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1. Introduction

Shrinkage and swelling deformability are very important at-
tributes of concrete and have some effects even when no external load
is imposed on the structure. Intensity of these processes depends
upon a number of factors,and the most important of them are hygro-
thermal conditions of the environment.

Researches on shrinkage are carried on since more than fifty
years., At the very beginning all the deformations of long duration
were treated as a complex,and shrinkage and flow of concrete were not
distinguished.

First modern researches were conducted by Allan [2], Dutron,
Menzel [13],and Carlson L81.

The measurement of shrinkage of concrete is usually conducted

on the surface - by the means of the mechanical strain gauges. The
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aim of the reported work is to show a possibility of application of
electrical resistance strain gesugees for inner measursmenis. In these
measurements strain will be obtained not in one direction only, but
4n the form of all six components of the strain tensor. Thers is a

possibility to compare such experimental data with the results of a

theorsatical approach.

2. Shrinkage of concrete

Shrinkage of concrete is a consequence of structural variations
being caused mainly by the changes in the humldity of capillars and
other voids inside concrete element. Known are also other reasons of
shrinkage - for example carbonation processes.

In this contribution the setting of concrete, which 1s also
connected with a sort of shrinkage, 1is no_t taken into account. Also
there will be no distinction between moisture shrinkage and carbona~
tion shrinkage - for both the components together accepted will be
the term - drying shrinkage.

The magnitude of shrinkage depends on many factors - e.g. qua=-
lity and amount of cement, water-cement ratio, composition and type
of aggregates, age of concrete, hygrothermal conditions.

There is no complete explanation of the process of shrinkage,
based on the microstructure of cement paste, Some informations may be
found in the monogreph by Bukowski [7] and the microstructure of ce-
ment paste is shortly described by Brunauer L61.

Shrinkege experiments usually consist of measurements of the
linear, longitudinal deformation of small specimena, kept in
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well lmown conditions. Recorded are mainly temperature and humidity.

This kind of investigation aliows to conclude that drying
shrinkage is linearily dependent upon the humidity of material.

L Hermite L1071 presents
the typical diagram /fig. 1/
where the =aid correlation is
linear, with the exception of a
region around the point of maxi-
sum humidity. This region corre-
sponds to the very ‘begimnning of
drying /the drying begins when

00 specimen is visibly wet on the
HUMIDTY OF CONCAETE: 7% surface; in this moment it is
fig. 1 not followed by any volume chan-
ges; of. three stages of drying
in the work by Newman [.15] / and besides this region is rather small
for old concrete.

The diagram of similar character /fig. 2/ was obtained by
Aleksandrovskij [1]. The specimen was dryied and humidified in line,
In drying the relation is linear and this is a regularity in proce-
eding oycles. The relation discussed is linear at least for the ordi-
nary constructional conorete. For the other concretes it may be of
more complicated character, as it is shown on the diagram /fig. 3/
taken from the paper by Emielianov [9]., On the diagram numbers 2 to 5
correspond to light-weight concrete and number _1 stands for constru-
ctional concrete.

The conclusion, that the dependence between humidity and
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shrinkage of concrete iam linear, or that at least it is kmown, is one
of the basic assumptions for the proposed method of a theoretical
analysis.

In the case when the dependence is linear we can deiermine ex-
perimentally a coefficient called the cosfficient of shrinksge /A /.
According to the Russian Building Code for example, it may be assumed _
as a oconstant 3.1072 %:E + Of course it may differ with many fac-

tors.

3. A method proposed for theoretical analysis
of the shrinkage deformation

Like other effects concerning the whole volume of the body
/e.g. - the thermal deformation/, shrinkage is never restricted to
only one direction, as it is often approximately assumed.

Deformation of the drying element may be considered as a sum
of free strain caused by the molsture changes,and of certain additio-
pal strain caused by the shrinkage stresses. In the absolute notation
we can write it as follows:

13/ L=&+¢

The first component of this sum is a tensor of the free strain.
It corresponds to the pures volumetric strain state, i.e. - in any re-
presentation its diagonal components only differ from zero:

& = [&4] =

§
/3.2/ 5

Oe(n o

=]
o
:

These components we can imagine as the relative shortening of the
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edges of an infinitesimal concrete cube, which was taken from the ini=-
tial and placed in the given humidity. First component of /3.1/ is
therefore a tensor function of position inside element and of time,
According to what was said above, and what is evident on the base of
experiments, it may be assumed asz & linear function of the humidity
contants at a considered point., The components in /3.2/ have therefore
form:

€= Eﬂ.(«s,dz_uﬁ;,ﬁ) = )h[l-\r(luﬂz.n&lv‘k)-w.]

°
where: (-~ is some fictive humidity /in g/g/ that will be reached by
a specimen kept in the given humidity, after infinitely
long time;
W= humidity in the given point; time t ia measursd from the
moment when the diffusion process began;

A = above mentioned coefficient of shrinkage.

