INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, M 48106-1346 USA
800-521-0600

®

UMI

i et

o




,w.ﬁa.\.%wnr..v.ld\v;!« RN




INFLUENCE OF ENVIRONMENT AND SIZE
ON THE CREEP AND DRYING SHRINKAGE
OF CONCRETE

by

. Jungsuck (Ben) Huh

A thesis submitted to
the School of Graduate Studies and Research
in partial fulfillment of the
requirements for the degree of
Master of Engineering
in Civil Engineering*

& - K
Y IO THEQUES ¢

. Department of Civil Engineering
University of Ottawa
Ottawa, Ontario, Canada
December 1998

*The M.Eng. in Civil Engineering Program -
is a joint program with Carleton University
administered by the Ottawa-Carleton Institute for Civil Engineering

© Jungsuck (Ben) Huh, Ottawa, Ontario, Canada, 1998

2N

CD erV\B ‘

A O
o™ ‘-".v‘

N
%/( LaRARIES

e

%{v P CI‘&L




[

UMI Number: EC52375

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC52375
Copyright 2007 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

e I —

e e e A R P < T T




R — T

To My Parents, My Wife Maria
and

My Daughter Michelle

ii




Abstract

In literature a lot of studies about the prediction of creep and shrinkage of
concrete at constant temperature and relative humidity can be found. However, when a
concrete structure is built in reality, temperature and relative humidity of the environment
vary with location and seasons of construction. So it can be expected that the “moment
of casting concrete” has an influence on the evolution of creep and shrinkage of that
concrete. In order té acquire information regarding the problem of “ the prediction of

creep and shrinkage due to a time-varying climate history” a research program is going

on at the University of Ottawa. The following parameters are examined: curing period,

B e -

storage environment, specimen size and age of loading.

Creep and shrinkage testing of two sets of specimens is described. For the size

and environment tests, the 89 mm, 152 rfm;, 254 mm, and 610 mm diameter cylinders

were used. All specimens were exposed to the chosen environment after moist curing
3~4 days and typically loaded at 24 days. For the age of loading tests, 89 mm diameter
specimens were loaded at concrete ages raging from 3 to 200 days, 152 mm diameter
specimens were loaded at concrete age 24 days, 254 mm diameter specimens were loaded
at concrete ages raging from 24 to 200 days, and 610 mm diameter specimens were
loaded at concrete age 24 days in each of the chosen environment. The environment

LAR. Tent
were inside (22°C, variable humidity), 22°C and 50 % relative humidity, outside

(uncontrolled temperature and humidity) and immersed in water.
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CHAPTER 1
INTRODUCTION

1.1 General

As concrete ages it undergoes volume changes responding to its environment,
member size and stress. While most engineers understand and appreciate the immediate,
time-independent volume change of concrete due to load, commonly referred to as
elastic, initial or immediate deformation, many do not fully understand the concrete time-
dependent deformations. In many cases concrete time-dependent volume changes are
several times, to as much as an order of magnitude, greater than the time-independent
volume changes. Thus, it is important that engineers and designers not only understand
these time-dependent volume changes of concrete, but also understand how they can be
measured in the laboratory and how those results should be applied in the design and

evaluations of structures in the field.

Time-dependent deformations (creep and drying shrinkage) have a profound

deflection, losses in prestressing, and cracking. Creep strains may heal cracks but drying

shrinkage will not. From a structural point of view, drying shrinkage is an adverse

i
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property of c;)ncrete. Drying shrinkage is defined as the time-dependent volume
reduction due to loss of water at constant rélative humidity and temperature. If it is not
accurately accounted for in structural desigﬁ, severe cracking may occur, that in turn
promotes corrosion of the reinforcement and causes a reduction in service life and

structural reliability.

Concrete shrinkage is affected by several factors, one of which is specimen sigg: and
storage environment, which influence the rate of water loss. The rate of shrinkage
decreases with increasing specimen size. The effect of specimen size and storage
environment on ultimate shrinkage is controversial. ACI recommendations assume that

ultimate shrinkage decreases with increasing member size.

The purpose of this report is to present data on the creep and drying shrinkage
behavior of normal plain concrete subjected to (a) constant environmental conditions in a
laboratory, (b) in a room of 50 % relative humidity, (c) in water, and (d) outdoor
exposure in the Ottawa area. These tests were designed to show how compressive creep
and drying shrinkage are affected by conditions of curing or storage environment,
_§P§cifner‘1§igﬂe, _agg/_duraﬁtiqﬂx}ef 1qad§5}g, and rggg‘qi‘t}}de.qf compressive strength at age of

loading.

1.2 Shrinkage




Shrinkage, after hardening of concrete, is the decrease with time of concrete volume.
The decrease is due to changes in the moisture content of the concrete and physico-
chemical changes, which occur without stress attributable to action external to the
concrete. The converse of shrinkage is swelling, which denotes volumetric increase due
to moisture gain in hardened concrete. Shrinkage is conveniently expressed as a
dimensionless strain (mm/mm) under steady conditions of relative humidity and
temperature. There are three types of shrinkage as described below.

» Plastic shrinkage.

» Drying shrinkage is due to moisture loss in the concrete.

« Autogenous shrinkage is caused by the hydration of cement.

« Carbonation shrinkage results as the various cement hydration products are
carbonated in the presence of COx.

In this study, only drying shrinkage will be discussed.

1.3 Creep

The time-dependant increase of strain in hardened concrete, in excess any elastic
strain and shrinkage, due to sustained stress is defined as creep. It is obtained by
subtracting from the total measured strain in a loaded specimen, the sum of the initial
instantaneous (usually considered eldstic) strain due to the sustained stress, the shrinkage,
and any thermal strain in an identical load-free specimen which is subjected to the same

history of relative humidity and temperature. Creep is conveniently designated at a




constant stress under conditions of steady relative humidity and temperature, assuming

the strain at loading (nominal elastic strain)-as the instantaneous strain at any time.

The above definition treats the initial instantaneous strain, the creep strain, and the
shrinkage as additive, even though they affect each other. An instantaneous change in
stress is most likely to produce both elastic and inelastic instantaneous changes in strain,
as well as short time creep strains (10 to 100 minutes of duration) which are
conventionally included in the so-called instantaneous strain. Much controversy about
the best form of “practical creep equations” stems from the fact that no clear separation
exists between the instantaneous strain (elastic and inelastic strains) and the creep strain.
Also, the creep definition lumps together the basic creep and the drying creep.
« Basic creep occurs under conditions of no moisture movement to or from the
environment.

» Drying creep is the additional creep caused by drying.




CHAPTER 2

LITERATURE REVIEW AND STANDARD TEST

2.1 Introduction

Concrete gains strength as a result of chemical reactions known as hydration
between the cement and water. For a given concrete mixture, strength at any age, and in
norma! conditions, is related to the degree of hydration. The rate of hydration and,
therefore, strength development of a given concrete will be, at least, a function of its
temperature and humidity history. Thus, providing sufficient moisture is always present

for hydration, the strength of the concrete depends on its time-temperature history.

Shrinkage, which takes place while the concrete is still in the plastic state, is
known as plastic shrinkage. It undergoes a volumetric contraction whose magnitude is of
the order of one percent of the absolute volume of dry cement. Withdrawal of water from
hardened concrete stored in unsaturated air causes drying shrinkage. A large part of this
contraction is irreversible and should be distinguished from the reversible moisture

movement caused by alternating storage under wet and dry conditions.




Although creep is observed for all materials, the ﬁmdaméntal basis for creep of
concrete must be quite different from those of metals, because significant volume
changes occur at ambient temperatures and the presence of moisture in the material plays
an important role. It is commonly assumed that creep and Qhrinkage are interrelated
phenomena because there are a number of similarities in that both are affected by the
same phenomena. The strain time curves are similar, experimental parameters affect
creep in much the-sam_é ‘way as shrinkage, the magnitudes of the strains are same, and

include a considerable amount of irreversibility.

The magnitude and the rate of development of shrinkage and creep are dependent

upon, at least, the following parameters;

e Ambient humidity time history

e Temperature time history

° Dﬁration of moist curing

e Duration since moist curing for shrinkage

e Duration under load for creep

e Size of concrete element

e Strength of concrete

o Strength development of concrete strength and stiffness with time
o Type of cement and any supplementary cementing materials

e Drying before loading

e Type of aggregate and stiffness of aggregate

I LA
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e Water cement ratio, paste content, aggregate cement ratio

2.2 Prediction Methods

For structural design purposes the existing state of knowledge is summarized in
the code provisions of ACI 209-93 and CEB 1990 Model Code. The provisions of these

two codes and the method proposed by Gardner are given below for reference.
2.2.1 ACI1209-93

Modulus of Elasticity
By using statistical analysis, Pauw found that modulus of elasticity was affected

by the density and the compressive strength of concrete.

E. =332/ 1., (2-2)

where, E.: static modulus of elasticity of concrete in psi
o: air-dry density of concrete at time of test, psf

f'cm: mean compressive strength of concrete at time of test, psi
Strength Development

The rate of gain of strength of concrete is affected by cement type, temperature,

water cement ratio, and curing regime. ACI committee 209 proposed the following




equation to represent the rate of strength gain for concrete moist cured at 73.4 = 3 °F (23
+ 1.7 °C).

f'c(t) = f'c(zs) (;) (2 ~-1)

a+bt

Where, f ¢y is the compressive strength at age t days. a and b are coefficients,
with 4 and 0.85 for Type I (CSA Type 10) cement concrete, 2.3 and 0.92 for Type III

(CSA Type 30) cement concrete. In this project, however, the concrete was made using

Type I cement and slag.
Shrinkage

ACI Committee 209 endorsed the empirical method to predict shrinkage behavior
developed by Branson. The shrinkage after 7 days curing for moist cured concrete is
given by:

!
= E 2 “"3
gxhl 35+t shu ( )

Similarly, shrinkage after 1 to 3 days curing for steam cured concrete is given by:

gy =——& 2—-4
sht 55+t shu ( )

Where t is the time in days afier shrinkage is considered, that is, after the end of the initial

moist curing; &gy is the shrinkage at time t, and €4, is the ultimate shrinkage




| IS———

Eg, =180x10° ¥, 2-5)

Where, ys, represents the product of correction .factors for non-standard
conditions, of which ambient relative humidity, member minimum thickness, concrete
consistency, fine aggregate content, cement content and air content are considered.
However, these equati_{)ns should not be applied for this study because the concrete was

only moist cured 3 days.
Creep

For moist cured concrete, loaded age of 7 days, the creep coefficient ¢(t) at time t

can be estimated from

(t . to )0.6
N 2—6
where, t is the age of concrete at time of load in days

¢y is the value of the ultimate creep coefficient

As for shrinkage, the problem lies in determining a suitable value for ¢,. ACI
Committee 209 recommends an average value of 2.35 if experimental data are not
available for an estimation of ¢, in the standard condition. Correction factors can be used

to adjust for different conditions: relative humidity and age of loading:




Yridionazas

K py=1.27-0.0067TRH Q-7
where RH is the relative humidity in %, and
K,=1.25t5%18 2-98)

under sustained stress, the strain increase with time due to creep and total strain —

instantaneous plus creep —attime t (> ), can be calculated from

_0‘0(2‘0) _
8”(0—_—E,_.(t0) (1+4(2,15)) (2-9)

where o(to) is the concrete stress and Ec(to) is the modulus of elasticity of concrete at age

to, the time of application of the stress.
2.2.2 CEB 1990 Model Code

Modulus of Elasticity

The modulus of elasticity of concrete is regarded as proportional to the cube root

of its strength. The CEB expression is based on the specified characteristic cylinder

strength (f'¢) at 28 days

E, =10000(f,; +8)%* 2-10)
where, E.: tangent modulus of elasticity of concrefe at an age of 28 days, MPa
10




fek: the chjaracteristic cylinder strength at an age of 28 days, MPa

The additional 8 MPa is introduced to this expression in an attempt to compensate
for the different between the specified characteristic strength and actual mean strength of

the concrete produced.

Shrinkage

The recently proposed CEB-FIP Model Code 1990 presented the following model

for shrinkage prediction:
€ =8csoﬁ:(t—ts) (2—11)
where, €cso: National shrinkage coefficient

Bs: coefficient to describe the development of shrinkage with time

t: age of concrete in days
ts: age of concrete in days at the beginning of shrinkage

The notional shrinkage coefficient may be obtained from:

Eoyo =& (.fcm )ﬁRH (2 - 12)

With

&:(fom) =250+ B (75~ f))x107° (2-13)

and

11
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- (BHys -
Ber =1 (100) (2-14)

with RH in %
Bru = -1.55 Bsry for 40 % <RH < 99 %
Bru=0.25 for RH> 99 %

where,

fem is the compressive strength of concrete in MPa at the age of 28 days
Bsc: coefficient which depends on type of cement, with

Bsc = 3 for normal or slowly hardening cement

Bsc =5 for rapid hardening cement

Bsc =9 for rapid hardening high strength cement

The development of shrinkage with time in given by:

r—t,

0.5 2 - 15
0.035K% +1t —ts) ( )

Bt —1,)=(

where h, is national size of member in mm, defined as:

(2-16)

where Ac is the cross section and u is the perimeter of the member in contact with the

atmosphere.




