown in Figures 6.2 to 6,7, The statistics of the etrors of

each model in corparison with the test data are presented in Table 6,3,

Table 6.3 Coefficients of variation of errors {expressed as a percentage) of creep

predictions for various models
Prediction Method Coeﬂiéiants of Variation (@) 0
Mix Q1 | Mix Q2 | Mix G1 | Mix G2 | Mix Al | Mix A2
BS 8110 (1985) 53.8 27 40.1 20,5 59.3 40.2 42.5
BS 8110 (1985) - MODIFIED 572 2z 50,7 44.5 474 258 46,1
ACT 209 (1992) 52.6 36.3 45.7 45,1 60.3 58.4 50.5
AS 360D (1988) 125 13.4 472 20.2
CEB - FIP (1970) 18.0 3.0 159 12.3 13.9 99 18.0
CEB - FIP (1978) 660/ 148.6 539 95.1 656 1128 96.1
CHB - FIP {1990} 32,7 i9.8 27.7 312 38.6 383 32.2
RILEM Model B3 (1995) - #5.5 20,2 33.0 219 45.3 32,6 35.6
o 46.0 62,6 39,4 46.4 49,8 54.8
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Figure 6.2 Mezasured and predicted specific total creep versus time since loading
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Figure 6.3 Measnred and predioted specific total creep versus time since loading

for mix Q2 specimens



131

= MEASURED —=—BS 8110 (1985
=i B8 8110 5198 -MODIFIFDD —%—ACJ209 51992}
—&—AS 3600 193% ~—&— CEB-FII’ ?.97
~&O— CEB-FIP (197 FIP 19903
—b&—RILEM el B3 (1995)
140
120
N ,
' 100
S = .
3 E
B — Y- ] .
S 6o}
N
&
20

0 20 40 60 80 100 126 140 160 180
Time Since Loading (Days)
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Figure 6.5 Measured and predicted specific total creep versus time since loading

for mix G2 specimens
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From Figures 6.2 to 6.7 it is clear that for all six mixes, for the loading period
considered, the CEB-FIP (1978) method overpredicted the specific total creep
yielding an overall coefficient of variation {c,) of 96.1. The average
overprediction. yielded by the CEB-FIP (1978) method for each of the mixes lies
within the range of 49 to 155 per cent higher than the measured values,

Furthermore, the degiee of over prediction increased with time since loading,

The CEB-FIP (1970) method generally underpredicted the specific total creep at
earlier ages (within the first eight days after loading) and then yielded
overpredictions, the extent of which decreased with time, for the remainder of the
period considered, For the six mixes, the overprediction at 168 days after leading
ranged from 0.3 to 21 per cent, The remaining cresp prediction methods generally

underpredioted the specific total creep.

A comparison of aIl the underpredicted values revealed the following:

o TIn the cass of the both the QI and Gl mixes the most and least acourate
predictions were yielded by the AS 3600 (1988) method and BS 8110 (1985) -
Modified method, respectively. However this trend is not applicable in the case
of the other mix with w/c ratio of 0,56 (i.e, mix Al) where the CEB-FIP?
(1990) method ylelded the most acourate and the ACI 209 (1992) the least

aocurate predictions,
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o For the mixes with the w/c ratio of 0.4 (mixes Q2, G2 and A2) no particular
method yielded the most accurate prediotions. However, the ACI 209 (1992)

yielded the least accurate prediction in all three of these mixes.

e The accuracy of the predictions at any time after loading was greater in the
case of the concrete with the lower w/e ratio mix of each aggregate type, in

comparison with the higher w/o ratio mix of that aggregate type.
On the basis of all the predictions the following was concluded:

Only in the case of the andesite concretes did one method, the CEB-FIP (1970),

yield the most acourate predictions for both w/o ratio mixes,

The methods that yielded the most accurate prediction, greatest overprediction and
greatest under prediction {on average) were the CEB-FIP, 1970 (0. = 18), CEB-

FIP, 1978 (0. = 96.1) and the ACI 209, 1992 (@ = 50.5), respectively,

Referring to the discussion on the predicted elastic moduli values {Section 6.4.1), if
the CEB-FIP (1970) did not overpredict the elastic modulus for all six mixes, the
extent of overprediction of specific total creep would be larger and hence this
method would be legs acourate. Therefors, a isuming that the elastic moduli values
predicted by the different methods were accurate, the creep coefficients yielded by

the CEB-FIP (1978) would have to be lower in order to result in more accurate
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predicted specific creep values, Similarly, the creep coefficients of all the methods
that underestimated specific creep (exclnding the RILEM Model B3, 1995) would

need to be higher to itaprove the accuracy of these methods,

The above results also indicate that the acouracy of the predictions did not increase
with the complexity of the method used. In particular, this is evident in the case of
the CEB-FIP (1978) and CEB-FIP (1970) methods, where the former method is a
relatively complex method qnd yielded the least accurate overall results, whereas

the latter method yielded the most accurate overall results,

An inerease in the number of variables accounied for by a prediction method (see
Table 3.1) does not necessarily incredse the accuracy of the predicted velues. ‘This

was observed in the case of the ACI 209 (1992) methed.
6.4.4 Basic creep strain

The measured aud predicted specific basic creep stiains, for the concrete of each
strength grade for each of the aggregate types investigated, are inclnded in Tables
1.1 to J.6 in Appeadix J and shown in Figures 6.8 to 6,13, The statistics of the
errors of each model in comparison with the test data are preseated in Table 6.4,

which is located after the abovementioned figures.
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Table 6.4 Coefficients of variation of exrors (expressed as & percentage) of basic

creep predictions for various models

Prediction Msthod Coefficients of Variation (n) tyy
Mix Q1 | Mix Q2 | Mix G | Mix G2 | Mix Al | Mix A2

BS B110 (1985} 2.9 72.3 49,2 48.8 54.4 303 36.6
BE 8110 (1985)- MODIFIED 68.5 64.9 8.2 25.0 52.2 46.9 52,9
ACI 209 (1592) 67.2 529 35.0 18,3 511 289 459
AS 3600 (198B) 70.8 Si.1 114.0 96.0
CEB - FIF (1970) Bl.4 60.1 3.2 18.0 443 251 48.2
(CEB - FIP (1978) 17,1  218.}| 1074 1151| 1i4.8] 1273| 1478
CEB - FIP {1990} 378 358 63.9 58.0 788 62,0 60.7
RILEM Mode] B3 {1995) 188.3 193.2| 124.4 989 114.7 08.2] 141.9
0 105 3 120,7 76.8 65.6 83,5 69.8)

The following is evident from Figures 6.8 to 6,13 and Table 6.4.

s The predictions are more accurate for the lower w/c ratio mix of each

aggregate type. This is as a result of the relatively lower measured specific

basic creep rate in the case of the lower w/c mix of each aggregate type.

» The CEB-FIP (1990) and AS 3600 (1988) methods generally underpredicted

the specific basic creep values at all ages. Note that the AS 3600 (1988)

method was not applied to predict values for the lower w/c ratio mixes (0.4).

¢ The CEB-FIP (1978) method overpredicted the specific basic creep for all six

mixes and was the Jeast accurate method, yielding the highest overall

coefficient of variation (@ = 147.8). This method also yielded the lowest

overall coefficient of variation for the specific total creep predictions,
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‘When considering the values predicted by the different methods for all six
mixes, the ACI 209 (1992} method yielded the best overall predictions (o =

45.9).

The RILEM Model B3 (1995) overpredicted the specific basic creep at all ages

in five of the sbx mixes (mix Al exclzded),

In the case of five of the mixes (mix Q2 excluded), the applcation of the ACI
209 (1992) method resulted in the overprediction of the specific basic creep at
earlier ages and underprediction at later ages. This trend was also applicable to
predictions made by the BS 8110 (1985), BS 8110 (1985) - modified and the

CEB-FIP (1970) methods for a minimum of four mixes per method,

The lowest coefficient of variation for both w/e ratio mixes of each aggregate
type for the quartzite, granite and andesite was yielded by the CEB-FIP {1990},
ACI (1992) and CEB-FIP (1970) methods, respectively. These results indicate
that one particular method is best suited for predicting the specific basic creep
of concrets contaiming quartzite or granite or andesite, However, this does not
imply that all the prediction wethods are generally more accurate for concrete

containing a particular aggregate type.

With the exception of the specific basic creep versus time curve corresponding

to the values predicted by the BS 8110 (1985) and ACI 209 {1992) methods,
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the relative positions of the other curves are generally identical for all six
mixes. These positions do not correspond with those of the same methods for
the specific total creep versus «i.ne since loading relationships (see Figures 6.2

t0 6.7).

In conclusion, a comparison of the measured versus predicted results for the
two wic ratios of each aggregate type revealed that no particular trend was

attributable to the agpregaie stiffiess or type.

As was the case in the specific total creep predictions, the accuracy of the
specific basic creep predictions did not increase with the complexity of the
method used. This is evident in the overall coefficients of variation yielded by
the CEB-FIP (1978) and the RILEM Model B3 (1995) methods which were
much higher than the overall coefficient of variation yielded by the relatively

simple CEB-FIP (1970) method.

6.5 Comparison of Results Obtained with Results of Other

Investigations

6.5.1 Davis and Alexander (1992)

The BS 8110 (1985) creep prediction method does not make it possible to predict

structural deformations with much precision (Davis and Alexander, 1992). This is
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confirmed by the results of this investigation where neither the SABS 8110
(1985} methed nor the SABS 8110 (1985) Modified method yielded the most
accvate predicted specific total creep or specific basic creep for any of the six
mixes. Only in the case of the specific total creep predictions for the andesite
concretes {mixes Al and A2) did the SABS 8110 (1985) Modified method yield

more accurate results than those predicted by the SABS 8110 {1985).