Pirst step to solve the problem is the determination of the
function describing distribution of the humidity inside an element
/humidity field/. This function is sought as the solution of a well
known diffusion equation:

ow = K ( 'b_"__w + 'E!_'_‘-'«_T_‘ + 3‘_"{‘)
2t WwE dxE g
where K is a aiffusion coefficient /nthour/ A

The solution must satisfy some boundry conditions being depen=
dent on the element s shape and on the curing conditions of a speci-
men. Coefficient K and the other coefficient that rules the rate of
external evaporation /so called surface vector - in m/hour/, were
examined by many authors e.g. Aleksandrovskij [17] and ﬂmta L141.

Before the theoretical analysis of shrinkage both coefficients ought
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to ba determined separately for every experiment that is to be com-
pared with the theorstical solution. Unfortunately the mown to au-
thor methods of determining of these coefficients are neither very
simple nor well motivated.

After §' is found in the described way, the actual state of
strain wust be determined. It is generally understood that only line-~
ar distribution of pure volumetiric strain allows the deformation
state free from stresses of the shrinkage origin. Such a distribu-
tion may be written according to formula:

§ = OuXy + QzXa + OgX3 + Oy
where ciaails); i=1,2,3,4 are functions of time only.
In any other case, new formed stresses will result in change of
strain field, and the second component in /3.1/ will not be zero.
This additional strain tensor may be described /in the same repiesen-

tation as /3.2// as follows:

§._ = [aﬁ] = |&u én ﬁm
@m E‘-_n %u
5 1Y %Il. %n
Jhis uninown component of the actual strain tensor must be de-
termined in such a way that the compatibility equation could be
fulfilled by the sum /3.1/. For the small deformations, and in index

notation, compatibility equations are:

D% 2 2¢c. "
?EI] + iG) gk'l. - i) E;k % ‘328;‘. ; (i-Jak,l 4!.?..3)
Wy i Wik, Wiy
where Xi; t=1,2,3 are cartesian coordinates,and E.,j are the compo-
nents of the actual strain tensor, described by the sum /3.1/, 1i.e.

the ocomponernts of the tenser:



€ =[] = [§, & &,
€a & En
831 %u E,,

When solving practical problem,proper boundry cinditions must
be formulated. If these condifions contain stress fields, some con-
stitutive equation /a characteristic for given material, functional
relation describing how stress field depends on strain field/ must
be assumed. As the first approximation accepted may be an assumption
of classical elasticity.

The described theorstical treatment is analogous to the me-
thods applied in thermoelasticity and lesads to the theoretically
detamined field of strain that can next be compared with the result
of experiments.

Such a theoretical analysis with experimental verification of
results will make a base for calculation of shrinkage deformations
in concrete bodies, or at least it will allow the improvement of the
theory itself.

The first analysis of deformation of drying concrete elements
of several shapes, with the use of the diffusion equation, was done

by Pickett in 1946 [16].
4. Experimental measurement of shrinkage sirain in concrete

As it was mentioned above, the theoretical analysis must be
experimentelly verified.
Generally known measuring methods used -in concrete investiga-

tions are limited to the measurement of the mutual displacement of
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certain points of an element, or to the measurement of surface defor-

mations.

In 1937 Carlson [8] tried

to investigate deformation inside

concrete element by the means of
the surface measurements. After

isolating lateral surfaces of a

4 concrete specimen against moisture
movement /rectangular parallele-
1SOLAON
piped on fig. 4{ he assumed that
fig. 4 the specimen is in the same con-

dition as it would be cut out
from the infinitely large slah, drying on the upward and downward sur-
faces, The moisture-proof layer consisted of copper foil.

It .13 possible to measure the surface deformations on the la-
teral surfaces, for example on bases A-B or C-D, and to treat them as
being representative for the inner slab deformations.

Although the scheme is likely to be good for diffusion proces-
ses, 1t is not the same for the investigation of deformation state,
The spscimen and the block inside the plate hem quite different
boundry conditions.

During last twenty years some measuring methods based on thal
use of electrical resistance strain gauges were developed. It allowed
to produce and to teat some gauges for inner measurements in the con-
crete. The subject was studied by Carlson, Hondros, Pimienov and many
others [11].

In the Institute of the Basic Technical Problems in Warsaw,
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fig. 5
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two such devices were prepared and tested in last years.

The device shown on fig, 5 was designed for mésmmont of aix
strain components at inner point of concrete element [4], (5]. six
thin copper sirips are equiped with slectrical resistance strain
gauges, adequately fixed and waterproofed, The lengths of edges are
T and 10 cm. approx. With the help of thin fension members /e.g. ny-
lon strings/ the device may be placed at a selected point within form
for conorete. After casting we obtain an element with the measurement
device inside., It is assumed that this device gives an information
about six components of strain tensor, in the point being the centre
of gravity of the tetrahedron. Three components of linear strain are
obtained directly and three angular components of strain may be found
with the help of simple calculation [17].

The second gauge /fig. 6/ was designed as a copper foil box
1x1 x 8 cn approx, and it makes possible the measurement of one com=
ponent of the strain tensor. The strain is measired by the means of
two electrical resistance strain gauges glued and waterproofed inside
the box. The whiskers assure the bond between the device and the con-
orete.