Creep

The recently proposed creep prediction model in CEB-FIP Model Code 1990 is
significantly simplified from those proposed in previous CEB model codes. The creep

coefficient may be calculated from:

¢(tato)=¢oﬂc(t_to) (2-17)

where
do: notional creep coefficient (Eq. 2-19)
Bc: coefficient to describe the development of creep with time after

loading (Eq. 2-23)

The age of concrete at loading tp should be adjusted by Arrhenius function to take

account of curing temperatures other than 20 °C:

4000
= -———————13.65)A¢, 2-18
o= ZeRp( s 136941 @-19)

where T(At;) is temperature in °C during the time period At;.

The notional creep coefficient may be estimated from:

P =@y B(Sem) B1o) (2-19)

13




with

1- RH /100
=] 200 2-20
Pas =1+ 0.08h; ( )
21.8
)= —— 2-2]
B em) T ( )
70— - (2-22)
S0 14108

where RH is the ambient relative humidity and hO is the effective thickness.

The time development function of creep is given by:

t—1
t—t,)=(——t0 _y03 2-23
Ault=t=(5 ) 2-23)
With
. RH 5 |
Bu=1.5(1+0.00012(=)* )y +250 <1500mm  (2—24)

2.2.3 Gardner-Zhao 1997

Modulus of Elasticity

For analysis purposes the mechanical properties of mature concrete are considered
functions of the uniaxial compressive strength. The following equation is proposed for

design purposes.




Eom = 3500 + 43004/ f .y MPa (2-25)
Ecme = mean modulus of elasticity at age t

fomt = mean concrete strength at age t

It can be noted that equation (2-25) does not include any effects for aggregate
stiffness or concrete density. Rather than making allowance for the density of the concrete it

is preferable to measuré the modulus of elasticity.

Strength Development with Time

If experimental results for the development of concrete strength with time do not

exist the following equation can be used.

t3/4
Sow = Senzs 57 (2-26)
for  TypelI cement concrete a=28and b=0.77 (2-26a)

Type Il cement concrete a=34and b=0.72 (2-26b)
Type Il cement concrete a=1.0and b=092 (2-26¢)
f.mt = mean concrete strength at t days

fomos = mean concrete strength at 28 days

To take account of temperatures other than normal, a 20 °C modified Arrhenius age
can be used. The form of equation (2-26) is similar to that recommended by ACI 209-82.

Describing the strength development with time of a given cement as Type I is very

15
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simplistic. Equation (2-26) can be used to approximate the hydration characteristics of

cement-supplementary cementing material combinations.

Shrinkage

ne following equation is recommended to calculate the shrinkage, at time t, with
correction factors for ambient relative humidity, (a) strength at end of moist curing, )]
strength of concrete, (c) duration since end of moist curing and (d) member size. Expression
(c) was normalised to be unity at 20,000 days. For sealed specimens use B(h) = 0 (ieh=

96%). It should be noted that an ultimate shrinkage strain is not assumed; the strain

increases indefinitely.
where h= humidity expressed as a decimal
Esh= " Eshy ﬁ(h)ﬂ(t) (2 - 27)
B(m)=(1-1.184*) (2-28)
E4u =900K (é'ﬁ 03 (i)"‘s x107% (2-29)
cmte cm28
(@ )
6+In(t—1,) t~t |
= < < 2-30
A=( 16 )(t—tc+0.015(V/S)Z) ( )
) (d)
t =  ageofconcrete (days)
t.=  agedrying commenced, end of moist curing (days)

t,=  age concrete loaded (days)

K= 1Typelcement, K= 0.70 Type I cement, K = 1.33 Type III cement

16




V/S = volume/surface ratio (mm)
fomps = concrete mean compressive strength at 28 days (MPa)
feme = concrete compressive strength when drying commenced (MPa)

fomo = concrete compressive strength when loading commenced (MPa)

For blended flyash or slag cement concrete, the measured concrete strengths should
be used to determine which of equations (2-26a), (2-26b) or (2-26¢) best represents the test
results to determine the appropriate value of K to be used.

Creep

Effect of Humidity on Creep

As hygral equilibrium has been assumed to be 96% for shrinkage it was assumed

that drying creep would be zero at a relative humidity of 96%.

Specific creep = creep coefficient x elastic strain calculated using adjusted
concrete strength.

Compliance = measured elastic strain + specific creep.

7.27 + In (t-to)j, (2:31)

oM = [ 17.18

17
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creep M)UZ ( 25 )”2 , ( t-tg )
coef—cb(t)d)(tc)( 7 [1.5+3 ) 10868\ ;s ey | @32

Equation (2-32) can be used to calculate the creep coefficient. It should be noted that an

ultimate creep strain is not assumed; the strain increases indefinitely.

Ifto=t.
D(t;) = 1

When tg >t

= . gsh(tO'tc)
o(te) \/] " £mn(20000-1.)

The term ®(t.), models, but does not explain, the Pickett effect. The term d(t;) takes

account of drying before loading, which reduces both basic and drying creep. It is accepted
that the creep on concrete is related to the evaporable|water - the remaining evaporable

water is approximated as the fraction remaining potential shrinkage relative to the shrinkage

from end of moist curing to 20,000 days.

2.3 Literature Review

Most experimental investigations described in the literature were performed under

conditions of constant temperature and humidity. This literature review only describes

18
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investigations under non-constant temperature or non-constant relative humidity. These
paragraphs deal only with test results on'the effect of variable ambient humidity. Few
investigations on the influence of changing temperatures on creep and shrinkage of
concrete have been published. However, no systematic longtime investigations on the

effect of cyclic temperature and humidity changes are known.

Pickett (1942) demonstrated that the rate of creep deformation of 2-in. by 2-in.
(51 mm by 51 mm) plain concrete flexural specimens increased each time the specimens

were either submerged in water or removed from water.

Hansen (1960) subjected 20-mm deep flexural specimens to cycles of changing
humidity, and found that while the shrinkage of unstressed specimens corresponded to
shrinkage at the average relative humidity; the creep corresponded approximately to
creep of specimens maintained at the lower limit of the relative humidity “cycle. The
length of the humidity cycle was significant, as was the initial moisture state of the

specimens.

Bernhardt (1969) carried out tests on concrete cylinders (diameter 10 cm, height
28 cm) cured at 100 % relative humidity and 20 °C temperature. Uniaxial compressive
loads were applied at the ages of 9 to 11 days. The specimens were exposed to four
different intervals of drying in air (relative humidity in the laboratory 35 to 55 %) and
wetting (immersion in water) in periods for 7 and 14 days. The drying/wetting intervals

were 6.75/0.25, 6/1, 5/2, and 12/2 days. It was observed that there was practically no




difference in the creep behavior of the specimens, which were exposed to the different
drying/wetting intervals in periods of 7 days. In comparison to these séries, the creep
strains of the speminens with the period of 14 days were found to be approximately 40 %
larger. In this investigation no experiments were conducted with a constant average

relative humidity. No details are reported on the shrinkage behavior.

The experimental study of A-Alusi et al. (1972) measured creep and shrinkage on
hollow concrete cylinders (diameter 15.2 cm, height 101.6 cm wall thickness 2.5 cm)
which were exposed to cyclic variations of the ambient relative humidity from 100 (fog
room) to 50 % at intervals of 14 days with exception of the first moisture interval (7
days). The creep specimens of the tests considered here were uniaxially loaded at the age
of 21 days. Creep and shrinkage tests were also conducted at constant relative humidities
of 50 and 100 %, however the specimens of the creep tests at 50 % relative humidity
were loaded at the age of 27 days after having been preconditioned for 14 days at 50 %
relative humidity. No tests were carried out at a constant average relative humidity of 75
%. The tests results showed that after 50 days of loading the creep strains at cyclic
ambient conditions are approximate 7 times larger than at constant 100 % relative
humidity and approximate 3 times larger than at constant 50 % relative humidity.
Shrinkage at a constant environment of 50 % relative humidity was found to be
approximately 50 % larger than at variable relative humidity at the end of the dry storage

intervals.
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Parrot (1976) conducted creep tests on specimens, which were allowed to dry and
then wetted. Both drying and wetting legd to significant increases in the' rates of creep.
Rewetting of the accompanying unstressed shrinkage specimens also leads to recovery of
much of the shrinkage strain. He also measured shrinkage sfrains in outdoor exposed

specimens and found seasonal variations of the same nature.

Creep and shri;ikage measurements were reported on three steam cured and one
moist cured control concrete by Gamble (1982). Half of specimens were stored in a
constant environment of 70 °F and 50 % RH and half of them were stored outdoors in
central Illinois. The shrinkage strains in the outdoor specimens were quite low,
corresponding to strains expected at relative humidity values of 80 ~ 90 %, even though
the annual humidity was about 70 %. However, the creep strains in the outdoor
specimens were much larger than normally would have been associated with the 70 %
relative humidity range, and were of the same general magnitude as the creep of

companion specimens stored indoors in a constant environment of about 45 ~ 50 %.

In summing up only very limited test data on the effect of cyclic variations of the
ambient environment on creep and shrinkage may be found in the literature. The data
have been obtained from very different investigations and none of the existing test data
present conclusive evidence on the effects under consideration because the experimental

programs were not sufficiently complete and comprehensive.
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2.4 Test Methods for Creep and Shrinkage

2.4.1 Test Concept

The experlimental determination of creep and shrinkage of concrete is simple in
concept. Deformations are measured over time on loaded and unloaded specimens in the
same environmentb(unloaded specimens {shrinkage}, initial and total deformations).
Shrinkage is measured on the unloaded specimens, while creep is determined by
subtracting the shrinkage deformation and the immediate or "elastic" deformation from

the total deformation measured on the loaded specimens.

Although simple in concept, there are many experimental details that must be
understood and carefully controlled to obtain meaningful test results. These include
maintaining a constant load on the test specimens while ensuring the load is being
transferred into the test specimens in a uniform and well controlled manner, measuring
small changes in deformation over time, and maintaining the test environment within the

temperature and humidity tolerances.

2.4.2 Assumptions

A test program consistent with the state-of-the-art knowledge on creep and
shrinkage and the use of the test results in structural analysis, or in the development of

prediction models is based on the following assumptions.

22




bpvietiioned

¢  Only creep and shrinkage strains are present.
e Creep and shrinkage do not interact.
e Separations exist between strain components from environmental and load conditions.

e Strain gradients are linear (and uniform).

2.4.3 Designing a Test Program

The more comprehensive the test program, the better the possibility of updating
prediction parameters or understanding the phenomena of creep and shrinkage. The scope
of a test program depends on how critical would be the effects of creep and shrinkage on
the structure behaviour, on the model used for prediction, on the method of structural
analysis, on the time and facilities available for testing, and on the budget. Typical

duration of creep and shrinkage test programs varies from months to several years.

The simplest test program may consist of determining the static modulus of
elasticity, Ee, at 1, 2, 7, 28 and 90 days in accordance with ASTM C 469. This simple

program will eliminate the incertitude in the prediction of E..

Various methods and techniques are used to measure creep and shrinkage. Two

common standard test methods are ASTM C 512 "Standard Test Method for Creep of

Concrete in Compression" and RILEM CPC-12 "Measurement of Creep in

Compression". ASTM C 512 is commonly used for tests conducted in the United States

~ and Canada. However, this method is somewhat vague and requires refinement. ACI
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Committee 209 "Creep and Shrinkage of Concrete" is reviewing the method and may
suggest improvements. Specific areas of concern include the method of deformation
méasurement, the location for measuring strains, the gage length, the speed of initial
loading, the schedule of deformation readings and the equation or model used to

extrapolate the strains.

2.4.4 Moist Curing and Storage in ASTM C 512

For 20 to 48 hours after casting, specimens are covered in their moulds to prevent
evaporation and kept at 23.0 + 1.7 °C. All the test specimens should be cured in the

moulds for the same length of time from the moment water is added during casting.

After removal from their moulds, some specimens are moist cured until age of 7
days at 23.0 = 1.7 °C. A moist curing condition is that in which free water is maintained
on the surfaces of the specimens all time. The free water on the surface of the specimens
causes some swelling. Specimens should not be exposed to running water nor stored

under water.