With regard to the specific basic creep values, the BS 8110 (1985) Modified
method yielded a lower coefficient of variation than the BS 8110 (i985) method

for all the mixes except mix A2,

As the measured specific total creep values were calculated (using equation 5.3)
from the strains recorded on the test specimens, their degree of accuracy was
assumed to »» greater than the “measured * specific basic creep values which were
affected by the inferred autogenous shrinkage strain values (see equation 5.4).
Revised relative creep coefficients (o be applied with the BS 8110 (1985)
method) were calculated for each of the aggregate types included in this
investigation from the measured and predicted specific total creep values for each
of the mixes. The revised coefficients were determined for each w/c ratio of each
aggregate type (i.e each mix) by taking the average of the factors by which the
predicted values at the various ages of that mix must be multiplied in order to
obtain the measured value. These coefficients are given together with fhe
corresponding coefficients determined b, Davis and Alexander (1992) in Table

6.5.
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Table 6.5 Relative creep coefficients for different aggregate fypes

Apgregate Relative Creep Coefficients
Type According to Davis Revised
fand Alexander (1992} w/c=0.56 | w/c=0.40 |Average for
both wic ratios
Quartzite (Ferro) 0.95 161 1,36 1.49
Granite (Jukskef) 0.74 1.86 1.48 1.67
Andesite (Eikenhof) i19 159 1.55 177

The relative creep coefficients established by Davis and Alexander (1992) indicate
that the creep values predicted by the BS 8110 (1985) method for conciste
‘ containing quartzite (Ferro) or granite (Jukskei) aggregates should be reduced.
The results of this investigation indicate that the values predicted by the BS 8110

(1985) method should be increased for these aggregates.

The magnitude of the average revised relative creep coefficients (in Table 6.5)
indicates that the general inaccuracy of the IS 8110 (1985) method in comparison
with some of the other methods is probably due to more than the stiffress of the
aggreg.;e type. This method does not account for a number of secondary
variables such as temperature, curi o conditions, cement content and w/e ratio

(Davis and Alexander, 1992).

On the basis of the results in the above table and in view of the fact that only three
aggregates were included in this investigation, further research is justified to either
re-define the relative creep coefficients which were introduced by Davis and
Alexander (1992) or confirm those given ia Table 6.5. However, such resea.ch

may not indicate an improved accuracy of the BS 8110 method, in comparison to
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other existing methods, in situations where the intrinsic and/or extrinsic variables

differ significantly from those pertaining to the tests conducted in this project.

It is therefore recommended that the BS 8110 (1985) method which was
incorporated in the SABS 0100 (1992) be replaced by one of the other existing

methods or by a newly developed model. The former option would be preferable,

6.5.2 RILEM Data Bank

In the justification of the RILEM Model B3 (1995), comparisotis were made
between the coefficients of variation of errors (m;) for specific creep at drying
(total) and specific basic creep predictions for the RILEM Model B3 (1995), the
ACI 209 (1992) and the CEB-FIP (1990) methods (RILEM Model B3, 1995), The
data used in these comparisons derived from the RILEM Data Bank, which was
compiled by subcommittee 5 of RILEM Committee TC-107 {1995), comprising
approximately 15 000 data points from various laboratories around the world. The

drying (total) creep and basic creep comparisons are discussed below.

Total creep
The coefficients of variation for the specific total creep comparisons are given in

Table 6.6,
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Table 6.6 I oefficients of variation for specific total creep predictions for the
RILEM Model B3 (1995), ACI 209 (1992) and CEB-FIP (1990)

methods (after RILEM Mode] B3, 1995)

Test Coefficients of Variation ()
Data RILEM | AC1209 | CEB-FIP
Model B3 | (1992) {1990}
(1995)

Hansen and Mattock (1966) 5.8 32, 1.9
Keeton (1965) 314 46,3 379
Troxell et al., (1958) 5.9 33.0 7.9
L'Hermite et al., (1965) 14.0 55.8 25.5
Rostasy ct al,, (1972) 6.5 209 14.8
York et al., {1970) 5.8 42,1 45,1
McDonald (1975) 10.9 404 389
Hummel et al., (1962) 153 46.2 246
L'Hermite and Mamillan (1970) 20,6 6.5 15.2
Mossiogsian and Gamble (1972) 113 7417 308
Maity and Meyers (1570) 62.8 45,9 83.7
Russel and Burg (1993) 107 41,2 19.1
0, 23.1 46.8 355

From Table 6.6 it is evident that the overall coefficients of variation for the three
models increase in the order Model B3 (1993) (@ = 23.1), CEB-FIF (1990) (0
= 135.5), and ACY 209 (1592) (wou = 46.8). The total creep resulis for the presant
investigation (Table 6.3) are in disagreement with the above relative order in that
the CEB-FIP (1990) method yielded a lower value (@) = 32.2) than the Model B3
{wan = 35.6). This disagreement may be atiributable to the fact that the RILEM
data bank does not include daia for South Afican concretes. The relative
magnitude of the overall coefficients of variation, with the three prediction
nethods, established in this investigation is in agreement with that obtained by

York et al., (1970) and Maity and Meyers {1970) in Table 6.6.
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However, the results of this investigation agree with the findings presented in

Table 6.6 in the following two aspects:

« the values predicted by the ACI 209 (1992) method in this investigation also
yielded a relatively higher overall coefficient of variation (o = 50.5) in

comparison with the other two methods and,

s the overall coefficient of variation for the CEB-FIP {1990) and ACI 209

(1992) are of a similar order of magnitude in the two sets of results compared,

Basic creep

The coefficients of variation for the specific basic creep comparisons are given in
Table 6.7. It is evident from this table that the overall coefficients of variation
pertaining to basic creep for the three models increase in the same order as the
overall coefficients of variation for drying creep (i.e, Model B3 (1995), CEB-FIP
(1990) and ACI 209 {1992)). The basic creep results of this investigation (Table
6.4) indicate an opposite trend to that described above, with the overall
coefficients of variation ol the three relevant methods increasing in the order ACT
209 (1992), CEB-FIP (1990) and Model B3 (1995). In addition, a large
discrepancy exists between the magnitude of the overall coefficient of variation
obtained by each method in this investigation and that obtained Ty the

corresponding method on the basis of the RILEM data bank,
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Table 6.7 Coefficients of variation for specific basic creep predictions for the
RILEM Model B3 (1995), ACI 209 (1992) and CEB-FIP (1990)

raethods (after RILEM Model B3, 1995)

Test Coefficients of Variation (@)
Data " RILEM | ACI209 [ CEB-FIP
Model B3 | (1992) | (19%0)
(1995}
Keeton (1963) 19.0 37.5 42.8
Kommendant et ak,, (1976) 153 318 3.1
L'Hermitc 4t al., (1965) 494 1334 66.2
Rostasy et al,, (1972) 152 476 5.0
‘Troxeil et al., (1958) 4.6 139 6.2
York et al., (1570) 5.6 319 12.8
McDonald (1975) 6.9 48.4 222
Maity and Meyers (1970) 33.8 30.0 15.7
Mossiossian and Gamble (1972) 18.6 515 473
Harboe et al,, (1958) 14.1 512 311
{Ross Dam)
Browne and Bamforth (1975) 447 47.3 53.3
(Wylla vessel)
Harboe et al., (1958) 2.7 107.8 43.1
{Shasta Dam)
[Brooks and Wainwright (1983) 12.6 149 15.4
Pirtz (1968) (Dworshak Dam) 12,5 582 325
Harboe &t al,, {1953) 333 70.2 569
{Canyon ferry Dam)
Russel and Burg (1593) 15.7 19.3 315
(Water Tower Place)
Hanson (1953) 14,1 63.3 12,1
0 23.6 381 35.0

In view of the above, the basic creep results obtained in this investigation appear
to be questionable. The probable inaccuracy of the basic creep results may be

atiributable to the inferred avtogenous shrinkage values,
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6.5.3 Brooks et al,, (1992)

Brooks et al., {1992) carried out laboratory creep tests on two high strength
concrete prisms (seven day cube strength of 50 MPa). The measured total ereep at
eight months (after casting) was compared to the creep predicted at the same age
using a number of methods including the CEB-FIP (1970), CEB-FIP (1978) and
BS 8110 (1985) methods,

The ratlos of the predicted to the measured straing in the case of the CEB-FIP
(1970), CEB-FIP (1978) and BS 8110 (1985) were 2,35, 1.52 and 1.6,
respectively. Therefore, all the methods overestimated the total creep strain, The
only trend that is in agreement with the results of this investigation is that both the
CEB-FIP (1970) and the CEB-FIP (1978) methods overestimated the creep.
Névertheless, there is no cause for concern, over the differences in results of this
research and Brooks® regearch, as the results of the latier project are based on only
two samples of high strength concrete and many of the intrinsic and/or extrinsic

factors differed from those of the this project.
6.54  McDonald et al., (1988)

McDonald et al, (1988) assessed the accuracy of a number of creep prediction
methods including the CEB-FIP (1978) and AS 3600 (1988) methods, Only total
creep was considered. The experimental data, which was compared to the values

predicted at the corresponding ages by the different models, comprised over 1000
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cata points from 29 creep tests (conducted on Australian concretes) from five

different sources,

The results of this assessment led to the following conclusions:
¢ None of the prediction methods investigated exhibited a consistent trend with

regards to over and/or underprediction.

s The overal] ecosfficients of variation (@ay) yielded by the CEB-FIP (1978) and
AS 3600 (1988) methods were 72.1 and 22.4 per cent, respectively. These
overall coefficients of variation (wa) are in fair agresment with the
coefficients established for the cotresponding methods in this investigation

(see Table 6.3).

6.5.5 Alexander (1986)

Alexander (1986) gives details of an investigation carried out to assess the
accuracy of the C & CA (1979), CEB-FIP (1970), CEB-FIP (1978) and ACI
(1982) creep prediction methods when applied to South African concretes, The C
& CA (1979) and ACI (1982) methods appear to be identical to the BS 8110
(1985) and ACI 209 (1992) methods, respectively. With regards to the C & CA
(1979) method, the procedures described by Alexander (1986) and in this
investigation ditfered in that equations 3.2 and 3.3 were used to calculate the
elastic modulus in the former case as opposed to the application of equation 3.4 in

the latter case,
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The intrinsic and/or extrinsic parameters pertaining to Alexanders’ experimental

specimens are as follows:

e the strength range varied from 1.7 to 56.5 MPa at joe ‘g

¢ OPC was nsed

¢ loading ages ranged from 14 to 74 days

s concrete prisms (102 x 102 x 200 mm) were cured 'n water at a temperature of
20 °C until loading

¢ the ambient relative humidity was maintained at 50 £ 10 per cent

¢ all the measured creep strains were normalise? ™+ 1 paste content of 35 per

cent

The measured and predicted creep strains at 60 days for different stress : strength

ratios are shown in Figure 6.14.
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Figure 6.14 Comparison between measured and predicted creep strains of South

Aftican concretes at 60 days afier [nading (after Alexander, 1986)
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A comparison of the resuits in Figure 6,14 to those obtained for total creep at 60
days after loading in this investigation (Figures 6.2 to 6.7) led to the concltlsion
that the only similarity in the comparison is that the ACI (1992/1982) method and
the CEB-FIP (1970} methods underestimated and overestimated the creep strain,
respectively. Furthermore, the results of this investigation show the extent of
overprediction yielded by the CEB-FIP (1970) to be significantly less than that

established by Alexander (1986).

In conclusion, the results of this investigation generally disagree with those

obtained by Alexander (1986).

6.6 Conclusions

6.6.1 Elastic moduli of conerete

All the creep prediction methods included in this project consider the value of 2
predicted elastic modulus of the concrete in caleulating predicted creep strain, A
comparison of the predicted elastic moduli, determined for each mix by the
different creep prediction methods, with the measured elastic moduli of the
relevant mixes indicated that the differences were only significant in the case of

the BS 8110 (1985) modified method and the CEB-FIP (1970) - ethod.
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6.6.2 Total and basic creep

A comparison of the experimental specific total creep and specific basic creep

values from this investigation with those predicted at the corresponding ages by

the BS 8110 (1985), BS 8110 (1985) - Modified, ACI 209 (1992), AS 3600

(1988), CEB-FIP (1570), CEB-FIP (1978), CEB-FIP (1990) and the RILEM

Model B3 (1995) metheds revealed the following:

Total creep

The CEB-FIP (1978) method overpredicted the specific total creep for all the

mixes;

The CEB-FIP (1970) method generally underpredicted the specific total creep
at earlier ages (within the first eight days after loading) and then yielded

overpredictions;

The remaining creep prediction methods generally underpredicted the specific

total creep;

The accuracy of the predictions at any time since loading was generally greater
in the case of the concrete with the lower w/c ratio mix of each aggregate type,

in comparison with the higher w/c ratio mix of that aggregate type;
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Only in the case of the andesite concretes did one method, the CEB-FIP

{1970}, yield the most accurate predictions for both w/c ratio mixes.

The methods that yielded the most accurate prediction, greatest overprediction
and greatest under prediction (on average} were the CEB-FIP (1970), CEB-FIP

(1978) and the ACI 209 (1992), respectively.

Basic creep
The CEB-FIP (1978) and RILEM Model B3 (1995) methods generally

significantly overpredicted the specific basic creep for all the mixes;
The CEB-FIP {1990) and AS 3600 (1988) methods generally underpredicted

the specific basic creep values at all ages, with the latter being the more

accurate of the two methods;

The remaining methods generally overpredicted the specific basic creep at

earlier ages and underpredicted this value at later ages;

The predictions are more accurate for the lower w/c ratio mix of each

aggregate type;

The methods that yielded the most accurate and least accurate predictions (on
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average) were the ACI 209 (1992) and the CEB-FIP (1978) methods,

respectively,

All the above creep results indicate that the accuracy of the predictions does nnt
increase with the complexity of the method applied or with increasing number of
variables accounted for in the method, Furthermore, none of the observed trends

were attributable to the aggregate stiffness or type.

6.6.3 Comparison of results from this project with results of other

investigations

A comparison of the accuracy of the prediction methods included in this
investigation with the aceuracy determined for some of these methods in separate
research projects by Davis and Alexander (1992), RILEM Data Bank, McDonald

et al., (1988) and Alexander (1986) revealed the following.

Davis and Alexander (1992)

The relative creep coefficients established by Davis and Alexander (1992} indicate
that the creep values predicted by the BS 8110 (1985) method for concrete
containing quartzite (Fetro) or granite (Jukskei) aggregates should be reduced.
The vesults of this investigationi indicate that the values predicted by the BS 8110

(1985) method should be increased for these aggregates.
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The magnitude of the average revised relative creep coelficients indicates that the
general inaceuracy of the BS 8110 (1985) method in comparison with some of the

other methods is probably due to more than the stiffhess of the aggregate type.

RILEM Data Bank

Results from the RILEM Data Bank, comparing the relative accuracy of the total
creep and basic creep predictions yielded by the RiLEM Model B3 (1995), CEB-
FIP (19%0) and ACI 209 (1992) methods showed the accuracy of these methods to
increase in the abovementioned order. The total creep results of this investigation
are in disagreement with the above relative order in that the CEB-FIP (1990)
method yielded 2 more accurate results than the RILEM Model B3 (1995). This
disagreement may be atiributable to the fact that the RILEM data bank does not
include data for South African concretes. However, the agreements in the two sets
of results compared outwsigh the above disagreement, In the case of the sccuracy
of the basic creep predictions, significant disagreement exists between the results
of this investigation and those based on the RILEM Data Bank. Therefore, the
basic creep results obtained in this investigation appear to be questionable. The
probable inaccuracy of the basic creep results may be attributable to the

magnitudes of the inferred autogenous shrinkage values.

Brooks et al., (1992)
Brooks et al., (1992) compared the accuracy of total wreep predictions using a
number of methods including the CEB-FIP (1970), CEB-FIP (1978) and BS 8110

(1985) methods and concluded that the all abovementioned methods
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overestimated the creep strain. This is in agreement with the predictions yielded
by the CEB-FIP (1970) and CEB-FIP (1978) methods in this investigation.
However, differences exist in the degree of over estimation yielded by these
methods in the two sets of data compared, Nevertheless, there is no cause for
concern, over the differences in results of this research and Brooks’ research, as
the results of the latter project are based on only two samples of high strength
concrete and many of the intrinsic and/or extringic factors differed from those of

the this project.

MeDonald et al., (1988)

McDonald et al. (1988) assessed the accuracy of total creep predictions yielded by
a number of creep prediction methods including the CEB-FIP (1978) and AS 3600
(1988) methods, for Australian concretes. The results of this assessment
concluded that the AS 3600 (1988) method was more accurate than the CEB-FIP

(1978) method, This is in agreement with the results of this project.

Alexander (1986)
Alexander (1986) gives details of an investigation carried out to assess the
aceuracy of the BS 8110 (1985), CEB-FIP (1970), CEB-FIP (1978) and ACI

(1982/1992) creep prediction methods when applied to South African concretes.

A comparison of the results of Alexander (1986) with those obtained for total
creep at 60 days after loading in this investigation led to the conclusion that the

only similarity in the comparison is that the ACI (1992/1982) method and the



157

CEB-FIP (1970) methods underestimated and overestimated the creep strain,
respectively. Furthermore, the results of this investigation show the extent of
overprediction yielded by the CEB-FIP {1970) to be significantly less than that
established by Alexander (1986)., The resuits of this investigation generally

disagree with those obtained by Alexander (1986).
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

711 Measured creep strains

Specific creep (creep strain per unit applied stress) values were used for
comparing the creep strains exhibited by the different concrete mixes inciuded in

this investigation. The results of this research revealed the following:

Effect of different w/c ratios on creep strain

For the concretes made with each of the aggregate types, at any age after loading,
the mix with the lower w/c ratio (0.4) yielded a lower specific creep value. This
trend was observed in both the total and basic creep results and is agreement with
the findings of Reutz (1965), Ballim (1983), Smadi et =1, (1987), Addis (1992)

and Fiorato {1995),
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Effect of aggregate stiffness on creep strain
The average elastic modulus values of the guartzite, granite and andesite were

determined as 73, 70 and B9 GPa, respectively.

The creep test results indicated that, in the case of both total and basic creep, the
specific creep of concrete with a particular w/e ratio (for most of the test period)
with the use of different aggregates, generally increased in the order quartzite,
andesite and granite, This indicates that the creep behaviour of concrete
containing aggregate with a relatively high elastic modulus is significantly

influenced by some other property of the aggregate, rather than stiffness,

The specific total creep values at six months after loading were adjusted to
eliminate the influence of different w/c ratios on creep. These results indicated
that a significant positive correlation exists between the specific total creep of
concrete and the elastic modulus of the aggregate used in the concrete. For the
concretes of each agprepate type, the higher the elastic modulus of the aggregate,
the more the relative creep of the concrete. An identical trend was esteblished
using data from Davis and Alexander (1992) for the same agpregates as those
considered in this investigation but pertaining to an age of five years after loading,
These correlations show an opposite trend to those established by Rusch et al,,
(1962) and The Concrete Society (1974), which indicate that the higher the elastic
modulus of the aggregate, the greater the restraint offered by the aggreppte to the
creep of the paste. However, these relationships indicate creep of concrete to be

relatively insensitive to aggregate stiffness in the case¢ of aggregates with a
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modulus of elasticity in excess of approximately 70 GPa {(Rusch et al., 1962 and

The Concrete Society, 1974).