After age of 7 days, specimens are stored at 23.0 + 1.1 °C and a relative humidity

of 50 + 1 % until completion of test. For other than 7 day curing, drying can start at any

-concrete age, which may or may not be coincidental with the loading age.
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2.4.5 Basic Creep and Autogenous Shrinkage Curing in ASTM C 512

At the age of moulding or stripping, specimens are sealed in moisture proof
Jackets to prevent loss of moisture by evaporation. For consistency with all other
specimens in the test program they are kept in the same environment at 23 + 1.1 °C.
Basic creep is the time-dependent increase in strain of a concrete specimen under

constant stress in which moisture losses or gains are prevented. Typical creep is shown

in Figure 2-1.
Drying Creep
@ Basic Creep
c @ | shrinkage
5
Nominal Eiastic
Strain
to

Time

Figure 2-1: Time-dependent deformation in concrete subjected to a sustained load

Shrinkage, which takes place while the concrete is still in the plastic state, is

known as plastic shrinkage. It undergoes a volumetric contraction whose magnitude is of

the order of one percent of the absolute volume of dry cement. Movement of water from
hardened concrete stored in unsaturated air causes drying shrinkage. A large part of this

contraction is irreversible and-should be distinguished from the reversible moisture

~movement caused by alternating storage under wet and dry conditions.
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2.4.6 Standard Moist Curing and Tésting Environments
@

ASTM C 192 and ASTM C 31 prescribe standard moist curing. Standard curing
described in ASTM C 192 requires the cylinder to be demoulded at 1~2 days and stored
at 23 + 1.7 °C and a relative humidity of not less than 95 %. ASTM C 31 describes the
requirement for standard compression tests cured under standard condition of 23 & 1.7 °C
and 95 % relative hutnidity. However, ASTM C512 “Creep of concrete in compression”
permits curing under different conditions for specific applications. The standard curing
in ASTM C 512 can be used for all the specimens in the creep and shrinkage test

program, including all the related tests.

2.4.7 Creep Testing

A number of different methods of maintaining constant load over time are
employed to test creep in compression. Methods to maintain constant load while the
specimen shortens involve weights applied through a pivoted lever system, springs in
compression, and hydraulic pressure. Compression spring hydraulic systems are more

commonly used than weight systems.

When designing a creep frame it is important to size the compression
springs so that the load is maintained constant within a few percent over the range of

deformations anticipated between scheduled deformation measurements and load




adjustments. Stiff steel load plates are needed to limit the effects of the plate deflection

on the stress distribution in the specimens.,

The load must be uniformly transferred into the specirﬁens so they are subjected
to uniaxial compression only. In a typical creep frame this is accomplished by centering
the specimens and by having one end of the loading system hinged. The hinged end can
be comprised of a ball-_éeated block, a spherical seated block or a swivel seat. Whatever
design is used for the hinged end the important aspect is its ability to rotate under small

initial loads and become fixed as load increases.

Various shaped specimens are used to determine creep. Most common are
cylindrical or prismatic specimens. In this investigation, cylindrical specimens were
used. All creep specimens were subjected to sustained compressive stresses. These
stresses were maintained constant by use of one or more coil springs in compression. A
portable hydraulic jack applied the desired load. After loading, the nuts on the tension
rods of the load-sustaining apparatus were brought up against the end plates. Upon
releasing the load in the jack, the compression in the coil springs and in the specimen is

maintained by the tension in the rods.

Creep is considered proportional to applied stress up to about 40% of the
compressive strength and most tests are conducted with specimens stressed to between 25
to 35% of the companion specimens’ strength. Therefore, consideration should also be
given to specimen size relative to the capacity of the creep test equipment and the

strength of concrete. Large test specimens have a slower rate of creep and shrinkage and
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may require longer time drying and under load than small specimens to obtain adequate

test data.

Specimen ends surfaces must be flat and plane. If 6ylinders are used, as is
typically the case in the USA and Canada, the end condition of the cylinders should
comply with requirements in ASTM C 39 for compression test specimens. That is, the
loaded end surfaces sha'11 be perpendicular to the central axis of the specimen within 0.5'
and be plane within 0.050 mm. Specimens can be capped with neat cement, high-
strength gypsum plaster or sulphur mortar in accordance to ASTM C 617. Grinding is
the best end preparation method for creep testing. The joints between the specimens with

ground ends in the creep frame should be sealed to allow radial drying only.

Various size and shape of specimens are used to determine creep. Most common
are cylindrical and prismatic specimens. ASTM C 512 requires cylindrical specimens

with a diameter of 150 + 1.6 mm and a length of at least 292 mm.

2.4.8 Shrinkage Testing

Shrinkage specimens must be identical to the creep specimens, must be stored in
the same controlled environment as the creep specimens and close to them, have the same
surface exposed to the environment, the same gage length, and have deformations
measured using the same equipment, and technique as used on creep specimens. The end

surfaces of all the shrinkage specimens should be sealed to allow radial drying only.
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CHAPTER 3

EXPERIMENTAL WORK

3.1 Introduction

This Chapter describes a current research program at the University of Ottawa to
investigate the effects of specimen size and environment on the long-term deformations
of loaded and unloaded concrete specimens. All samples were cast from a single batch of
Ready Mix Concrete on December 5% 1997. Due to the short time since the
measurement program commenced results are available only for 300 days since casting.
The intention is to continue measurements for 6 years or until the deformations cease to
change. All specimens were cylindrical as shown Figure 3.1~3.2. The variables
considered were specimen size (89, 152, 254 and 610 mm in diameter). The storage
environments are inside the temperature-controlled laboratory (uncontrolled humidity),
outside (uncontrolled humidity and temperature), in a humidity-controlled room inside
the temperature-controlled laboratory, immersed in water and sealed. All specimens

were demoulded at 3 or 4 days depending upon the test program. Some specimens were
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loaded at 3/4 days, other specimens at 25 days and a few specixﬁens at 200 days. To
investigate the effect of evaporable water.on creep some specimens were allowed to dry
before loading, some which were then sealed and loaded. Same diameter companion
shrinkage specimens were available for all creep specimens. Not all specimens survived
and not all measurements can be relied upon. A total of sixty-one 89 mm diameter
specimens, twelve 152 mm diameter specimens, twelve 254 mm diameter specimens and
two 610 mm diameter épecimens and eighty standard cylinders were cast. All specimens
employed the same concrete. To avoid the problem of shrinkage being measured along a
centerline and creep being measured at the surface all strain measurements were taken

using 150mm cast in place vibrating wire strain gauges located on the specimen

centerline.

RILEM TC 107 recommends that shrinkage specimens should have a length of
two diameters outside the gauge length but ASTM only requires a total specimen length
of two diameters. Most reported results used specimens with length diameter ratios of
typically three and gauge lengths of 200mm. To verify if it is necessary to use long
specimens replicate shrinkage and creep specimens were cast with end zones outside the

gauge length of one diameter and two diameters.

3.2 Number of Test Specimens

As discussed, shrinkage is measured directly from the test specimens, however
creep strains are calculated by subtracting the shrinkage strain and the initial, or elastic,
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strain at loading from the total strain at a given age. A test set is defined as all the
specimens needed to test for shrinkage and creep at age of loading and f, and E. at 28
days. All test specimens in a set should come from the same batch of concrete and be

cured under the same conditions.

Concrete strengths were measured immediately after demoulding which was
scheduled to be 3 days.- ‘Compression cylinders were stored in each environment with the
shrinkage and creep specimens concrete strengths measured when the creep specimens
were loaded. In addition, standard 28 day compressive strengths were measured on

cylinders cured under standard moist cured conditions of 23 °C and 96 ~ 99 %.

The 89, 152 and 254 mm diameter specimens were cast in two lengths with non-
instrumental end zones of D and 2D, the short specimens were 2 x d + 6” Jong (because
the strain gauges were 6” (152mm) long). The long specimens were 4 x d + 6" long
(Figure 3-1~3-2). Because of specimen size, the 610 mm diameter specimens were only
cast in one length 3D + 6" (1930 mm). The specimens, which were 89 mm (3.5") x 330
mm (2 x 3.5" +6") and 89 mm (3.5") x 460 mm (4 x 3.5"+6") cylinders, 152mm (6") x
442 mm (2 x 6" +6") and 152 mm (6") x 747 mm (4 x 6"+6") cylinders, 254 mm (10") x
645 mm (2 x 10" +6") and 254 mm (10”) x 1153 mm (4 x 10"+6") cylinders as shown

Figure 3-1, and 610 mm (24"”) x 1930 mm (3 x 24" +6") cylinders as shown Figure 3-2.
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3.3 Materials

The nominal compressive strength 30 MPa and 100 mm slump Ready Mixed
Concrete was supplied by CBM (local company in Ottawa). The mix properties were
760 kg fine aggregate, 1100 kg coarse aggregate, 260 kg type 10 cement, and 155 kg

water. 65 kg slag, 250 ml retarder and 65 ml air content were used.

3.4 Testing Apparatus

Figures 3-3 to 3-6 show creep frames with a system of one to three compression
springs to maintain load. that ‘is initially applied and periodically adjusted, using a
hydraulic jack. There were two types of creep frame used for 89 mm specimené as
shown in Figure 3-3 and 3-4. Figure 3-5 shows the 152 mm creep frame and Figure 3-6
shows the 254 mm creep frame. In the 610 mm diameter creep frame as shown in Figure
3-7, the load is applied and maintained by hydraulic pressure. Figure 3-3~3-7 shows a

hydraulic jack during load application.

In this investigation, cylindrical specimens were used. All creep specimens were
subjected to sustained compressive stresses. These stresses were maintained constant by
use of one or more coil springs in compression. A portable hydraulic jack were applied
the desired load. After loading, the nuts on the tension rods of the load-sustaining

apparatus were brought up against the end plates. Upon releasing the load in the jack, the
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compression in the coil spring and in the specimen was maintained by the tension in the
rods. For the test program, creep specimens were subjected to compression strengths of

approximately 14 to 22 % of strength at age of loading as shown in Tables 3-1 to 3-4.

All test specimen ends surfaces must be flat and plane. “The ends of the 89 and
152 mm diameter creep specimens and compression cylinders were ground. However, the
ends of the 254 and 610 mm diameter creep specimens were too large to be ground and

were capped with cement grout.

3.5 Casting and Curing Procedure

Sixty one 89 mm diameter specimens, twelve 152 mm diameter specimens,
twelve 254 mm diameter specimens, and two 610 mm diameter specimens were cast as
indicated in Tables 3-1 to 3-4. Measured slump (ASTM C143) varied from 80 mm to 55
mm during the casting period. Casting took place for three hours. The temperature of the
fresh concrete was measured by inserting a thermometer into the concrete. The
temperature of the fresh concrete was 20£1°C. [Eighty standard compression test

cylinders were also cast.

All 89 mm diameter concrete specimens were cast in plastic moulds and paper
moulds were used for the 152, 254, and 610mm cylinders to enable rapid demdulding at
very early ages without disturbing the concrete samples. All of the concrete specimens
were vibrated in accordance with ASTM C 31. The 89 mm diameter specimens were
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vibrated on a vibration table and the 152, 254 and 610 mm diameter specimens were

using a poker-vibrator.

After filling, the molds were covered by wet burlap and polyethylene sheet to
minimize evaporation. The burlap was rewetted every 24 hours. The specimens were
demoulded 3 days/4 days after casting. Demoulding the large number of specimens and
standard cylinders tooic‘ about 2 days by an average of 4 workers. After stripping, the
specimens were moved to the five chosen environments which were the Lab, the 50 %

RH room, the water tank, a moist-cured room, and outside the building.

3.6 Testing Environment

Creep and shrinkage are dependent on the environment, temperature and humidity
to which the concrete is exposed. Controlling and monitoring the temperature and
relative humidity during testing is extremely important.

Two conditions define the testing environment.

o Temperature and humidity of the testing environment, and

e The time specimens are in a specific environment.

Testing environments are standardised. However, since the possible combinations of
environments are many, minimising the number of environments in a test program must

be given strong consideration during the planning stage.
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To examine the significance of size and storage environment on the concrete,

some of specimens were moved to other environments. The descriptions are as follow in

Table 3-1~3-4:

3.6.1 Environment of temperature-controlled laboratory

e Both length sets of 89, 152 and 254 mm specimens were stored in the structural

laboratory at the University of Ottawa.
e The two 610 mm diameter specimens were stored in the structural laboratory.
e Six 89 mm diameter specimens were moist cured after demoulding for 24 days before

being moved to the temperature-controlled laboratory.

3.6.2 Outside Environment
e Both length sets of 89, 152 and 254 mm specimens were stored outside of the

Engineering Building

e Three 89 mm diameter specimens were moist cured 24 days after demoulding and

moved outside.