The unexpected abovementioned results appear to be atiributable to the stress
strain behaviour of the aggregate/paste interfacia. ..ue. Consideration of the
behaviour of the interfacial zone, which is dependent on bond strength and density
of this zone, is of significance and should pot be overlooked by assuming that
concrete is a two phase material (Nilsen and Monteiro, (1993), Alexander, (1991),
Alexander and Davis (1992), Alexander (1993a) and Mindess and Alexander
(1995)). Therefore, in this investigation the measured creep that was assumed to
have taken place in the paste may have included the magnitude of strains which

occurred at the interfacial zone,

Comparison of results with those of Davis and Alexander (1992)

The relative magnitudes of concrete creep with the use of different apgregates,
obtained for the mixes in this investigation, are in disagreement with the results of
research conducted by Davis and Alexander (1992} on creep of concretes with
various aggregates, including those used in this investigation. Their results show
concrets creep with the use of these aggregates to increase in the order granite,
quartzite and andesite. These disagreements appear to be due to the analytical
approach of the work of Davis and Alexandar (1992) and to a lesser extent due to

variations in the properties of aggregates from the same source,
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Accuracy of autogenous shrinkage strains

The calculated specific basic creep values for each of the mixes included in the
investigation, for different ages of loading, inciuded a comsideration of the
autogenous shrinkage strain values. As no provision was made for the
measurement of autogenous shrinkage strains, these strains were inferred from the
results of research conducted by Alexander (1994b). The data used for inferring
the autogenous strains were wnusually high, comprising strains of magnitudes
approximately three times higher than anticipated at en age of 360 days
(Alexander, 1998). In addition, this data pertained to concrete containing only
quartzite aggregates. Therefore, the accuracy of the specific basic creep values in

this investigation has not been verified.

7.1.2 Comparison of measured and predicted creep strains

Accuracy of predictions

A comparison of the experimental basic creep and total creep values from this
investigation with those predicted at the corresponding ages for the loading period
considered by the BS 8110 (1985), BS 8110 (1985) Modified, ACI 209 (1992),
AS 3600 (1988), CEB-FIP (1970), CEB-FIP (1978), CEB-FIP (1990) and the

RILEM Model B3 (1995) methods revealed the following:

The creep straing predicted by the different methods vary widely, The specific

total and basic creep values predicted by the different methods for the loading
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period considered (six months) generally indicated the trends that are shown in

Table 7.1, with regards to overpredictions and underpredictions.

It was established that, for all the mixes, the relative positions of the creep versus
time curves for the specific total creep did not correspond with those of the same

methods for the specific basic creep.

In the case of specific total creep, the methods that yielded the most and least
accurate predictions (on average) were the CEB-FIP (1970) and CEB-FIP (1978),
respectively. However, the ACI 209 (1992) and CEB-FIP (1978) methods vielded

the most and least accurate specific basic predictions, respectively.

The following conclusions were established for both the total and basic specific

creep predictions:

¢ The CEB-FIP (1978) method significantly overestimated the specific creep

strain values and was the least accurate method;

» The accuracy of the predictions at any time after loading was generally greater
in the case of the concrete with the lower w/c ratio mix of each aggrepate type,

in comparison with the higher w/c ratio mix of that aggregate type;



Table 7.1 Sun:mary of predicted specific strain magnitudes relative to the measured valoes

Specific Creep Predictions

METHOD Specific Total Cresp Specific Basic Creep

Overpredicted | Underpredicted | Underpredicted| Overpredicted | Overpredicted | Underpredicted | Underpredicted | Overpredicted

then later then later " then Inter then Iater
COverpredicted {Underpredicted Overpredicted | Underpredictad

BS 8110 (1985) X X
B B110 (1985) - modified X X
ACI 209 (1992) X X
AS 3600 {1988) X X
CEB - FIP (1970) X X
CEB - ¥IP (1978) X X
CEB - FIP (1990} X X
EEWMOHBH B3 (1995} X X

£91
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e The accuracy of the predictions does not increase with the complexity of the
method applied or with increasing number of variables accounted for in the

method.

The discrepancies between the results obtained by applying the different models
appear to be due to the large uncertainty in the understanding of creep mechanisms
which has led to the development of empirical models and not due to the failure to

directly account for the aggregate stiffness in these methods.

According to Davis and Alexander (1992) the BS 8110 (1985) method, which has
been incorporated into SABS 0100 (1992), does not make it possible to predict
structural deformations with much precision. This was confirmed by the results of

this investigation.

Furthermore, the magnitude of the aggregate stiffness is not reflected in any of the
trends established and only in the case of the andesiie concretes did one method,
the CEB-FIP (1970) method, yield the most accurate predictions for both specific

total and specific basic creep.

Comparison with resulis of other research projects
A compariéon of the accuracy of the prediction methods included in this
investigation with the accuracy determined for some of these methods by other

researchers indicated the following:
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¢ The results of this investigation showed the relative creep coefficients, which
were established by Davis and Alexander (1992) with the intention of

improving the accuracy of the BS 8110 (1985) method, to be inaccurate;

® The accuracy of the RILEM Model B3 {1995), ACI 209 (1992) and CEB-FIP
(1990) established in this investigation is in fair agreement with the accuracy
established for these models for total creep on the basis of data from the
RILEM Data Bank (RILEM Model B3, 1995). However, significant
disagreem=nt exists when comparing the accuracy of the two sets of resn/ts for

basic creep;

o McDonald et al., (1988) established the accuracy of the CEB-FIP (1978) and
AS 3600 (1988) methods when predicting total creep only. The degree of
accuracy of these predictions is in fair agreement with the results of this

investigation;

¢ The accuracy determined by Alexander (1986) for the BS §110 (1985)
(previously C & CA, 1979 method), CEB-FIP (1970), CEB-FIP (1978) and
ACI (1992/1982) methods is in general disagreement with the results of this

investigatios.
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72 Recommendations for Further Research

721 Influence of aggregate type and stiffness on creep

In order to evaluate the trus influence of aggrepate type and stiffness on both basic
and total creep strain, it is recommended that creep tests be conducted on s.aled
and unsealed specimens and that all the intrinsic and extrinsic factors except for
the aggregate type be kept constant, as performed in this investigation. However,
it is proposed that a constant quantity of condensed silica fume be included in all
the samples to densify the aggregate/paste interfacial zone, thereby obtaining
properties in this zone which are similar to those of the bulk hardened cement
paste in the concrete, Mindess and Alexander, 1995 as well as Alexander and
Milne (1995) found that the inclusion of silica fume in concrete densifies the
interfacial zone between the paste and aggregate resulting in the interfacial 7 -5 ;
being smaller and less compressible than it would have been if only OPC was

used,

Purthermore, in the case of the proposed besic cresp specimens, companion
specimens should be cast (and sealed) for each mix and subjected to the same
environment as the loaded sealed specimens. These companion specimens should
be used for the purpose of recording the autogenous strains at the same times

when total strains are measured on the loaded sealed specimens,
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722 Further verification of the ereep prediction models

The experimental creep results from the abovementioned proposed research
should be compared with those predicted at the coresponding ages by the
methods included in this investigation, in order to estsblish which method
provides the most accurate estimates of creep stain of concrete made with either

quartzite or graniie or andesite aggregates,

Since the BS 8110 (1985) method is incorporated in the SABS 4100 {1992} code,
the relative creep coefficients which were introduced by Davis and Alexander
(1992} to improve the accuracy of the BS 8110 (1985) method, should be re-
defined or confirmed. Should the accuracy of this method not be improved by
further research, it is recommended that consideration be given to replacing the BS
8110 {1985) method in the SABS 0100 (1992) with a more dccurate existing

model, possibly the CEB-FIP (1970) model.

According to R]LEM TC-107 (1995) basic creep and drying creep have different
propetties, originate from different mechanisms and depend on different variables.
Hence basic creep and drying creep (in excess of the basic creep) should be
represented by separate terms in a creep model, which may be added to obtain the
total creep. The RILEM Model B3 (1995) is the only model, of those included in
this investigatior., that is structured in the manner described above. For this
reason, particular atfention should be paid to verifying the RILEM Model B3
(1995) and hence confirm this particular recommendation with regards to.the

structure of creep models.
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APPENDIX A

DESIGN VALUES FOR ESTIMATING ELASTIC
~MODULUS OF CONCRETE

Table A.1 Design values for estimating elastic modulus of concrete for ages from 3 to
28 days (after Davis and Alexander, 1992)

AGGREGATE TYPE D{f 1N VALEES

CAPE . i .
Granite, {Rheebol) _ 21 0,25
Greywacke' *.  (Peninsula} . 24 0,25
(Malmesbury Shale) . ) | o

TM Quartzite - - {Mossel Bay 23 0,25
NATAL . -1 -
Dolerite (Leach and Brown} 20 0,40
Delerite’ {Natal Crushers) 18 0,30
TDolerite (gg:ﬂane} 22 0,40
T™ Quartzite ( mote) 19 0,30
T™ Quartzlte (Veruam) 17 0,25
Tillite {Umlaas Rel} 20 0,35
Siltstone (Leach and Brown 21 0,15
TRANSVAAL '

Andesite (Etkerthof} 29 0,20
Andesite (Vaal) 24 - 0,35

' Dolomite {Sterkfontetn} 25 0,45
Dolomite {Olifantsfonteln) - 24 0,45
Felstte {Middetburg) ‘18 0,35
Felsite © (Zeekoewater) 23 0,30
Granlte {Jukske?) L. F -20 -,20
Granite . (Roodalrans} _ 15 . 0,30
Daspoort Quarizite (Bundu) - 14 0,30 .
Pretorla Quarizite Ferro) 7 0,40
Wits Quartzite {DRD) 19 0,25
Wits Quarizite .Scol?‘ps) : 18 0,25
Wits Quarizite (Viakfontein 22 0,20

Note: Except for felsite, the range of cube strengths for which the above val-
ues are valid Is generally between 20 and 70 MPa, at ages from 3 o
28 days. For strengths less than 20 MPa the expression will not be

accurate, In the case of felsites the expresslon lacks accuracy below
25 MPa. :

The number of tests conducted to determine the above values varled
between 8 and 16. Each test result was the average of at least thres
Individual speclmens.
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Table A.2 Design values for estimating elastic modulus of mature concretes of
6 months or older (after Davis and Alexander, 1992)

AGGREGATE TYPE Dﬁfm VAL;’ES
CAFE - C : : .
Granite _[tgheebﬁ&)) : g&l 0,10
. (Peninsula, 0,20

(Maim sbury Shalg) :

TM™ Quartzite (Massel Bay 34 0,15
MNATAL
Dolerite [Lear:h a.nd Brown) 37 0,20
Dolerite atal Crushers) 29 0,15
Dolerlte g ane] a8 0,15
. TM Quartzite 30 0,15
T™ Quarizite Nerulam) 32 0,10
Tillite Umilaas Re} 29 0,20
Siitstone {Leach and Brownm | 27 0,1¢
TRANSVAAL :
Andesite (Eikenhof} 35 0,20
Andesite gaal} 34 0,25
Dolomite terkiontetn) 53 0,10
Dolomite {Olfantsfontein) 41 0,25
Felsite -(Middelburg) 35 0,10
Felsite ggehoewater) 27 0,25
Granite . ukskel) . 31 6,10
Granite {Roadekrans) - 35 0,10
Daspoort Quartzite Bundu} ' 28 0,15
Pretotla Quartzite (Ferro) : T a1 0,20
Wits Quattzite {DRD) 34 | 010
Wits Quartzlte {Scoops) - .33 0,10
Wits Quartzite - (Vlakfontein 35 9,10

Note The range of cube strengths for which the above values are val!d is
generally between 30 and 90 MPa, at the age of 6 months or later.

The mumber of tests conducted to determine the above values was 4
for each aggregate type. Each test rasult was the average of at least
thiee Individua! specimens.



APPENDIX B

RESULTS OF GRADING ANALYSES ON CRUSHER SANDS
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APPENDIX C

CUBE TEST RESULTS

Table C.1 Compressive strengths of the cubes of the different mixes

Mix No. Compressive Strength Results
' At 7 Days At 28 Days
Individual | Average | Individual | Average
(MPa) | (MPa) | (MPa) | (MPa)
Q1 25.9% 36.0
26.5% 25.6% 37.9 37.0
24 4% 1 371
Q2 49, 7% 64.6
51.2* 50,7+ 65.4 65.3
51,2% 65.8
Gl 24.9 372
24.0 24.4 37.8 377 |
24,3 38.0
G2 48,6 66.3
471 484 64.6 65.2
40,5 64.7
Al 34.3 48.1
334 344 45.6 48,1
354 50.5
A2 594 74.1
55.6 56.9 74,0 3.9
55.8 73.5

* Indicates test results determined at § days.



APPENDIX D

STRAIN MEASUREMENTS RECORDED ON TEST PRISMS

prisms (Mix Q1)

te

Table D.1 Strain measurements recorded on qu

174

m a CREIR"RRRECSEREA
MMMM R ER
m N R R
L] nonﬂuMnnonﬂBﬂﬂﬂ&
g i
m m Joe=R=sRE nRaraRg
’ m " J]essczaczscecsaszas
J®°8saszRasRe8eRsp
. J°°Rs°gR="°KsuRey
mumMQﬂmqwmmmmmmmmmmn
m.mMnmnam»uu;uaMﬂmun
nnmnummnuuumﬂﬂwm
3 "o lTRERFRREEAERETES
i a - -
m Jo33=c"gRzassRI3E4
w B Ak [ -
w IR EAE REREEE LE-E L L
J7HESTRESCARGRRER
- o ~ [ L [=3 =
deEeE=grARc=Engans
mewummmmmmMmmmmwwmm
mmm&nmmnnnannmmﬂmmus
- [} =3 [=
o ﬂ“l””lﬂlMﬂ”ﬂWﬂl
" - nnmmnumnnnawmmumu
| °“ER-eRGERRERIFEEY
m o
m " |egsszzzEceseEgs
b E
LET LR T =g o
a8 E a8 nammnﬂ:m
- & L on ] o
JORERR REFXQRE
5 g R EE L
mm TERSaRARRNAARARARSN

3




quartzite prisms (Mix Q2)

Table D.2 Strain measurements recorded on
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o prisms (Mix G1)

Table .3 Strain measurements recorded on
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prisms (Mix G2)
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Table D.4 Strain measurements recorded on.
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Table D.5 Strain measurements recorded on andestte prisms (Mix Al)
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e pdsms (Mix A2)

Table .6 Sirain measurements recorded on andest
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AUTOGENOUS SHRINKAGE STRAINS

Tabie E.1 Inferred antogenous shrinkage strains

{Mix Alexander| QI Q2 Gl G2 Al A2
(1994b)
Reference
a/c ratio 5,12 5.24 3.50 5.30 3.55 3,73 3.83
Factor (F) 0.98 1.46 0.97 144 0.89 1.34
Days () Autogenous Shrinkage Strain
Euiit i

0 0 0 0 0 0 0 Or
1 12 18 12 18 11 17
2 24 36 24 36 22 33
3 37 54 36 54 33 50
4 49 72 48 72 44 66
5 61 91 60 80 35 83
6 73 109 72 107 66 100
7 85 127 84 125 77 116
10 124 122 181 120 179 110 166
14 138 205 136 202 124 188
21 165 246 163 243 150 226
28 193] = 237 191 283 175 264
30 205 201 299 19¢ 295 182 275
56 249 371 247 366 226 341
100 337 330 492 327 485 300 452
112 339 506 336 499 308 455
140 361 538 338 531 328 494
168 383 570 379 563 348 523
200 416 408 607 404 599 370 557
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RELATIVE CREEP COEFFICIENT DETAILS

Table F.1 Adjusted specific creep values, elastic moduli and relative creep coefficients

Moansured _ Davis and Alexander
MixNo. |Adjusbuent| Specifio Total Creep at 168 Days E Relative B Relative
Faotor Aciuat Adjusted Mean (QPa) Craep {GPn) Cresp
I0E-6/  (xI0E-&/ far
MFs) MPs)  Aggegate
(R10B-6/
MiPa)
[#]1 0.672 86.35¢ 58.638
Q2 1.193 45,733 54,559 56,593 T3 0.2 Fiy 0.96
o1 0.697 80,653 56,215
o2 1.193 51.802 £1.919 59,067 0 0.96 60 0,74
Al 0,830 76,997 &1.157
A2 1.358 51.699 70,207 68,982 8% 112 95 1.19




182

APPENDIX G

SPECIFIC STRAINS OF TEST SPECIMENS
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Figure G.1 Specific strains versus time since loading for mix Q1 specimens
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Figure G,2 Specific strains versus time since loading for mix Q2 specimers



183

120
. ==l Total Craep
100 —— Busic Creep
80 —i

_‘#/‘ﬁ/

Specific Creep
(x10E-6/V[Fa)
1]

(=]

s
g 3

O rhgé&;‘rjw‘/_f/bi"'l . 1 L L I i L L L i 1 1 I
0 20 40 60 80 100 120 140 160 180
Time Since Loading (Days)
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APPENDIX H

VARIABLES USED FOR CREEP PREDICTIONS

Table H.1 Variables used for creep predictions according to the BS 8110 (1985) and BS 8110 (1985) - Modified methods

Variables Mix No.

Q1 Q2 Gl G2 Al A2
o (MPa) 9.25 16.30 942 16.30 12.00 18.47
f., cube (MPz) 37 65 38 65 48 74
K {GP2) 17 17 20 20 29 29
{ox (GPa/MP2) 0.4 0.4 0.2 0.2 0.2 0.2
E (GPa) 318 43.0 27.6 33.0 38.6 43.8
¢* Total 2.4 2.4 2.4 2.4 2.4 2.4
" Basic 1.7 1.7 1.7 1.7 1.7 1.7
&" Total (Modified) 2.28 2.28 1.78 1.78 2.86 2.86
&" Basic (Modified) 1.62 1.62 1.26 1.26 2,02 2.02
Relative Creep
Coefficient 0.95 0.95 0.74 0.74 1.19 1.19

€31
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Table H.2 Calculated ratio of final creep assumed to develop at different loading ages
(BS 8110, 1985)

Age Ratio of
(Days) Final Creep
0 0
1 (.029
2 0.106
3 0,152
4 0.184
5 0.209
6 0.229
7 0,247
i4 0.324
21 0.370
28] 0.402
56 0.479
112 0.557
140 0.582
168 0.603




Table H.3 Variables used for creep predictions according to the ACI 209 (1992) method

Variables Mix No.
Q1 Q2 Gl G2 Al A2
o (MPa) 9.25 16.30 9.47 16.30 12.00 18.47
-, cube (VPa) 37 65 38 65 48 74
., cyl. (MPa) 30 55 31 55 385 62.7
% {GPa) 27.691 37.494 28.149 37.494 35372 45,140
LY— e 2400 2400 2400 2400 2600 2600
Shump (mm) 90 50 115 70 95 55
v 43.7 30.8 47.7 44,2 431 302
vy (for T =28 days) 0.844 0.844 0.844 0.844 0.844 0.844
v, Total creep 0.835 0.835 0.835 0.835 0.835 0.835
v, Basgic creep 0.6 0.6 0.6 0.6 0.6 0.6
ys (for h,= 100mm) 111 L11 111 L1l 1.11 111
Y 1.058 0.952 1.124 1.005 1.071 0.965
s 0.985 0.976 0.594 0.986 0.983 0.974
Ys 1 1 1 1 1 1
$" Total 1.915 1.708 2.053 1.821 1935 1.728
(]f'r Basic 1.376 1.227 1.475 1.309 1.390 1.242

L81
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Table H.4 Variables used for creep predictions according to the AS 3600 (1988)

method

Variables Mix No.