3.6.3 Immersed Environment

35




L PTTIITE

o Four sets of 89 mm diameter specimens were demoulded at three days, two

specimens were loaded and all eight specimens were stored in the water tank.

3.6.4 Environment of 50 % RH Room

¢ Both length sets of'89, 152 and 254 mm specimens were maintained at 50 % relative
humidity.

e TFour 89 mm diameter specimens were stored under standard moist cured conditions
after demoulding and moved to the humidity-controlled room after 24 or 25 dayé.

e Two 89.mm diameter specimens were stored under standard moist cured condition

after demoulding and moved in the humidity-controlled room after 200 days.

3.6.S Sealed Specimens

To prevent the gain or loss of water during the storage and test period, some
specimens at the time of stripping were enclosed and sealed in moisture-proof jackets to
avoid loss of moisture by evaporation and remained sealed throughout the period of

storage and testing. The descriptions are given in Table 3-4:

e Seven 89 mm diameter sealed specimens were stored in a controlled humidity room

with 50 % of relative humidity immediately after demoulding.
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e Four 89 mm diameter specimens were stored in a standard fnoist cgring room after
demoulding until 25 days and then sealed and maintained in the controlled humidity
room with 50 % of relative humidity.

e Four 89 mm diameter specimens were stored in a control.led humidity room with 50
% of relative humidity after demoulding and sealed at 25 days and then maintained in
a controlled humidity room at 50 % relative humidity.

e Three 89 mm diaxﬁeter specimens were stored in a controlled humidity room with 50
% of relative humidity after demoulding and sealed at 200 days and then maintained

in the 50 % of relative humidity controlled humidity room.

3.7 Control Specimens and Measuring Deformations

Shrinkage specimens must be identical to the creep specimens, stored in the same
controlled environment as the creep specimens and close to them, have the same surface
area exposed to the environment, the same gage length, and have deformations measured
using the same equipment, and technique as used on creep specimens. The end surfaces

of shrinkage specimens should be sealed to allow radial drying only.

Measuring creep and shrinkage deformations is complicated by the extended time
period over which the measurements are taken and by the relatively small deformation
increments. Creep tests are, at a minimum, run for months and are often run for periods
of years. Thus, whatever measurement system is used, clearly there is a need for long-
term stability. Furthermore, the later age deformation change between subsequent
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readings may be as small as approximately 0.003 mm (6 x 10 in.) for a specimen with a
gage length of 152 mm (6 in.). In addition to stability and precision, repeatability is

needed also in the deformation measurement system.

A primary advantage of electronic transducers is that data can be collected easily.
Long-term stability is the most important criterion in selecting electronic transducers
since it is often not possible to calibrate or standardise these instruments once they have

been attached to, or cast in the concrete. Vibrating wire strain gauges have been

successfully used in many field studies and were used by this project. For gauges cast in

the test specimens it is important that they are centred and aligned with the applied stress
and, to the extent possible, have similar stiffness to the concrete. Temperature was
measured by transducers incorporated in the vibrating gauges on the centre lines of the

concrete specimens.

3.8 Strength Tests

A minimum of three cylinders was used to measure modulus of elasticity and
compressive strength at age of every loading (typically 3, 13, 28 and 200 days) for each
environment condition. The 150 mm x 300 mm cylinders were grounded and tested each
time. The crushing strength of the concrete was taken as the average of the results in
accordance with ASTM C39. In addition, the deformation of the specimen over the gage

length of 203 mm (8 in.) in the direction of loading was also measured during the
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compression tests using the compressometer equipped with the dial gage essentially as

described by ASTM C469.

Compressometers with mechanical (analogue) or digital dial gauges are used to

measure strain on gage points mounted on the surface of the specimen. For this project, a

- typical compressometer, which is equipped with a digital dial gage reading is 203 mm @

in.) between gage points on a 150 x 300 mm (6 x 12 in.) creep test specimen, was used.
The compressive strength tests were carried out in a standard test machine. Average of

three results at age of every loading is given and plotted in the Chapter 4.
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Stress,

Curing Condition | Specimen Size (mm) No. of Specimen f/frs
(Age of Loading) (MPa) (%)
Moist cured 89 x 330 (Shrinkage) 1
for 3 days 89 x 330 (Creep) 7 (24 days) 8.0 14
89 x 460 (Shrinkage) 48
89 x 460 (Creep) 56 (4 days) 6.0 14
' 31 (24 days) 8.0 19
Moist cured 89 x 330 (Shrinkage) 17
for 24 days 89 x 330 (Creep) 21 (28 days) 8.0 14
89 x 460 (Shrinkage) 46, 60
89 x 460 (Creep) 26 (25 days) 8.0 19
37 (28 days) 8.0 19
Moist cured 152 x 442 (Shrinkage) 68
for 3 days 152 x 442 (Creep) 66 (24 days) 8.0 19
152 x 747 (Shrinkage) 72
152 x 747 (Creep) 76 (24 days) 8.0 19
Moist cured 254 x 645 (Shrinkage) 79
for 3-days 254 x 645 (Creep) 80 (24 days) 8.0 19
254 x 1153 (Shrinkage) | 86
254 x 1153 (Creep) 88 (24 days) 8.0 19
Moist cured 610 x 1930 (Shrinkage) | 111~116*
for 3 days 610 x 1930 (Creep) 101~106* (25 days) | 8.0 19

Table 3-1: Detail of Creep Specimens in the Lab
* strain gauge No. detailed in Figure 3-2
f applied creep stress, MPa

f25 compressive strength aftér moist cured 28 days
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Curing Condition | Specimen Size (mm) No. of Specimen Stress, £ | f/fas
(Age of Loading) MPa) | (%)
Moist cured 89 x 330 (Shrinkage) 18
for 3 days 89 x 330 (Creep) 12 (3 days) 6.0 14
20 (13 days) 8.0 19
64 (200 days) 9.64 22
89 x 460 (Shrinkage) | 28
89 x 460 (Creep) 29 (3 days) 6.0 14
23 (13 days) 8.0 19
24 (200 days) 9.64 22
Table 3-2: Detail of Creep Specimens Immersed in Water
Curing Condition | Specimen Size (mm) No. of Specimen Stress, £ | f/f2s
(Age of Loading) (MPa) (%)
Moist cured 89 x 330 (Creep) 19 (24 days) 8.0 19
for 3 days 14 (201 days) 9.64 22
89 x 460 (Shrinkage) 39, 40
89 x 460 (Creep) 53 (4 days) 6.0 14
58 (24 days) 8.0 19
32 (201 days) 9.64 22
Moist cured 89 x 330 (Shrinkage) 16
for 24 days 89 x 460 (Shrinkage) 49
89 x 460 (Creep) 61 (24 days) 8.0 19
Moist cured 152 x 442 (Shrinkage) |71
for 3 days 152 x 442 (Creep) 67 (24 days) 8.0 19
152 x 747 (Shrinkage) | 73
152 x 747 (Creep) 75 (24 days) 8.0 19
Moist cured 254 x 645 (Shrinkage) | 81
for 3 days 254 x 645 (Creep) 78 (201 days) 8.0 22
254 x 1153 (Shrinkage) | 84
254 x 1153 (Creep) 87 (201 days) 8.0 22

Table 3-3: Detail of Creep Specimens stored Outside
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Curing Condition | Specimen Size (mm) No. of Specimen Stress, f | f/fas
' : (Age of Loading) MPa) | (%)
Moist cured 89 x 330 (Shrinkage) 4
for 3 days 89 x 330 (Creep) 65 (24 days) 8.0 19
11 (200 days) 9.64 22
89 x 460 (Shrinkage) 47
89 x 460 (Creep) 41 (4 days) 6.0 14
44 (24 days) 8.0 19
38 (200 days) 9.64 22
Moist cured 152 x 442 (Shrinkage) | 70
for 3 days 152 x 442 (Creep) 69 (24 days) 8.0 19
152 x 747 (Shrinkage) | 74
152 x 747 (Creep) 77 (24 days) 8.0 19
Moist cured 254 x 645 (Shrinkage) 82
for 3 days 254 x 645 (Creep) 83 (24 days) 8.0 19
254 x 1153 (Shrinkage) | 85
254 x 1153 (Creep) 89 (24 days) 8.0 19
Moist cured 89 x 330 (Shrinkage) 15
for 24/25 days | 89 x 330 (Creep) 2 (25 days) 8.0 19
13(200 days) 9.64 22
89 x 460 (Shrinkage) 27
89 x 460 (Creep) 59 (25 days) 8.0 19
Moist cured 89 x 460 (Shrinkage) 55
for 200 days | 89 x 460 (Creep) 42 (200 days) 9.64 22
Moist cured 89 x 330 (Shrinkage) 5
for 25 days 89 x 460 (Shrinkage) 30
& sealed 89 x 450 (Creep) 50 (25 days) 8.0 19
Moist cured 89 x 330 (Shrinkage) 6
for 3 days 89 x 330 (Creep) 3 (25 days) 8.0 19
& sealed 25 days | 89 x 460 (Shrinkage) 45
89 x 460 (Creep) 35 (25 days) 8.0 19
Moist cured 89 x 330 (Shrinkage) 10
for 3 days 89 x 330 (Creep) 9 (200 days) 8.0 19
& sealed 200 days | 89 x 460 (Shrinkage) 52
89 x 460 (Creep) 36 (200 days) 8.0 19
Moist cured 89 x 330 (Shrinkage) 22, 62
for 3 days 89 x 330 (Creep) 63 (28 days) 8.0 19
& sealed 3 days 8 (200 days) 9.64 22
89 x 460 (Shrinkage) 25
89 x 460 (Creep) 33 (28 days) 8.0 19
54 (200 days) 9.64 22
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Figure 3-1: Dimension of 89 mm, 152 mm and 254 mm Diameter Specimens
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Figure 3-6: Detail of 254 mm Diameter Specimens Creep Frame
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CHAPTER 4

MECHANICAL PROPERTIES

In general, the physical tests on the properties 6f concrete and the mechanical
tests on sixty-five concrete specimens were carried out successfully. All test cylinders
were stored in the same controlled environment and close to the creep and shrinkage
specimens, and were stored the five chos.en environments which were in the Lab, 50 %
RH room, water tank, moist-cured room, and outside the building as shown in Table 4-1
~ 4-3. However, there are several remarks that must be mentioned in order to make this

paper complete.

4.1 Concrete Strength

In general, the specimens failed in a consistent manner in that the compressive
strength increased with increasing time. The lower strength specimens demonstrated
considerable plastic deformation before failure occurred. In contrast, older specimens

having higher compressive strengths, typically above 40 MPa, exhibited very little plastic
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strain and the failure was both sudden and explosive. The results of the compression tests
with environment and age were given in Table 4-1. To examine the strength results, the
compressive strength versus the age of concrete are plotted in Figure 4-1. In general,
compressive strength increased with age for all storage environments. waever, it must
be observed that strength-development is grossly affected by environment. The 50 % RH
concrete and the laboratory-stored concrete were significantly weaker at 200 days than
the sealed and moist cﬁred specimens. Concrete stored outdoors also was considerably
weaker at 25 days, which was the middle of January 1998, than concrete stored in the
other environments because of below freezing winter temperatures. At 180 days,
however, strength of the concrete stored outdoors was equal to the strength of the moist

cured and sealed concretes.

4.2 Modulus of Elasticity

The static modulus of elasticity used in the determination of elastic and creep

-deformations may be determined using methods such as those outlined in ASTM C 469.

If such information is not available, the static modulus of concrete at age of loading may
be calculated from the mean concrete strength. The measured moduli of elasticity with
age and environment are given in Table 4-2. . Modulus of elasticity is defined as the
ratio of normal . stress to corresponding strain for compressive stress below the

proportional limit of material.
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| Equation 2-25 is a compromise between the recommended equations of ACI 209-
82 and ACI 363-94. Figure 4-2 shows relationship between modulus of elasticity and at
age of loading with various environments. Two types of compressometer were used for
deformation measurements. Measurements taken from 4 to 24 days’ were taken using the

University compressometer and the 25 to 200 days’ measurements were taken using an

EMR compressometer. The two results are quite different. The measured modulus of

‘elasticity appears to decrease with time which was not expected and illogical. Hence,

little confidence can be placed upon those results.