Q1 Gl Al
o (MPs) 9.25 9.42 12.00
£, cube (MPa) 37 38 43
£, oyl. (MPa) 30 31 38.5
E {GPa) 27.691 28,149 35372
P consrate (kg/m®) 2400 2400 2600
 cab 2.8 2.7 2.1
ks L1 1.1 11
{n {mm) Total creep 50 50 50
t, {(mm)Basic creep 400 400 400
Environmert Tropical and Near Coastal

Table H.5 Creep factor coefficients (k;) for different ages atter load.ing
(after AS 3600, 1988)

Age Creep Factor Coefficient (k;)
{Days) Total Creep | Basic Creep
I 0.09 0.01
y4 0.12 0.01
3 0.16 0.02
4 .18 0.02
5 020 0.02
] 0.22 0.02
7 0.24 0.02
14 0.34 0.04
21 .39 0.05
28 0.47 0.06
56 0.54 0.08
112 0.68 0.12)
140 0.67 0,121
168 0,68 0.14




Table H.6 Varisbles used for creep predictions according to the CEB-FIP (1970) method

'Variables Mix No.
Q1 Q2 Gl G2 Al A2

o (MPa) 9.25 16.30 942 16.30 12.00 18.47
f.n cube (MPa) 37 65 38 65 43 74
£ cyl. (MPa) 30 55 31 55 38.5 62.7
E (GPz) 32.534 44,052 33.073 44,052 36.857 47,035
k; Total creep 2.38 2.38 238 2.38 2.38 2.38
Ik Basic creep 1 1 1 1 1 1
k2 1.004 1.004 1.004 1.004 1.004 1.004
ks {for wic=0.56) 1.242 1.242 1.242 1.242 1.242 1.242
kz (for wie=0.4) 1.035 1.035 1,035 1.035 1.035 1.035
aky 1.191 1.191 1.191 1.191 1191 1.191
b (mm) 50 50 50 50 50 50

681
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Table H.7 Calculated ks coefficients for different loading ages (after CEB-FIP, 1970)

Age ks
(Days)
0 0
1 0,074
2 0,122
3 0.162
4 0,195
5 0,225
6 0.251
7 0.275
14 0.398
21 0.477
28 0.535
56 0.667
112 0,777
140 0,807
168 0.828




Table H.8 Variables used for creep predictions according to the CEB-FIP (1978) metnod

Variables Mix No.

Q1 Q2 Gl G2 Al A2
o (MPa) 9.25 16.30 9,42 16.30 12.00 18.47
£, cube (MPa) 37 65 38 65 48 74
£, cyl. (MPa) 30 55 31 55 38.5 62.7
E (GPa) 29519 36.128 29.843 36.128 32.078 37.741
ba 0.4 0.4 0.4 0.4 9.4 0.4
Ba (T) 0.253 0.253 0.253 0.253 0.253 0.253

Table H.9 Flow coefficient variables used for creep predictions according to the CEB-FIP {1978) method

Creep Type Variable

a1 ez de A A, (mm’) u
Total Creep 2.278 1.8 4.078 1.33 1.00B+04 400 66.5
Basic Creep 0.8 “1.173 1.973 30 1.00EA+-04 400 1500

161
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Table HL10 Caloulated values ofthe Ba{t ~ ) and Pe(t) - B (z) functions for different
ages of loading (CEB-FIP, 1978)

Duration of Load ' Be (t) - Be (z)
(Days) Balt-1) Total Creep | Basic Creep
1 0.277 0.102 0,102
2 0.284 0.137 0.131
3 0.291 0.162 0.146
4 0,259 0.182 0.158
3 0.306 0.200 0.168
6 0.313 0.216 0.176
7 0,319 0.230 0.184
14 0.363 0.305 0,221
21 0.408 0.359 0.246
28 0.448 0.402 0.265
36 0.583 0.522 0.318
112 0,762 0.656 0.380
140 0.820 0.699 0.402
168 0,864 0.734 0.421




Table H.11 Variables nsed for creep predictions according to the CEB-FIP (1990) method

Variables Mix No.
Q1 Q2 G1 G2 Al A2

o (MP3) 9,25 1630 942 16.30 12.00 18.47
f.. cube (MPg) 37 65 38 65 48 74
£, oyl (MPa) 30 55 31 55 385 62.7
E (GPa) 31.072 38.030 31.414 38.030 33.767 39.727
e Total creep 1.95 1.95 1.95 1.95 1.95 1.95
$rrBasic creep 1 1 1 1 1 1
A, () 10000 10000 10000 10000 10000 10000
0 (mm) 400 400 400 400 400 400
{h,, {mm) 50 50 50 50 50 50
Bfw) 2.762 2.084 2.725 2.084 2.425 1.953
t, (days) 28 28 28 28 28 28

B () 0.4885 0.4885 0.4885 0.4885 0.4885 0.4885
o Total creep 2.630 1.985 2.595 1.985 2310 1.860
16, Basic creep 1.349 1.018 1.331 1.018 1.185 0.954
B Total creep 326 326 326 326 326 326
PBr Basic creep 1500 1500 1500 1500 1500 1500
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Table H.12 Calculated values of the . (t - to) function for different ages of loading
(after CEB-FIP, 1990)

Duration of Load Baft -t,)
{Days) Total Creep | Basic Creep
1 0.176 111
2 0,217 0.137
3 0.244 0.155
4 0,266 0.169
5 0.284 0.180
6 0.300 0,191
7 0314 0.200
14 0.384 0.245
21 0.431 0277
28 0.487 0,301
56 0.562 0,369
112 0.664 0.449
140 0,697 0,478
168 0.724 0,502




Table H.13 Variables used for creep predictions according to the RILEM Model B3 (1995) method

g6l

Creep Type Varizbles Mix No.
Ql Q2 Gl @ Al A2
General o (MPa) 925 16.30 942 16.30 12,00 18.47
f, cube (MPa) 37 65 38 65 48 74
£ oYL (MP2) 30 55 31 55 38.5 62.7
E {1) (GPa) 25,924 35.101 26,352 35.101 29.367 37.477
Basic ereep m 0.5 0.5 0.5 0.5 0.5 0.5
10 0.1 0.1 0.1 01 0.1 0.1
¢ {kg/m") 348.2 487.5 348.2 487.5 348.2 437.5
wic T 0.56 0.40 0.56 0.40 0.56 0.40
alc 5.24 3.51 530 3.54 5.73 3.83
Qa 1.1170 0.7659 1.0845 0.7659 0.8923 0.6807
Qs 0.03186 0.00569 0.03093 0.00569 0.02545 0.00505
s 0.04391 0.05813 0.04356 0.05779 0.04125 0.05469
r(z) 10.536 10.536 10,536 10,536 10,536 10.536
Q) 0.1818 0.1818 0.1818 0.1818 0.1818 0.1818
Drying creep t, (days) 28 28 23 28 28 28
k; 17.995 15.465 17.848 15.465 16.907 14.966
e, 1.25 125 1.25 125 1.25 1.25
D (mm) 50 50 50 50 50 50
Tan 108.950 93.640 108.060 93.640 102.370 90.610
w (kg/m) 195 | 195 195 195 195 195
|2 743.061 669.218 738,738 660,218 711,146 654,837
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Table H.14 Calculated values ofthe Z (t, 7) and Q (t, 7) functions for different ages
of loading required for the prediction of basic cresp (RILEM Mode] B3,

1995)
Lays Function
(t-7) Z{,T) Q)
1 0,131 0.131
2 0.138 0.137
3 0.142 0.141
4 0.145 0.143
5 0,147 0.145
6 0.149 0,147
7 0.150 0.148
i4 0,158 0.155
21 0.162 . 0358
28 0.165 0.160
56 0.173 0.165
112 0.181 0..70
140 0,183 0.171
168 0.186 0.172




Table H.15 Calculated values of the E {t) for different ages of loading required for the prediction of drying creep {RILEM Model B3, 1995)

Days E (t) (MPa)

Ko Mix Q1 Mix Q2 Mix G1 Mix G2 Mix Al Mix A2
29 26082 35315 26512 35315 29546 37705
30 26143 35397 26574 35397 29613 37703
31 26200 35475 26633 35475 29680 37876
32 26254 35548 26638 35548 20741 37954
33 26305( 35617 26740 35617 29799 38028
34 26354 35683 26789 35683 29854 38098
35 26400 35745 26836 35745 29906 38165
42 26664 36103 27105 36103 30206 38547
49 26858 36366 27302 36366 30423 38828
56 27007 36567 27453 36567 30593 39042
112 27546 37297 28001 37297 31204 39822
140 27658 37448 28114 37448/ 31331 39983
168 27733 37350 28121 37550 31416| 40092
196 27787 37623 28246 37623 31477 40170

461



Table H.16 Calculated vaines of gua, S(t), H(t) and gs at different ages of loading for quarizite-aggregate concretes (RILEM Model B3, 1995)

Duration of Load Mix No.
(t~7) Q1 Q2
(Days) Eavo 5(t) H(t) gs Eutvo 3@ H(t) gs
1] 3273.509]  0.006] 0967] 1.354] 3310.265] 0.103] 0.964] 0.732
2[ 3265883 0.135f 0953 1.356{ 3311.532] 0.145] 0.949 0.733
3| 3258.732]  0.164| 0.942{ 1.357{ 3304282 0177 0.938| 0.734
4] 3252.015{ 0.189| 0.934] 1.359] 3297.471]  0.204; 0.929] 0.735
513245692] 02111 0.926] 1.361]3201.059) 0227 0.921] 0736
6] 3239.720]  0.230}  0.919]  1.362] 3285.013}]  0.248] 0.913] 0.737
7] 3234.097]  0.248{ 0913 1.364]| 3279.303] 0267 0.907| 0.738
14| 3201.996{ 0.344{  0.880| 1.372]{3246.753] 0.368] 0.871 0.742
21| 3178.868] 0.413] 0856] 1378} 3223.302] 0441] 0.846| 0.745
28] 3161.412} 0468 0.836] 1382} 3205.601f 0.498] 0.826| 0.748
56| 3120.299| 0,615 0.785]  1.393| 3163.914{ 0.649] 0.773] 0.754
112 3087.015| 0.767 0731}  1.402| 3130.165| 0.798] o0.721] 0.758
140] 3078.638|  0.812| 0716} 1404} 3121.670] ©0.840] o0.706| 0.760
168] 3072.640] 0.846| 0.704] 1.406[ 3115589 0.872] 0.695{ 0.761
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Table H.17 Calculated values of €, S(t), FI(t) and gs at different ages of loading for granite-aggregate concretes (RILEM Model B3, 1995)

Duration ofI.oad Mix No.
{t-1) Gl G2
f(Days) B S(t) H(t) ds Savo S(t) Hit) gs
1| 3275.751 0.096 6.966 1.309| 3319.265 0.103 0.064] 0.732
2] 3268.119 0.135 0.953 1.311} 3311.532 0.145 0.945 0.733
3| 3260.964 0.165 0.942 1.313} 3304.282 0.177 0.938 0.734
41 3254242 0.190 0.933 1.313] 3297.471 0.204 0.929 0.735
51 3247.914 0.212 0.926 1.316] 3291.059 0.227 0.921 0.736
6| 3241.948 0.231 0.91% 1.318] 3285.013 0.248 G.913 0.737
71 3236.312 0.249 0.913] 1.319{ 3279.303 0.267 0.907 0.738
14] 3204.189 0,345 0.879 1.327] 3246.753 0.368 0.871 0.742
211{ 3181.046 0414 0.855 1.333| 3223.302 0.441 0.846 0.745
28| 3163.377 0.469 0.836 1.3371 3205.601 0.498 0.826 0.748
56| 3122.436 0.617 0.784 1.348( 3163,914 0.649 0.773 0.754
112} 3035.12¢ 0.769 0.731 1.356] 3130.165 0.798 0.721 0.758
140| 3080.746 {0.814 0,715 1.358| 3121.670 0.840 0.706 0.760
1681 3074.744 0.8%/] 0.703 1.360| 3115,589 0.8724 0.695{ 0.76.
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Tabie H.18 Calculated valnes of exw, S(t), H(t) and g5 at different ages of loading for andesite-aggregate concretes (RILEM Model B3, 1985)

Dmration of Load Mix No.
(t-1) Al A2
{(Days) Sutee s | He g Buve s® | B 2
1} 3291031  0.099| 0966] 1.051|3330.908| 0.105| 0963 0.641
2| 3283.365] 0.139] 0951  1.053[3323.148] 0.147] 0.948] 0.642
3} 3276.176] 0.170} 0941] 1.054| 3315.872| 0©.180] 0937 0.643
4] 3260.422] 0.195| 0932] 1.056| 3309.037] 0207 00928 0.643
5| 3263.065f 0217, 0.924| 1.057| 3302.603| 0231| ©0.919] 0.644
6| 3257.071] 0237 0.917}  1.058] 3296.536|  0.252] 0.912] 0.645
71 3251.400] 0256 0911} 1059 3290.805| 0.271| 0.905| 0.646
14] 3219.136]  0.354] ©0.876] 1.065]3258.141] 0374/ 0.869] 0.650
21| 3195.884} 0.424]  0.851] 1.070] 3234.608] 0.447] 0843] 0.652
28] 3178.334| 0480 0832{ 1.074|3216.845| o©0505| 0.823] 0.654
56| 3137.002} 0620 0.780] 1.082]| 3175.012] 0.656] 0.770] 0.660
112} 3103.539] 0.780} 0.727]  1.089] 3141.144| 0805 0718} 0.664
1401 3095.117]  0.824| 0712 1.091| 3132.620] 0.846] ©0.704] 0.665
168] 3089.087] 0.857] 0.700]  1.092] 3126.517| 0877} 0.693] 0.666
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APPENDIX I

MEASURED AND PREDICTED CREEP COEFFICIENTS

Table L1 Measured and predicted total eresp coefficients and basic creep coefficients for different ages of loading for mix QI

conereie specimens

eEEoad

—

B o wlhe |u sl
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Table L2 Measured and predicted total creep coefficients and basic creep coefficients for different ages of loading for mix Q2

concrete specimens
af Lasd Total Creep Bario Creep
(Daysy | Measmred Predicted M d Predi _

BS 8110 | BS 8110 | ACI209 [ CEB-FIP | CEB-FIP | CEB-FIP | RILEM BS 8110 | B3 8110 | ACI209 | CER-FIP | CEBFIP | CERFIP | RILEM

(1585) | Medified | (1982) | (1970) | (157%) { (1990} |Mid=IB3 (1085 | Moditfed | (19923 | {1970) | (1978 | (1590) |ModelB3

{1985) (1995) (1985) {1995)

1 G185 0.069 0.055 0.155] 0218  ovez| 0340 0,579 0182 004 ond6]  0apx| 04092 es79l 018 0540

2] a5 2SS o22] oS 0.359 0.925 0430} 0624 o.m' 0181 0172] o6z oas 0.625 0.140 0,575]

3, B34 0.354 0348 T ox7 0477 1.030) 0.485] 0.555 0.188] 0258 0246] o0.199f 0201 0.652 0.138] o&m

4 0376 D441 0419 0319 0574 L116]  0528]  0.581 0120 0313 0298 o279l 0241]  osRs or72t 0.6z

5 0.409 0301 0476] 0355 0.663 1.101 036a] D703 0.100] 0358 0338 o.zssl 02791 0706 0.184 0.635

6 0415 o350} 0523 osEr] 0739 1257 0.595] o723f 0136 0350 1371 0278] 0311 0.726 0.194 G'Q

7 0.488 os92] o562 o5l oS 1318]  0623]  o7anf 0138 o419 1598  0299]  0.340] 0743 0.203 0.658

14 t.m! 0.778 0739  n.5s0 1113 1643 6762]  os] 0109 w351 0525 mggl 0453 0.835 0250] 0747

2L 0.8357] 0887 0.843] ca3s[  1408] - 1seo) Gass] 018 0242 o.628] 0599 o470 0350 noozt 0282l o807

28 0,882 0064 0915 0.728 1.57&| 2072 007 0977 0285] 0.683]  0.651 0521] D462 0955 0307 [

ss‘ 1135 1151 1003 ogo2| 1965 2.614 L116] 1.156 D481 Le1sf o777 0.648] 1828 1.114 0.376] 0957,

112 1337 1337 1.270 1075 2289 3733 1319 1370] 0544 03d7) osms! 4772 0.962] 1,308 0457 1168
140§ 1453 1337 1327 L127|  zan 3433 L384| 1.443( 0.649 0.900F 0.943]  0.810 0.9991 1.373 0.487 1,225

168) 1508 1446 1374] 1.168] 2439 3.591 1436]  1504] 0540 024y 0576] 0839 mzsl 1,430 311 L1274}

ToT



Table I3 Measured and predic:ed total creep coefficients and basic creep coefficients for different ages of loading for mix G1

concrete specimens

Denioa Creep Coeflisient & {Creep Fector)
ol Losd “Total Craep B Cresp
Preficted M i Preyicted
AS 3500 | CES-FIP | CEB-FIF | CkB F1F | RILEM BS 110 | BS 3110 | ACI209 § AS 3600 | CEB-FIP | CEB-FIF | GEO-FIP | RELEM
(15%8) | (1970) | (1978) | (1990) |MedslB3 {198%) {Muodificd | (1992) | (198%) | (1970} | (197%) | (990} |Modei B3
{1995 {1985 (1993
257 ugl 0.7R2] 0457  camd| 0144 049 0.036] a4l 0.030F  0iD| 1570 148
1356] _0A3I 05251 0562]  oms|  oqll 181 2134]  oasd| 0030 0Bl 626 183
m:l QST 030 053] o7 o118 255] 2191 0,239 059§ 0241 Lssnl 1206
).5351 0589 1114 0.591 0.784 l.m| 1313 1232] " 0276 .059] 0390 553] 135
1554 0.795, 191 D738, 0,505 L13] 1345] 3263 037 L35 1334 £ 706/ 2.240| 7]
237 [RF] D.E23 ,117] 3350 }289. uml 5,055 373 L926 1254
1318} O.8l> 0,539 L1 0419 131 1335] __ 0.0% 1 408| 743 .266
643 0557] D938 1195 0.551 D409 423 0A1S] 1591 1535 327
.EEO 1119] _ 0us7] 1343 D628 DA65]  0.563 502 1368
2472 1213 1.038]  0438]  osm 0306 0,627 ,956]
2614 1A% 1130 0632 aa1y  asedf 07w
1333 L7234 X Y
3433 L.41t0 LA 1062 0990 0.753
3351 1,578 449 LOB0}  1.022 0.759 1.009

€0t



Table 1.4 Measured and pradicted total creep coeflicients and basic creep coefficients for different ages of loading for mix G2

concrete specimens
[Duratiom, Creep Cosificien & (Cregp Faclor)

afLoad Total Creep Basic Crecp
(Days) | M 1 Predicted i L Predicied —
TS 3110 | BS 8110 | ACI209 | CEB-FIP | CEB-FIP | CEBFIP | RILEM BSE110 [ BS 8110 | ACI209 | CER-FIF | CEBFIP | CEBFIP | RILEM
(1985) | Modified | (1992) § (1970) | (5978} | (950) |Moded B3 (1985} | Modified | (1992} | (E970} | (1978} | (1950) |Mod=IB3
__|_qases (1595) (1985) {1955)
1 o28i|  0068] oos1 oi1e6] 0218 o982 0349 oSty o34 0089 ooss| oug| oo o579 o3  osdn
2| .39 0.255 0.180 50} 0359 0.925 0430 0524 0,133 £.181 0,134 0,172 015t 0626 0.140 Q575
| WI D36f  0o270f  02o8f  0477F 1030 0485 nass|  0deh|  0258] 6191 0212 0201 o.eﬁ;t D.158] __ 0.600
4] 0408 woasif o327 o340 05M4 1116]  os528]  wasl 0202 _ 0513] 0.5 _ D244) _ 0241) 0684 072} 0620
5| 0.543]  Q.S0F 0372 0379 0.653 1131 c364] oA oas 0355 0.263 n:z?gl 2279 0708 0.184 ml
[ 1. 584] 03501 0.408 ¢413] 0739 *257 0556) n7rzz] 0asd 0590 {289 0.297] 0311 0726 .14 0653
7 0.030 0.592] L.439 0443) of1al  i31g] o063 ara| o g4 a3n|  ozig] 0340  a73] 0203 0.668]
Wi a7 0778 0577 njg?_’ 1173 1443]  o762]  n.e3g 02031 0551 o409  caz9] 049 08351 0250  0.746]
21 0.923] 887 o.s58] oedg 1405]  1.880 mEssl 0514 329 0.628 64860 0502 0.590! 0c02] 02521 0806
28] 1010 05| 0.715) oM L5718 2072 0.927] 0876 0371 0.6%3 o.506] 0556 0.562: 0956] 0307] 0854
56| 1214 ‘L‘lSll 0.853 0962 1965 ~ z614 L11% 1.254 05480  0.815 Fr T o8]  1a1a]  o3rsl 0995
12 1447 1337  oegz|  1ms]  zase] aaow 13190 1.367)  o6ss] 0947 o:mg‘ 0823 ooee2] 1308 0457 1163
140 1.523 1_-m| 1o3s| 122|237 3433l 13w 1440) Imgl: o9t 0733  omes] 0999 1375  oagT 1232
8] 154]  1ae8]  o7s] 1246  2430] asm]  1436]  150f] o728 1.024]  07s9]  o89s| eS| 1430 esnl 1271