The relative compressive strengths as a percent of 28 days moist cured concrete
strength with age and environment are given in Table 4-3. Figure 4-3 shows the
relationship between strength gain and moist curing. The concrete strength increases

with age, provided moisture is present for hydration of cement.

concrete strength «100 4-1)

percent of 28 days moist cured concrete strength =
cm28

where f.m2¢ = mean concrete strength at 28 days

Figure 4-4 illustrates relationship between modulus of elasticity and compressive
strength at age of loading for various environments. Due to the previously described
problems in determining the modulus of elasticity, little credence should be placed on

these comparisons. The equations with Eq. 2-1 and Eq. 2-26 versus Eq. 2-25 were very

similar in shape.
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(ggs) Lab | 50% RH | Outside é‘ﬁ‘r’ﬁ Immersed| Sealed | Eq.2-1 | Eq.2-26
1 B.86] 1203

2 15.07]  17.64

3] 2355 19.67] 2149

4] 26.44 23.22]  24.40

5 26.03|  26.72

6 28.32] 2863

7 30.22] 3023

8 31.81] _ 31.61
9 33.18] _ 32.81
10 34.36]  33.87
11 35.39]  34.82
12 36.30]  35.66
13 ~34.88] _30.80] _ 37.10] __ 36.43
14 37.82]  37.13
15 38.46]  37.76
16 39.05]  38.35
17 30.57] _ 38.89
18 40.06]  39.39
19 4050 39.85
20 40.90]  40.29
21 41.28]  40.69
22 41.63]  41.08
23 41.95]  41.43
24| 3547|  35.26 42.25] 4177
25 38.35]  38.19]  29.16] _ 40.30 42.52]  42.09
58 4205|4053  30.13] _ 43.26| _ 42.95
30 4368] 4345
40 45.21]  45.40
56 46.61]  47.37
60 46.85|  47.73
70 47.35]  48.49
80 47.72] _ 49.10
84 T47.85]  49.32
100 48.26] _ 50.03
112 48.49] 5045
140 48.89]  51.20
168 49.15] _ 51.75
179] _ 38.46 49.04]  51.92
180 48.44 47.84] 4924|5104
181 42.67 47.47 49.25]  51.95
196 49.74 49.34] _ 52.16
200 £0.74 40.37]  52.21

Table 4-1: Compressive strength (MPa) of at age of loading with various environment
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(ggs) Lab 50% RH | Outside éfl(r’;s; Immersed| Sealed | Eq.2-25

1 18415

2 21560

3 23435

4 38100 24742

5 25727

6 26506

7 27143

8 27677

9 28132
10 28527
11 28873
12 29179
13 70033 35060 29454
14 29700
15 29924
16 30128
17 30315
18 30487
19 30646
20 30793
21 30931
22 31059
23 31179
24 32021 32901 31291
25 18987 20074 20614 25659 31397
28 22121 21513 20036 31680
30 31845
40 32473
56 33094
60 33207
70 33444
80 33632
84 33697
100 33914
112 34042
140 34270
168 34432
178 17299 34484
180 21179 24666 34489
181 17291} - 28724 34493
196 34555
200 26935 34570

Table 4-2: Modulus of elasticity (MPa) of at age of loading with various environment
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(gg‘;) Lab 50% RH | Outside éﬁ‘::; Immersed| Sealed | Eq.4-1

1 28

) 41

3 55 50

4 62 57

5 62

6 67

7 70

8 74

] 76
10 79
11 81
12 83
13 81 72 85
14 8o
18 89
18 92
19 93
20 94
21 95
22 96
23 96
24 83 82 g7
25 89 89 68 94 98
28 100 94 91 100
30 101
40 106
56 110
60 111
70 113
80 114
84 118
100 116
112 117
140 119
168 120
179 90 121
180 113 11 121
181 99 111 121
196 116 121
500 118 122

Table 4-3: Compressive strength, percent of 28 days moist cured concrete
versus various environment
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CHAPTER S

TIME DEPENDENT DEFORMATIONS

To determine the long-term response of a concrete structure subjected to load, it is
necessary to take account of the time dependent effects of shrinkage and creep. Although
shrinkage and creep have been studied for many decades, the roles are not fully

understood because of the complexities.

Although creep is observed for all materials, the fundamental basis for creep of
concrete must be quite different from that of metals, because significant volume changes
occur at ambient temperatures and the presence of moisture in the material plays an
important role. It is commonly assumed that creep and shrinkage are interrelated
phenomena because there are a number of similarities in that both are affected by the
same phenomena. The strain time curves of concrete are similar, experimental
parameters affect creep in much the same way as shrinkage, the magnitudes of the strains
are similar, and include a considerable amount of irreversibility. Concrete is an age

hardening material — its strength and stiffness increase with time.
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5.1 Total Strains of Test Specimens

The object of this study was to examine the influence of environment and
specimen size on creep and shrinkage of concrete.. Figures 5-1 to 5-19 show measured
total strain with age and environment. Each figure includes elastic deformation,
shrinkage and creep. The continuous lines in all graphs stand for the long specimens and

the dotted lines represent the short specimens.

Figures 5-1 to 5-5 show total strains with age for 89, 152, 254 and 610 mm

diameter specimens in the temperature-controlled, uncontrolled-bumidity lab. Total.

strains of the 89 mm diameter specimens moist cured 3 days is shown in Figure 5-1. In
general, the total strains of the short and long specimens are similar except for the 152
mm diameter specimens. The total strains of 254 mm diameter, long and short specimens
are quite similar as shown in Figure 5-4. However, the total strains of 152 mm diameter
long and short specimens are significantly different as shown in Figure 5-3. Figure 5-5
presents the strains measured on the 610 mm diameter specimens; the dotted lines

represent the creep specimen gauges and the continuous lines the unloaded specimen.

Figures 5-6 to 5-9 show total strains with age for 89, 152 and 254 mm diameter
specimens stored outdoors. Figures 5-28 and 5-29 show the measured outside
temperatures which varied from minus 17 °C to plus 30 °C. All graphs of strains of
specimens stored outside are very similar with a definite dependency to below freezing

temperatures. The strains of specimens measured during winter were very small. As
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shown in Figure 5-6, the total strains of early age loaded specimens are greater than late
age loaded specimens. Overall, there were no significant differences between long and

short specimens.

Figure 5;lO shows the total strains of 89 diameter mm specimens immersed in
water after 3 days moist curing and loaded at 3, 13 and 200 days. Cement paste, or
concrete, cured continuousiy in water from the time of casting exhibits a net increase in
volume and weight. This swelling is due to absorption of water by the cement gel
particles with a resultant swelling pressure. The swelling of concrete is considerably

smaller than the shrinkage of concrete in a 50% relative humidity environment.

Figures 5-11 to 5-19 illustrate the measured total strains with age for 89, 152 and
254 mm diameter specimens in the 50 % RH environment. Figure 5-11 shows the total
strains of 89 mm diameter specimens moist cured 3 days and loaded at various ages.
Figure 5-12 gives total strains of 89 mm diameter specimens moist cured 24/25 days.
The short and long specimen instantaneous strains are quite similar at 25 days but the
total strains of specimens 2 aﬁd 59 are significantly different at 315 days. Figure 5-13
shows the total strains of 89 mm diameter specimens moist cured 200 days and then
subjected to load. Figure 5-14 shows the total strains of 89 mm diameter specimens
moist cured 3 days and then sealed and loaded at various ages. In general, there is no
significant difference of total strains of long and short specimens in Figures 5-14 and 5-
15. There are illogical curves for creep specimens as shown in Figures 5-16 and 5-17

because there are significant strain differences between the long and short specimens.
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The total strains of the unloaded 152 mm and 254 mm diameter speéimens are similar as
shown in Figure 5-18 and 5-19. However, the total strains of loaded specimens are
anomalous, because the strains of 254 mm diameter specimens are slightly greater than

those of the 152 mm diameter specimens.

5.2 Factors Affecting Shrinkage

It is known that shrinkage of concrete is influenced by numerous factors, among
which the most important. are drying-out time, member size, relative humidity and
temperature of the environment and period of cdring. Therefore, studying these
individually influencing factors is essential to understanding shrinkage phenomena. All
épecimens cured for 3 days with wetted burlap in the lab. However, most of shrinkage
specimens were stripped by 4 days except immersed and 3 days creep specimens because
of taking time for stripping all specimens. Hence, most of shrinkages of specimens zero

at 4 days except immersed specimens.

The temperature in the structural laboratory ranged form 19 °C and 20 % RH in
December 1997 to 25 °C and 65 % RH in July 1998. The temperature in the tent
enclosure, which was located in the structural laboratory, ranged from 19 °C to 25 °C.
Controlling the relative humidity was very difficult with the measured RH’s ranging from

40 % to 60 %.




Sealed specimens, all 89 mm diameter, were sealed with a bitumen sheet sealer.
The effectiveness of the sealing is uncertain and will be checked later by immersing some

specimens in water and measuring any change in strain.

The specimens stored outside were subjected to Ottawa climate. The
temperatures measured by the transducers in the specimens are shown in Figure 5-28 and

5-29. These specimens were stripped at 3 or 4 days and then stored outside.
5.2.1 Influence of Curing and Storage Conditions

To discuss the influence of curing and storage conditions on shrinkage, both
duration since end of moist curing and relative humidity of the storage environment are
considered. The general effect of environment of specimens upon shrinkage is shown in
Figures 5-20 through 5-24. Observation of Figure 5-20 shows that the shrinkage of 89
mm diameter specimens in various environments at 315 days is a function of relative
humidity, duration of moist curing and temperature. The specimens stored outside
exhibited no shrinkage for the first 100 days, during which time the temperatures were
below zero degrees. The immersed specimens swelled through the period of test,
however all other environment specimens shrank. Figure 5-20 also illustrates the greater
absolute magnitude of shrinkage compared with swelling in water. The shrinkage of
specimens stored outside depends upon the outside temperature and its humidity as

shown in Figure 5-28 and 5-29; the relative humidity was uncontrolled.
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Figure 5-21 shows the shrinkage of sealed specimens sealed at different ages with
different durations of moist curing. The shrinkage after 3 days curing is essentially
constant for 100 days and then increased with time. This could be due to imperfect
sealing of specimens. Specimens moist cured for 3 days, than allbwed to dry and sealed
at 25/200 days, the strain of concrete decreased with time as shown Figure 5-21(b)
indicating some autogenuous shrinkage. The shrinkage of concrete moist cured for 25

days moist curing and theﬁsealed increased steadily indicating imperfect sealing..

Figures 5-22 and 5-23 show the shrinkage of 152 mm and 254 mm diameter
specimens in the lab, outside and 50 % RH. The shrinkage of both lab and 50 % RH
specimens is similar because the temperatures were identical and relative humidities were
also similar. However, the shrinkage of specimens stored outside depends upon

temperature as shown in Figure 5-28 and 5-29.

Figure 5-24 presents the shrinkage measured on the 610 mm diameter specimens
in the lab. It is interesting to observe that the shrinkage measured in the lateral direction
is only 60 to 70 % of that measured in the longitudinal direction at 315 days. All
longitudinal strains of concrete are similar. Both the lateral and longitudinal strains
increased with time. There are no significant differences in shrinkage measured by the
gages located on the centerline in the longitudinal direction:and those 152 mm offset in

the longitudinal direction as shown in Figure 5-24(b).
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5.2.2 Size Effects

The rate of water loss is obviously controlled by the length of the path of traveled
water, which is expelled during shrinkage. Figures 5-25 to 5-27 show size effect for each
environment on shrinkage. Figure 5-25 shows shrinkage of 89, 152, 254 and 610 mm
diameter specimens in the lab. The rate of shrinkage of the smaller diameter specimen at
early ages is greater than fhe rate of shrinkage of larger diameter specimen. It is hard to
distinguish the effect of size on the specimens stored outside as shown Figure 5-26. The
concrete seems to respond more to temperature changes than specimen size. Figure 5-27
shows shrinkage of 89, 152 and 254 mm diameter specimens in 50 % RH. At a constant
RH, the size of specimens determines the rate of drying shrinkage. The shrinkage strains
of smaller size specimens is greater than that of larger size specimens over the test
duration. It is believed that the increase in the dimensions of specimens will delay the
process of drying shrinkage, however, it doesn’t seem to reduce the ultimate shrinkage

because the strains of most of specimens are similar at 315 days.
5.2.3 Outdoor Average Temperature during the Test

Figures 5-28 and 5-29 show average outside temperature during the test period
with time plotted on both log and normal scale. It is obvious that the concrete specimens

were responding to temperature changes in weather as shown in Figures 5-20, 5-22, 5-23,

and 5-26. After 3 days moist and warm curing, all specimens were moved outside the
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building on December 8, 1997. The outside temperature was below zero degrees until

March 18, 1998.

5.2.4 Shrinkage Summary

" It is interesting to observe that the shrinkage measured in the lateral direction of

the 610 mm diameter speéimen, Figure 5-24, and is only 60 to 70 % of that measured in |

the longitudinal direction at 315 days.

Table 5-1 summarizes the 315 days shrinkages with specimen size and storage

environment. All values were taken average of long and short specimens.