0z



Table .5 Measured and predicted total creep coefficients and basic creep coefficients for different ages of loading for mix Al

concrete specimens

[Duntivn Erzep Cofiisiont § {Creap Fretor)

af Lozd Tatal Creep Basix Creep

(D) | M A Predicted [ F— Pretiicd

BES00 | BS 2110 | ACE209 | AS 3600 j CEB-FIP | CER-FIP [ CEBFIP | RILEM BS£110 | BS §110 | ACIZ07 | AS3600 | CEB-¥IP | CEBFIP | CEBFIP | RILEM
Q985) | Modified | (1582} | (W988) | (1570) | (1576} | (1990} |ModeIB3 {1585} | Modifig | (952) | (1068) | (1970} | (1978) | (1990) |ModelH3
_ (1905) {1985 (1995)

1 1350 0.176]  oz0E)  02@| "o78i 0Am| o D072 043 T T X IR I T M
2]. 0533 i :285] 0277  o431]  osed| 000  o.6eE| 0136 LI%1 1215 23] oo ars| o] oisly €413
3 1571 0434 \213] 0370 1373) 1030 0363 0498 LI12] 12380 9308| D9y 046 1241 D&% e[ 034
4] oesl  oan] 036 1361} 04ds] 069 513 1313] 037|660 L046] 290] __0.684 200] 0851
5] o7m| os01)] D97 0s403| Disz| 0gs L121 1355] o4 ) 289 uwa| 1334|0706 214} 0.665
[ ) T L 1508]___D.%E7 122] 63|  aae 315 1645|031 725 & 0.67%
el DT T03| 047 53] 0o 1§&2]  6419)  nao] onaasl  oods] o408  oas 236] 0.590)
W] 1365 077 osey 1783[ 1407 n26sf  0551) eesi| o4s5]  oosz| 0591 .35] 201] _ 0.245]
21| 1433 asE7 57 L7z 0I0l 16w 0353 35| o747l  esisf e o7on|_ osee} oS8l  awm
nl LYI3[ 0961 135 WE22| 1085] L9l 6 T I 3591  ou39] o3| nss 3 0535
36) 2=%7 LI3] 1371 o 1247 2358 215[ 096 739 285t 0991 14| ea3|_ o921
2| 273 337 598 217 =G 1097 LIS %73 777]  13sal 1308 g3 1032
ml zml L397] 1663 L777|  154E] 2% sgn] Lizs|  eo17| o2yl 11eef o Lsys|  eses| 10
€8] 3010  14d6)  1vz3|  Lsa3|  1sTIE 200 o] 12u7)  0ss1]  Ga23| 1230|1430  059s|  Lig2

S0t



Table L6 Measured and predicted total creep coefficients and basic creep coefficients for different ages of loading for mix A2

congcrete specimens
Duration Crecp Cocffirient § (Croep Factor)
of Lond Total Crecp Basio Croep
(Daysy | Measnred Predicled M 1 Prediciad
BS 8110 | BS 811U | ACI209 [ CER-FIP { CEBFIP | CERFIP | RILEM BS 8110 | ES 8110 [ ACI200 [ CER-FIP | CERFIP | CEB-FIP | RILEM
(985 | Modified | (19923 | 1970} | Q978 | Q99m |ModelB3 (ises) | h-dified | QS92) | Qo) | (1978) | (1950} |Modd B3
{1985) (1995) {1985} . {1955)
i 0z91]  poe9|  oos2l 0157 o218| o782 o38] ossof o453 oodp]  coss[  on3f  oosf 0573  oqosl 0503
2] 0384f 0255 0304} 0227 0359 oozsl  o0.403]  0.593] u:r_s_l 0,181 0215 _ 0163] G151 0526, 0131 0547
3 0,350 0364 0434 0280 0.477. Lm0l 0d455]  0.s23| 0178 0258 0306 0.201 0.201 0658 0.148 571
4l 04fi} G441}  o0326] 0323] o574 1015]  0495]  o.48] 098] 63| 0371 oasR|  nadl 0684 0181 0.501
s} osoBf  osorf  aserl  03s8]  osad| 108 0520] 0668 098] 0355 o4z2] oa2ss]  ezes]  ogos] 0072 o.608
6] 0539 0550 noes6] 030 0939 1.257]  o4s8| o068 o007  o3o0| o463  ozer]  n3u]  og726]  0as2]  oed
7| o607 0572 og08]  0420]  osi0| 3318 0584|  0706] o205 0.419| o04o8]  o3f%e] 0340  0743]  a1s0]  0.638
14| 6891 0778] 09271  0S66] 1173 1643]  0ma]  0803] o304 nss51] 0.655]  ca07| 0493 o835 04| 071
a1 1070 0.887 1057] o66R}  1405] 1%so] om0E] 0877] o404 ne28] 0747]  od76]  ose0]  oooz] o264 0774)
28) 12251 a9} L149) 073] 1.576] =z o.sEI oge]  o0456] oess]  os1]  osm] 06| o555 oomr] om)
36]  1s06]  List 1371l 0913 1.965] 2614 1046 1015|0310 0815 2 oomo] 0.656]  o082s] 1114|035zl 0964
12| 1o2a] 1337 1,502 1087 2789] 3233 1.235]  1326] 0897 0.947, .az8] 07811 0852} 1308] 0429} 1133
140 2048  13g7,  Lé6S|  1.a40] 29T7] 3433 1.207 1398] 1011 0,990/ 1176} 0819 0959 13750 0456 1192
t168]  2.022] 1446  L723 1832|2439 351  1.34s]  Lase| 1020}  Loz4]  LEI7}  0.849] 025|438 0479 1341

90z



APPENDIX J

MEASURED AND PREDICTED SPECIFIC CREEP VALUES

Table J.1 Measured and predicted specific total ereep and specific basic creep valnes for different ages of loading for mix Q1

concrete specimeis
Dueatien o — Spucilic Crocp -
of Lond afio Total OE-SREP SperificBrsic -6AVIE
(Days) | Mesured Preciuted M d Predictad
ESEND | BS 8110 | ACT20Y | AS 3600 | CEB-FIP | CER-FIP { CEB-FIF | REILEM BSS10 | BSR1I0 | ACL209 § AS 3600 { CEB-FIP{ CEDFIP | CEB-FIP | RILEM
1985y | Modificd | {1992}, | (1588} | Q9300 | (1975 1 090 [Modol B3 {1985} | Modifi=d | {1992y { (1988} | (190) | (1579 | {(3950) [MoedeiB3
) o) I teon ) _ (199
1 6.620 2160] 2052 £287 10019 3032 268490 13901 26096 9234 .3_3_0' 1458 A58 JRTE 343951 19039 A8 M.141
2| _ 12036 020 7519 2103} 13347 B34l IR 18338] 27920 737 1681 5413 551 L1i2 53648 212060 3057] 28527
3 13841 1P437]  IREFS 11zo4F  TEIS6  17.983)  34.84] 204689] 29131 4..24 | 127 030 rdee 1] T388 22300 L.726) 26434
4 189570  1337| 13.185) 139207 20021f 20164  3vs1z| 2433|300 o 831 9368 2B 205 33021 2318E 7331|  27i14
3 19238F 15765 4977 14386) 223431 MAIN  40344] 24071 0T Za2| 11157 61| 10337 2.225] 102610  23.03% TE37| 27686
6]  20170] & TII07] 18441 15672| 244700 27243 42909 23401] LSS 2841 12230| 11683 113261 2225  IlASS] 34587 £376) 2831
7 L2 18610 176791 16821] 26.69)) SR6H|  26580] 32187 2243 13.182) J2562|  BRORY 205 13541 25.1F L686) 286M
I3 34604]  3A460| 233:d6)  22.4655)  3TBITE 43197 55570 32520]  3XALS 2533 17332| 36317| 15279 A449F  18130F  2E287] 10634 SRS
21 42427 29a97| 2650} 263A3] 43370 SRS &3T0s| 35502 37.E2S 9243| 19760 IEAI0| 15094 ES561F  2LTEA) 30545 06| 325X
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Table 3.2 Measnred and predicted specific total creep and specific basic creep values for different ages of loading for mix Q2

concrete specimens
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Table J.3 Measured and predicted specific total creep and specific basic creep values for different ages ofloading for mix G1
concrete specimens
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TYable J.4 Measured anc predicted specific tofal creep and specific basic cresp values for different ages of loading for mix G2

conerete specimens
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Table J.5 Measured and predicted specific total creep and specific basic creep values for different ages of loading for mix Al

concrete specimens
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Table J.6 Measured and predicted specific total creep and specific basic creep values for diiferent ages of loading for mix A2

concrefe specimens

Duzation _ Specifio Crosp .
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