5.3 Factors Influencing Creep

Creep cannot be measured directly. Creep is determined by subtracting shrinkage
and the initial strain at loading (or normal elastic st;ain) from the total strain. However,
for sealed, non-drying, concrete members, it may be argued that creep can be measured
without the need to correct for shrinkage; however, others suggest that autogenous

shrinkage should be subtracted from the creep strains.

The creep coefficient is the ratio of creep to elastic strain. Care should be taken

when using creep coefficients, as calculated strains are strongly dependent on the
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modulus of elasticity used to determine this value. The creep coefficient is

dimensionless.

The compliance function is defined as strain per unit stress and typically
presented in units of strain/MPa. For the creep tests the stresses applied stress were
approximately 25% of the cylinder strength at the age of loading. The stresses applied are
given in Tables 5-1 to 5-;1'. Applied stress for 3 or 4 days creep specimens was 6 MPa,
for 13 or 24 or 25 days creep specimens was 8 MPa, and for 200 or 201 days creep
specimens was 9.64 MPa. The compliance function includes initial or elastic strains.
Specific creep is equal to the total deformation per unit stress, minus the elastic strain per
unit stress. It should be noted that the compliance function and specific creep have the
same units, however, the compliance function includes strains due to elastic shortening,

while specific creep does not. In general, the compliance of all graphs was calculated by

- subtracting shrinkage of the same diameter and length specimens from the measured total

deformation.
5.3.1 Infiuence of Curing and Storage Conditions

Basically the factors influencing shrinkage will influence creep in the same way.
Figure 5-27(a) shows tﬁe creep compliance versus age curve's for the 89 mm diameter
specimens in various environments. The creep strains measured on specimens stored
outdoors are significantly different from those in other environments. Figures 5-30 to 5-

34 illustrate compliance of various size specimens, at loaded at different ages and stored
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in different environments. Figure 5-30 shows compliance of 89 mm diameter specimens
loaded at 3 or 4 days in various environments. The compliance of specimen stored
outside is significantly greater than compliance of other environmental specimens. The
compliance of immersed specimens is constant with the time. Oﬁtside drying cycles can
increase microcracking in the transition zone and thus increase creep as shown in Figure
5-30 and 5-33. Figure 5-31 shows compliénce of 89 mm diameter specimens at loaded at
24 or 25 days in various environments. In this graph, the compliance of lab stored
specimens is greater than compliance of specimens stored in other environments.
Compliance of specimens of sealed 3 days after curing is greater than compliance of
specimens of sealed 25 days after curing. Figure 5-32 shows compliance of 89 mm
diameter specimens loaded at 200 or 201 days in various specimens. The compliance of
immersed specimens is less than the compliance of specimens in the other environments.
Figure 5-33 shows the effect of environment on the measured compliance of 152 mm
diameter specimens loaded at 24 days. Figure 5-34 shows measured compliance of 254
mm diameter specimens loaded at 24 or 201days in various environments. Figure 5-35
shows compliance of 610 mm diameter specimens at 25 days of loading in the lab.
Under uniaxial compression, creep occurs not only in the iongitudinal direction but also

in the lateral direction. This is referred to as lateral creep or Creep Poisson’s Ratio.

5.3.2 Size Effects

Figures 5-36 to 5-38 illustrate size effect on compliance with environment. The

compliance of small specimens is greater than the compliance of large specimens except
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610 mm diameter specimens in the lab as shown in Figure 5-36. Therefore, large size
specimens slow down the process of diffusion of the absorbed water, thus, decrease
creep. The compliance of longitudinal direction of 610 mm diameter specimens is

greater than the compliance of 254 mm diameter specimens.

The compliance of outside specimens loaded at 4 days is generally greater that of
specimens loaded at 24 days and 201 days as shown in Figure 5-37(a). Figure 5-37(b)
shows the same information plotted against time since loading.. The compliances of 24

and 201 days loaded concrete are similar.

Figure 5-38 gives the compliances of 89, 152 and 254 mm diameter specimens in
50 % RH at 25 days loading. The compliance of 89 mm diameter specimens is slightly

greater than compliance of 152 and 254 mm diameter specimens.
5.3.3 Compliance Summary

The measured compliance results are very inconsistent. The elastic compliance is
simply the reciprocal of the elastic modulus i.e. should be approximately 50 microstrain.
Regardless of specimen size the elastic compliances should be similar. As mentioned in
section 4.2 major difficulties were experienced in measuring modulus of elasticity. Any
elastic compliances significantly greater than 50 microstrain must be regarded with
suspicion. Unfortunately this includes many of the compliance results. Part of the

problem was because the CTL 89mm diameter creep frames use a single spring, Figure 3-
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3 and were used without a ball to allow the load to be concentric with the specimens. In
general the compliances measured on the larger specimens appear more consistent than

the results obtained from the 89mm diameter specimens.

From Figure 5-35 it can be noted that the elastic Poisson’s Ratio is 0.2 and the

creep Poisson’s Ratio somewhat larger at 0.3.

Regardless of specimen size the early duration compliance curves are parallel as

shown in Figures 5-34(b) and 5-37(b).
For statistical reliability multiple replicates should be used for both shrinkage and

Creep specimens. Practical necessity will probably limit the number of replicates to 5

which would allow a small sample standard deviation to be calculated.
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| |
| ;
| |
' Specimen Size (mm)| Storage Environment | Moist Cured Days Shrinkage ( 10'6) 1
| 89 3 633 ?
| 89 24 652
| 152 Laboratory 3 644
254 ' 3 718
610 3 449
89 Immersed in water 3 -118
89 3 716
89 24/25 593 i
89 50 % RH 200 526
152 708 |
254 711
89 108
| 89 Outside 24 82
; 152 168
' 254 237
‘ Table 5-1: Summaries the measured shrinkage strains at 315 days
* with specimen size and environment
)
| 72
0 B




000!}

€L

(sheq) @1910u09 Jo aby
oot 0l

N ()95 —e—

x\x&x/\ " (Dey—x—

(Mg ——
(|)2

S)h--=--

skep ¢ 1e papeo| [ g2 £ uaumoadg ‘skep ¢ 18 papeo| 9¢ usunoadg
sAep ¢ paIno JSIOJ “WSWOTAUF e Uf sueundadg Wi 68 Jo weng [e10], :J-g dansi

00s-

0001~

00S1-

0002~

0o0se-

ooo¢-

(ureysosony) urens jejo L



b2 s s i

174

sAeq) a3212u09 10 96
000L 00} (shea) a3 93 v ol L
005
e . : 0
l—
o
)
00S-
]
£
()09 —e— =
(V9 —x— m
(DL —x— 000k~ @
(1oz 0
(She--=-- 2
(S)iL--o--
00S1L-
0002

sAep gz e papeo] L€ 29 [Z uswroadg ‘sAep ¢z v Papeoj 9z usunoadg
sAep $z pamo JSIOp\ ‘uowuonAuy qe] ur susunoadg w 68 Jo ureng [e10 ], :7-G aangyy




000}

(skeq) ayo19u09) 30 aby

ool

g BEg ™ IPPRES
(oL —»—
(MeL
.. (S)g9-- @ --
_ =
..o...o?b
>

skep ¢ Je popeo] 9/, 29 99 usunoadg
SAep € poIno JSIO] “uewuONAUY qer] Ut suswnoads U ZG1 JO UreNS [ejo]. —

00s-

0001}-

00G}-

000z~

00S2-

(urenysosoly) urens |ejol



0001

9L

Sﬁmbmn_v 93912u09 jo aby

0 ol

(1)88 —¥—
(Mesg

(S)og--=--
(S)6L-- & --

SAep $¢ 18 papeo] 88 29 0§ uswioads
SABD € PaInd JSIOJ “JUSWUOIAUT qe] Ul susunoadg W 67 Jo ulenS [2i0] ip-g aangdiyg

0
00G-
-I-
(]
&
»
o
o,
000} 2
=
Q
o
o
o
D
2
00G1-
000z-



LL

0oL (sAeq) aj210u09 jo aby

ol

-——

00s

(esua0-10H)9L b

*\
o X’OO ‘*X
% .

(19syo-10A)GL L
(anyuan-1oplpLL -
(enue0-"JoH)g ) | ——

(1esyo-"10NIZ L | ———

00s-

(enuao-1ap)LL | —

(a1ua0-10H)90} - - © - -
(1osgo-19N)G0) - - * - -
(anusd-JoAW0L - - % - -

*K
S
o¥x
o.e‘xx
. M ,- 8% 4
- a
x..xo:\““y: n.uﬂ
X .- .
. K24 g-B
*. .\mn\x \\\\
g % o
) &’
_H
B
-

(anuao-IoH)E01L
(1esyo-19A)20L - - & - -
(anuao-1p)L0L - - & - -

0001~

00S1-

B U

skep Gz 1e papeo] 901~[0] susunoadg

SAep ¢ PaInd 1SIOJA] “JUSUIUOIAUF] Q'] Ul suawioadg W (]9 JO UlenS [BI0], :6-G aInd1g

00oe-

(uresysosony) utess jejol




000}

00}

8.

(sheq) a1212u09 jo aby

0l

(nee

(185 —+—
(Neg —e—
(Noy —x—
(Neg —x—
(Sh--o--
(s)eL--=--

sAep [(Z 18 papeo] Z¢€ 72 1 usunoadg ‘skep 7 1e v%mo“ 86 29 61 usunoadg ‘sAep 4 18 papeo] ¢¢ uounoadg

sAep ¢ pamo JSIOJA “JUSWUOIAUF JoopInQ) susundadg wiur 6§ Jo uren§ [ejo], :9-g aanSig

e I # XEL re  atan e

00S

0

005 _
Q
5
4

ooos- 5
=
=

005k 5
(7]
o
Q
2

000z-

00G¢-

000¢-

£
i



A Xt

0oot

00t

6.

(sAeq) a3a10uo) jo aby

]

)%
— (Dey —a—

()9L--&--

}
0001
008
o o

&
)
[ ol
2,
008 =
=
1
O
7]
=
[
000~ 5
008}~
0002-

SABP $Z PaInd ISIOJ “JUSWUONAUH J0OPINQ SUsUNoadg WUI 6§ JO UIRIS [R10], /-G dnSi

sAep {7 18 papeo] 19 usunoadg




err——e

000}

08

sAep Z 18 Papeo] 5/, 7 L9 uawoads

sKep ¢ PaInd ISIO]A] “WSWUOMAUF J00PINQ Susunoadg W 76 Jo ureng [e10], :g- aandiy

s
00l (sAeq) 93010u09) Jo aby e
00S
. . s - LRLFE R Tl . A 0
| ]
g ®
o :
K 00S-
..o
00 N0’
..... 4
.-.\l
0001~
.o..
- 00S1-
.. .0\00.0 \
(NgL —x—
§)72 0002-
S)L--=--
(9)L9--o--
y/.\fk 0ose-
000¢-

(urenysoutdly) urens |ejo)




000!

18

(sAeq) 83219u09 jo aby
ool ol

(N28 —x—
(e

(S)g - »--
(S)gL--o--

SKBp € PaIno JSIOJA “JUSUONAUF J00pInQ) suduoadg Wl 57 JO UlellS [BI0], +6-S 2ansiy]

sKep 0T Y2 Popeo] L8 79 8/, Usunoadg

005

00s-

000}~

(uresysosoi) urens [eyo .




cooL

Z8

£ : B
0oL (sAeq) 93240u09 jo aby oL

(Neg ——
(Dgg—+—
(v —e—
(Nez—x—
(SW9--x--

(s)gL--a--
S)eL--o--

skep ((z 18 papeo] $7 2 $9 usunoadg ‘s{ep ¢ 18 papeo] €7 %02 usunoadg ‘skep
€ 18 papeo] 67 7 71 uaumoadg ‘sAep ¢ paInd ISIO ‘Sudtoadg pasIouIu] Wi G§ Jo uiens [e1o], 1g1-S aIndiy

00S

0se

osc-

00s-

0s.-

0001~

(utesysolol) utesns |ejol




0001 001

£8

(sheq) 9jai2u0) jo aby
o1

skep 0z e papeo] ¢ % 1 uawioadg ‘sAep g 18 Papeo] b 29 SO usundadg ‘skep 18 papeo| [ Usuioadg
sAep ¢ pamo JSIOJA] “JUSWUONAUT “HY %0S Ul susunoadg Wil g8 JO ulens (810, s [-S a4ndiy

00s

005

0001~

00S1-

000¢-

00s¢-

(uresysosoip) usens |ejo )




8
(sAeq) ajo10u09 jo aby
- 000} 001 ol b
005
. Tlnj%vhf . 0
o
005 g
»
ot
o
000} -
S
(166 —¥— 8
o
(Dig —— 2
V)
00s}- =
(S)si 2
(SkeL--=--
(S)z--e-- 0002-
0052-

sAep 00T Je papeo] €] ustroadg ‘shep Gz e papeo] 6§ %
7 uawoadg sAep §z/pg paiIng ISIOIA “JUSWUONAUY HY %0S Ul suaunodadg wuw 68 Jo ureng (8107, :71-S 2an3ig

e e e ny




T———

0001

58

(skeq) aja1ou09 j0 aby
00!l

oL

(Mey ——

(g5 —o—

skep Qg 1& papeo] gy uswroadg

SAep (00T PaIN0 ISIOJN “WUSWUONAUT "H %0 Ul Suswroads Wi 68 JO UlenS [BI0], :€1-G 2ana1g

0002
005}
o
000} g
o
3
=
005 =
=
Q
o
o
o
0 o
2
005~
0004



98

(sheq) aja210u09 jo aby
000} 004 ol

(g —t—
(Neg —o—

(N5Z —x—
(S)e9-- % - -
(s)29
(S)ee--=--
(s)g--o--

sABp 00T 18 PapRO] S 79 § usunoadg ‘sAep g7 18 papeo] ¢¢ 79 £9 usunoads ‘skep ¢
IoYe pajeag pue sAep ¢ painod ISIO “JuawuonAus "HY %0 Ul suownoadg wiu gg Jo uieng [e1o], :p1-g 3Ingdig

00&-

0004~

00G1-

(utenysololiy) urens jejo L




0004

8

(sAeq) a30i0u09 jo aby

00t oL

(1os

(1og —a—

(S)g--e--

I9)JR PaJRAS PUB SABP GZ PAIND JSIOJA] “JUSUIIONAUT "HY %0S Ul Susunoadg W 6§ Jo urenlg [e10], sG-S ain3ig

skep ¢z 18 popeo] 0§ uownoads ‘skep ¢z

0s¢

0s¢-

00G-

0s.-

0001~

(ureysosol) urens B30 L




88

(sAeq) @ja10uo0) jo aby
000} 00t
I'TI'T }
L D 2B D R e 3. 2 T
o..o (Ngg ——
.o (Vey——
200’ (S)e--o--
oo (S)9- - - -
..0-¥
&

skep Gz Je papeo] ¢ % ¢ uswioadg ‘skep ¢
Iayje pajeag pue skep ¢ paind ISIO WAUUONAUY "HY %0S Ul susunoadg wi 6§ Jo uteng [e1o], :9J-§ a1ndi g

00S-

000L-

00S}-

0002-

(urenysosol) uiens [ejot




e i

68

(sAeq) 93215u09 Jo by
000} 00} oL

(Neg ——
(D9 ——
(S)oL--e--

[/M (S)6-- % - -

skep 00T e papeo] 9¢ % 6 uswidads ‘skep 00T
Ioye pajeas pue sAep ¢ paind ISIO “WUSWUOIAUT ‘HY %0S Ul susurdadg Wl g8 Jo ulel)§ [e10], 1]~ a1n81g

00s

000L-

00S!-

0002~

(urenysosoipy) utens jejo L




S S

000! ool

06

(sAeq) aj21ou09 jo aby

oL

(M2 —r—
q)i 7]
(S)oL--=--

(S)69--o--

sKep 7 Y& Papeo] /% 69 usunoadg

M SAep € Paind ISION “WUSWUOIAUT "H Y %0§ Ul Suswioadg Wt 7G| JO urei§ [e10], :§1-S d4nsiq

00S

0os-

0001~

00SL-

000z-

(urenysosoly) utens jejol




16
0001 oo, (sAeqd)ejessuopyoeby
— S _ g N
(168 —*—
(Mg
(S)eg-- = --
(S)eg--o--

s&ep Z 1e Papeo] 68 % €8 USWIoadS

SAep ¢ pand ISIO “WSWUONAUT "HY %0 Ul susunoadg unu 45z Jo weng [e1o], :6f-s aandiy

0c

0

0O(

0(

ml

Q
~
'

IS |-

Doc-

(uresysololy) ureng [ejo )

ani



S A S AL R AN

4]

sAep Qg paind ISION §S uawioadg ‘sAep ¢z paino ISION L7 2% G| usunoads
SJUSWUOJAUG SHOLIEA U SuawroadS wx 68§ JO 98equliyS - 103 F JUSWUONAUY (-G a4n31]

(sAeq) aja10u09 jo aby
000} 0]0] oL I
sABPOOZ 19M-GG —¥— 00s
shepgg JoM-L¢ —e—
_ 0G¢
sAepgz JoM-GL- - O - -
HY%0G- 2y —¥—
_ 0
HY%0Sv- - * - -
qe-8y —*— 05z-
qe-h- - - -
apISINO-0f ~—o— 00S-
SpISINO-6€ —e—
pasioww|-gg —a— 0G.-
psslaww-gL -- 4 - -
000L-

(urenysosaty) sbexulys




= Y e e S, SO — S

€6 | : -

sAep GZ pajess pue sAep GZ pPaind ISION O€ % ¢ usundadg
‘sAep ()07 18 Po[eas 7¢ 29 01 usunoadg ‘shep Gz 1e pa[eas G 2 9 uounoadg ‘shep ¢ je Supnowsp Isye

pajess 67 ‘79 ‘gz uawnoadsS ‘HY % 0S U pal1ojs susunoads ww 68 [[V - 109 H juswuonauyg :(e)[z-§ 2andig

(sfheq) ajaiouo9 jo aby
000} 00l oL b
00S
shepgz pa|ess 2 I9M-0€ —— )
0gc
shepgg pajess B MG - - — - -
shepooz 7
pajess 3 SAep € J9M-2G —B— e N 0 3.
. sAepooe w.n
poleas g shep g IBPM0L- - & - - Q
shepge 0sz- 2
pajeag B sAep ¢ IOM-Gy —v+— 5
shepsz &
paleas g sAep ¢ JoM-9- - - - - -
00s- 8.
. 3 m
shepg pajeas-Gz —e—
shepg pajeag-z9-- o - - 0S.-
shepg pejess-gz-- o - -
0001- :




[ ey

¥6

sAep Gz paJeas pue skep G paInd ISIO (€ % § usuroadg
‘skep 00z 18 Pajeas 6 % 01 usunoadg ‘sdep ¢z 18 pajess Gp 29 9 uownoadg ‘sAep ¢ je Suipnowsp 1oye
Pajeas G7 ‘79 ‘g usunoads ‘HY % 0S UI paIols suswnoadS wwr 68 [V - 19305 uawuonaus (q)[z-s sandiy

(sAeq) uontpuod HY % 0§ jo uoneing

000} 00} oL b
. 000}
—_———— 00
000}~
0°002-
0°00€-
s =k 0°007"
R A H Rl A o Nt - S-S I .
m//av: S § 005~
shep Gz pe|eas B 1PM-0E. T ) 0
sfep Gz paleas B J8M-G - - =- - -
sAep Q0Z Poleas B Shep ¢ Iom-zg —o— "y - 0009~
skep 00¢ poleas gskepgom-oL--m--| | T Beee.... a0
sAep Gz pajessS g sAep ¢ 1IPM-G -5~ £ 0°00.-
shep Gz pojesg B sAep € 189 - - = - -
shep g pojess-Gz —e— 0°008-
shep ¢ pajesg-z9-- o - -
shep € pajeag-gz-- o - -

e L e e o B e AT S e £ 4 5

(uresysoaoiy) ebeyunys



B Y

0001}

S6

SJUSWIUONAUS] SNOLIBA UI susuroadg uni 76| Jo 28euLyS - J09[J 7 JUSUIONAUY :7Z-S 24an81

(sheq) 93910u09 jo aby
(1]4]

ol

APISINO-EL —o—
oPISINO-LL-- @ - -
qegL —v—
qe1-89- - ¥ - -
HY%0G 2 —o—
HY%0G-0L- - # - -

00¢

00¢-

ooy

009-

008-

0001~

(uresysouoiy) abequnys




iz v

0001

96

JUSWUOIIAUF] SNOLIBA Ul SUSUNOadg Wil 467 JO 98eULIYS - 199 JUSWUOTAUY :gZ-C aanSi

(sAeq) 93a10u09 jo aby
004 oL

IpISINO-g —e—
9pISINO-18-- @ - -
qe1-98 —¥—

qeT6L- - % - -
HY%05-58 —o—
HY%05-28- - + - -

b

002

0
o

00z- 3§,
=
x
[}
«Q
®

0wor B
=
o]
7]
=

009- &,
2

008-

0001-

4t L e g ey R S TPy 7 5




B T i T S

6

qeT 9y} uf suswoadg wut ()9 JO S8eqULIYS [e1ae ] 79 feuIpn)iSuoT :()pz-S aanSiy

(sAeq) aja10u09 jo aby
000l 001} ol A
004
1 1 L I 1 1 1 1 ] 1. O
2
00l- 3,
3
=
[
Q
o
81)UaD g [BJUOZUOH-O| | —e— 00Z- =
=
19SHO-[EOIUBA-GL | —H— o
7]
~r
9Juan B _mo_tm>w¢:. —¥— 00g- m.
aiueD g |BJUOZUOH-E1 | 2
JoS}jO-|EOINBA-CL | —B—
00t~
SNUSD @ [BOIUBA-LL | —e—

00g-




000}

86

W 761 Jo 19sgo ate G [ % 7 [ 98ned ureng
‘onuao are 11 29 [1] 98ned ureng ‘qeJ oy} ul suswdadg wu 19 Jo afexuryg reurpniSuo :(q)pz-s s4nSig

(sheq) aja1ou09 jo aby

00} oL }
00}
- — : —— : . 0
00L-
002-
JOSHO-[EOIBAGL ] —6—
31USD 9 [EOIAA-bL | ——
00¢-
JESHO-{EOIAAZ ] | —o—
a1juaD 9 [BOMIBA-L || —0— 0oy~
005-

(urenysoioiy) abejunys




66

qeT o u suswnoadg wur 019 pue ‘pST ‘TS| ‘68 Y JO ABLNULYS - YJH 7S :§7-§ danByg

(sAeq) aja4ou0) jo aby
000} 00l ob

ook

00}~

00¢-

2JJUa) B {eJUOZUOH-WW (},9 ——

j8Syo-|eolaA-WwW 01.9

BIUBD P [EDIIBA-LUW QL9 -+
2IU3D P [BJUOZLOH-WIW 0.9 —e—

18SHO-|edIHUBA-WW 019 - - =

SQUBD B [EDUSA-WIW 019

wwl $62-98 —e——
W $5Z-6L- - @ - -
W ZG}-g, —¥—
W ZG1-g9- - ¥ - -
ww 68-gf —¥—
Wil 68} - - 3 - -

ooe-

- 00

- 00S-

- 008-

- 002~

- 008-

T T AR T e ¢ e et

006-

(uresysoudiy) abeyuuys

-



001

JUSWUONAUF 9PISINQ SUSWIoadg WW {57 Pue ‘7G| ‘68 91 JO oSeuLIyS - 103 9ZIS :97-S a4nSi]

{sAeq) aja42u02 J0 alby
0ooi 0ol ol 3
00l
0
00}~
v
=
>
o0z- &
1]
=
()
Www $92-¥8 —e— ooe- @
Www $5z-18- - @ - - w
wwl ¢l —— e
esleL ] ooy
wwegL-lL--o - -
ww! 68-0f —o—
W 68-6¢ —e— 008~
009-




000}

Lol

sAep ¢ paino jsiow suawoads 19430 [[e ‘shep (7 PaIno ISIO §§ uswoadg ‘sAep Gz paino ISIOIN
LT % 1 usunoadg ‘HR 9% 0 Ut suswiroadg wi 67 pue ‘S| ‘68 sy Jo oSequnys - 1034 921§ :(¢)LZ-S aanSiy

e e e PSR o o mo A et s et P 5 77T LT W8y A 30 P T3 ke & 4 e e

(sAeq) aja10u09 Jo 9By
001 oL '
0oL
| | ~ _ 0
00lL-
00e-
oog-
WW $52-68 —e— 00y~
ww 46z2-28-- @ - -
W ZgL-vL —e— 00s-
Ww gZG1-0L- - - -
wweg-sAepooz 1em-66 —x—| | 009"
ww 68-sAepGe 1eM-L2 —o—
ww 68-sAepgz 1IBM-GL- - O - - 002~
wuw 68-Ly —v—
Ww 68-f- - ¥ - - 008-
006-

(utenysosoi) abeyunys



‘0001

¢ol

sAep ¢ pano isiowr susunoads Ioy3Q) ‘sfep Qg paind ISIO §¢ uawioadg ‘sep ¢z paind JSIOA
LT % ST uounoadg ‘HY % 0§ U suswroadg W 5z pue ‘g1 ‘68 du3 Jo 9BeULIS - 103hH SZIS :(q)LZ-G 2and1y

(ske@) uonipuod HY % 06 30 uogeng

0ol

0}

wuw $G2-g8 —¥—

W y5g-g8- - ¥ - -
W 2G -2 —e—

WW gGL-0L- - & - -

ww 68-sAepO0Z-1oM-GG —*—
ww 68-sAepsz 19W-L2 —o—

ww gg-sAep Gz I9MGL--© - -
wwgg-Lyy —e—

Ww 6g-p- - ¥ - -

ooe-

ooe-

00t~

00G-

009-

00Z-

008-

006-

(uresysoloip) abejuuys




€01

90/C1/L661 sem | Keq

(3reos oy) poued 3593 9y Burnp spising amjeroduia ] 98e10Ay :g7-g 2an31y

(sAeq) a3040u09 Jo aby
0001 001 113 l
0'02-
) X
/ k? 0'0lL-
: : _ _ . P : 00
8 ] € 4 | 8661 ¢l /661
00L
4 0'0e
.“ /h\n /Jf
sAep g paind ISION-LULIGE —x— 1
sAep ¢ pand JsioN-WpSe .
sAep ¢ paino JSION-WWZG | —g— 0'0e
sAep ¢ paIng JSION-WWEE —e—
101)4

{D0) aumesadwa ]




0se

0L

S0/C1/L661 sem 019z Ke(
(Sreos Teurrou) poptad 1593 sy Sunnp apisinQ sinessdurs 1, aSeroay 16T-S N3y

(sheq) aja10uo9 jo aby
00¢ 0se 002 0st 00t 0

0°0¢-

A

e r—— “., 00
‘_ o

8 9 V|86 \fi 6] 3

! 2

Joor 8

c

=

i ©
=

/ ln\u

;,
]
S
N

v‘/ sAep $zZ paind ISIoN-LUWEE —x— 3
o/ sAep ¢ paJnd ISION-WWPSZ — }ooe
sAep ¢ paino jSION-WIWZG ] —a—
sAep ¢ paing JS|oW-WIWGE —e—
_ _ 0oy




[EO-FEIeY:

0001

GoL

(sAeq) a3210u09 jo aby
0ol oL
..... S X 1 & ?..:o&-o.:..9600..9&.:6.?.0..
? -’1’ \\\\\

SSIOWIW|-GZ —&
osIBWW-ZL - - @ - -
HY%08- Ly —o—
8pIsiNO-g§ —v—
qe-96 —&—

sjuouuoiAug

SNOLBA Ul SAep /¢ 18 papeo] suswroadg wur 68 3o 9ouerdwo)) - 199J JUSWUOMAUT :(¢-§ gy

0s-

0oL-

0si-

00¢-

0ge-

ooe-

ose-

00y

(edw/uiessoloi) eoueljdwod




s e e PR - A A AT S L M AT AL cariaiaat e e

901

(sAeq) e3010u09 jo aby

0001 0oL o
0
— . . . ! e 0
5
o 2
sAepg pajeag-gg - - >
shepg pajess-g9 5
sAepgz pajess jom-0g —a— 8
sAepgz jam-6Gg —a— o B
~ shepgziamz-- o - - m
sAepgz paleas-GE —eo—— g
sAepgg pojeag-¢-- o - - 5
HY%05-7¥ —e— osl- m
HY%05-69- - & - - 2
apISINO-85 —¥— s
apISINO-6L - - ¥ - -
qet-Le —u— ooz-
qe-L-- & --
o0se-

SIUSUWIUOJIAUS]
SnOLBA Ul sKep S7/pT 18 papeo] suawnoadg wul 68 Jo aouerduioy) - J03yH JUSWUONAUF - danSig




10}

(sheq) o3010u09 jo aby
000} )
| | | | | = -9 0
lo.
... 0z-
op-

&
09- w
=2
=
0g- 3
SSIBWW|-pg —e— :
SSIPWW[H9- - & - - o g
shepg pajesg-HG - - - o .n.M
w>mbm paess-g- - i - - m
sAeppoz lom-gy —a— b
sAepooz 1om-€ - - T - - :
=
sAeppoz pajess-gg —o— N
skepooz pojess-6- - < - - 5

H¥%05-8¢ —e— N

HY%05-L1- - ® - -
apISINO-2¢ —v—
apISINO-p| - - * - - -
002-

. SIUSWIUOTAUT
SNOLIEA Ul SKep [(Z/00T 18 Papeo] susunoadg Wl 6 Jo souenduwioy) - 103 JUsWUONAUY :7¢-G aAny|




P AYET AR o e e e

0001

. 801

(sAeq) a3a10u09 jo aby

0oL

(/]2

HY%0G6-LL —e—
HY%05-69-- @ - -

SpIsINO-GL —F—
o9pISINO-/9-- ¥ - -

qe1-9, —e—
GeT-99- -+ - -

SJUQWIUONAUF
SNOLIBA Ul SABp $7 8 popeor] suswioadg wur 7G| Jo aouedwio)) - J03)J4 JUSWUONAUY :gg-S aandif

0s-

0o0L-

0S1-

00¢-

0g¢-

ooe-

0se-

(ed/uiensololy) asueiidwod




000!

(sheq) a3a1ou09 jo aby

0ol

HY%05-68 —o—
HY%05-€8-- & - -
SpISINO-L8 —¥—
pISINO-8L - - ¥ - -
qe’-88 —o—
qe7-08-- ¢ --

B U

SjustuOMAUH

SNOLIEA Ul SABp [(7/pC Je apeo] suswoadg umt 6z Jo soueyduroy) - J03gH JusWuONAug :(e)pg-g aanduy

Oc-

Vo

00l-

0zl-

Oovi-

091-

(edyuiensosaiy) asueldwon




e

et

0oot

0ol

OLL

(sAeq) Buipeo jo uoneing

ol

U PP

HY%05-68 —o—
HY%05€8 - - @ - -
SpISINO-L8 —¥—
SpISiNO-8L- - ¥ - -
qe7-88 —e—
Qe1-08- -+ - -

SNOLIEA Ul SABp [(7/pZ 18 Papeo] susuioads W 67 Jo souerjduioy) - 1094 JuswuonAuy :(q)pg-s danBiy

sjuswuomAUg

000L-

00ct-

oori-

0°09t-

(edw/urensouaipy) asueijdwos)




000t

1992

(sheq) ajaiou0) jo aby

ool

0t

oy

0c

AJUD B |[BJUOZLOH-90) —o—

WWZG ) 18SHO-{EdIUBA-GO| —¥—

Bljus)  [BORPA-POL —%—

o

2Qua) ¥ |ejuozuoH-g0}

WIWZG ] 18SHO-[edIUSA-Z0| —8—

09

31USD 3 [BOIUOA-LO} —e—

0oL

oclL-

opi-

D a1 WISV et o

qer] oy} ul sAep ¢z 3e papeo] suswnoadg unu ()19 jo douedwio)) :gg-§ 2and1yg

09l-

(edijurenysololy) aosueijdwon




RN £y s

443

(sheq) ay0i0u09 Jo aby

0001 00l ol

aUuBY P [EJUOZLOH-90} —e—
WWZG | J9SHO-|EQIUBA-GO} —e—
anua) B [eOIUBA-Y0L —o—
a5juaY g [BJUOZLOH-E0} —o—
W 2G| JeSYO-BOIUOA-Z0} —o—
aNusD B |eOIUSA-LOL —e—

W $52-88 —o—

W $5Z-08-- & - -

W ZG}1-9/ —e—

Wi ZGL-99- - & - -

ww 68-€ —m—

Wi 68~/ - - & - -

skep $7 1e papeo]
Qe 2y} Ul suswIdadg Wt 019 PUe $ST ‘¢S] ‘68 JO Soueqdwo)) - 13H dZIS :9¢-G 4nSg

0s

0s-

00}-

0sL-

00¢-

0se-

(edwyurensosaipy) asueldwon




el

(sAeq) a3aiouo0) jo aby

0001 00l ol i

0s-

00}-

0si-

sAep 102 Papeo] 16 ‘Wl p5z-28 —e—] | °0¢

sAep L0z Papeo) je 'WW y5Z-8L- - @ - -
shep 42 papeo je ‘W g51-6L —¥—| | noa-
sAep {g popeo] je ‘Ww gGL-/9- - ¥ - -
sAep |0z papeo) je ‘W 68-2¢ —¥—
sAep |L0g papeoj| je ‘W gg-v| - - % - -['} 00€-
shep 2 papeo| je ‘Ww §g-8G —¥—
shep ¢ papeo; je 'Ww 68-6} - - ¥ - -
m>mb v papeoj je ‘i 68-£G —»*—

-1 oge-

0ot~

SABp 10Z PUB ‘4T ‘p 18 popeo] ‘sAep ¢ paind ISION
‘apisInQ suounoadg wul 457 pue ¢ ‘68 Jo souendwo) - 1037Y 9zIS :(e)Lg-S dnarg

(ed/uiessoloip) @oueldwod




ek

ATy,

0001

1427

(sAeq) Buipeo] jo uoijeing
0oL oL

sAep L0Z Je pepeoT ‘Wl $52-/8 —=—

shep 102 e pSpeoT ‘W y6Z-8L- - 0 - -
sfep pz Je papeoT "W ZGL-G. —e—
sfep yZ Je papeo] ‘W ggL-L9-- O - -
shep |0z je papeoT ‘W 68-g¢ —¥—
sfep |0Z je papeo ‘Wl 68-p) - - ¥ - -

shep ¢ Je papeo ‘ww 68-85 -

shep yz 1e popeo ‘Wi 68-61

sAep p je papeoT ‘Wl 6g-£G —v—

o Q-

L

- 0°00L-

00SL-

0°00¢-

0'0sz-

0°00¢-

|

0'0se-

000t~

SpISINQ suounoads W Gz pue 7$1 ‘68 JO 9ouendwoD) - 103JH 9ZIS :(q)LE-§ MN3LY

skep 107 pue ‘p7 v 18 papeo] ‘sAep ¢ paino ISION

(edw/uresnsosoi) eoueijdwiod

e g




0001

SLi

(sAeq) @3010u09 jo aby

0ol

wu y52-68 —e—

WW y5Z€8- - @ - -
WW gG1-2L —o—

Wwi 68-69- - © - -
ww 68~ —e—

W 68-G9- - - -

‘SJUOUIUONAUS LY % (S Ul suaunoadg W 46z pue Zg1 ‘68 Jo souendio) - 1090 H 9IS :§¢-G 24Ny

2 e e e e o ST Ty T

sAep Gg 18 papeo]

0¢-

oy

09-

08-

00}~

ocl-

ovi-

0gl-

(edjutesysoldiy) @dsueljdwiod




=

e

CHAPTER 6

CONCLUSIONS

The primary purpose of this investigation was to examine how the mechanical

properties (strength and deformation) of concrete vary with age and curing environment.

6.1 Conclusions

The advantage of using a single concrete mix is totally outweighed by the difficulties
of casting, stripping, preparing end surfaces and loading samples within a sufficiently
negligible time span. Future experimental research should be divided into smaller projects
using multiple batches of concrete made with the same stockpiled aggregates and cement,

using the same machinery and the same labour force.

The ends of compression specimens should be ground to ensure they are plane,

parallel and perpendicular to the specimen axis.
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Measurement of modulus of elasticity by ASTM C 469 is not easy and it is difficult

to have confidence in the measured results.

Measurement of shrinkage and creep strains by surface extensometers is time
consuming and financially not possible in a university environment. Measurement by cast-
in-place vibrating wire strain gauges is very convenient - however the gauges must be

carefully aligned and maintained in place during placement of the concrete.

In this investigation the elastic strains measured on the creep specimens are nearly
twice those expected. This will checked at the end of the experiment by measuring the

elastic recovery on unloading the specimens.

The efficacy of the bitumastic sealer for the sealed specimens is doubtful as the
specimens appear to be shrinking. After completion of the investigation the sealed
specimens will be immersed in water to check if the seal is watertight. Sealed specimens
should be stored in a 96% relative humidity environment to reduce the relative humidity

potential across the seal.

Sealed shrinkage specimens should always be made and monitored even if

autogenous shrinkage is not expected.
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For statistical reliability multiple replicates are required. Practical necessity will
probably limit the number to 5 that would enable a sample standard deviation to be

calculated.

Specimen lengths of one diameter between the ends and the measurement length
were found to give the similar results as specimens with two diameter end zones. While
the ends of shrinkage specimens should be sealed the use of a soft seal on the ends of

creep specimens should be avoided.
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