These two devices, as well as the others not mentioned here,
were designed mainly for the observation of strain states of short
duration. As the electrical resistance measurement methods developed,
and -as the component materials were improved, it become possible to
uss them for observation of the strain states of long duration.
Beyer and Lesbow [3] and Kubota and Sakane [12]may be an example of
the investigaiion on the subject. The problem of measurement of the

strain state of long duration was started also at the Imnstitute of the
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Basic Technical Problems in Warsaw.

Both devices described above were specially prepared. As for
the long time observation waterproofing of a gauge is of great impor-
tance, all the materials were choosen very carefully.

The first /spatial/ device was constructed with the use of
Saunders-Roe electrical resistance strain gaiges /length of the base
less than 0.63 cm, resistance about 80 ohm/, and with Araldite Strain
Gauge Cement as waterproof cover and mechanical shield.

The second device was constructed with the use of the Polish
production resistance strain gauges RI-120 /length of the base 1.5 om,
resistance 120 ohm/, and micromolecular wax as the waterproof agent.

The Wheatstone bridge and the connection box were of the
Polish production /type T-2/. The additional set of constant resi-
stances was choosen and connected to the bridge for zero drift con-
trolyand for the correction of the readings. Such & control set is
not necessary for more precise apparatuses, e.g. for Hottinger

Baldwin Bridge type MK.
5. The results of the measurements

Both the described measuring devices were placed in concrete
cylinders: @ 16 x 16 and’@ 16 x 50 cm, in a way shown on fig. 7. Spe=
cimens were fabricated of constructional concrete with the compressive
strength of about 350 kG/cnz. After taking into consideration the size
of the deviceas, the aggregate diameter was limited to 2 cm.

One specimen of each type contained the compensation gasuges -

the compensation was of ths 1 = 1 type.
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ACTIVE SKECIMENS COMENUTION SPECIMENS
fig. T
; After fabrication one
]
g set of specimens factive
i/
30T = (] specimens/ was kept in con-
)
stant humidity of about
OO
100% RH /in poliethylen bags
5 6 and wet rags/. The other
g | set was dried in room humi-
mg | dity. After some preparatio-
4 nal readings, active speci-
1501 l__mm‘ msms__J mens were taken out from the
humidity 100% RH and placed
(e | alsoc in the room humidity
/about 75 % RH/. In the same
5Ot
time the compensation speci=-
THE:
, , i ‘KDIPBmans were wraped in the pol-
I L 3 4

fig. 8

liethylen foil, to stop the

process of their drying.
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In fact, the longitudinal strain of the bigger cylinder, measured on
its surface by the means of the Demec dial gauge, was constant in the
time of observation /“shrinkage measuremenis" - on fig. 8/.

The measurements were continued by about three months, and as
the main result the diagrams shomn on fig. 9 and fig. 10 were obtai-
ned.

On fig. 9 shown is longuitudinal strain measured in three dif-
ferent points inside cylinders. Curves A and B correspond to the cy-
linder @ 16 x 50 cmy curve C to cylinder P 16 x 16 cm.

The reason of the differences beiween A, B and C is probabely
in the shape and in the drying conditions of specimens. Complete
explanation needs full calculation,prepared on the base of the pre-

viously described assumptions.

Linear components of the strain tensor are shown on fig. 10.

g 3

3 8 B

s 8
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fig. 10

fig. 11
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Thers is an assumpiion that this measurement concerns the central
point of the cylinder, although strain is actually measured in points
around the centre., Indexes are used according to the drawing, It is
possible to see the difference between the radial and longuitudinal
strain components.

The diagram of the angular components of strain, that can also
be measured with the same device, is not shown here, The changes of
the strain were not great enough, i.e. practically they were of the
order of the measurement acouracy. Possibly it was caused by small
angular deformation in the obtained experimental scheme. In some
cases angular components need perhaps greater accuracy of the measu-
ring device.

The same set of specimens was used to measure the swelling
strain. Both active and compeneation specimens were dried at 60 % RH
and then one of them was put into the humidity of about 100 % RH.

Linear components of the strain tensor, obtained in this expe-
riment, are shown on fig. 11. As the rate of absorptiion of moisture
is many time higher than the rate of drying, the time scale was chan-~
ged. It is possible to notice the same regularity as on the fig. 10 =
that the axial strain component is smaller in the comparison with the
radial ones.

In all these experiments reau.ings were done with the accuracy

+10 x 1076 /10 microstrains/.
6. Concluding remarks

All the presented experiments were mainly of the introductory
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character and they wore aot done to wuke a base for a proof of a theo-
retical treatment. The material coefficients were not experimeritally
evaluated, and the bounary conditions were not precisely choosen. For
the same reason no calculation of the strain inside drying cylinder
. was prepared. In the continuation of the research, another seria of
experiments is to create a base for the verification cf tke thaory.
The measurements prove full aplicability of the electrical re-
sistance strain gauges for the observation of shrinkage deiormation
in concrete.
The experiment of %this type needs a very high accuracy and
care in preparation of materials and in operation of the devices. It
allows to measure not only the shrinkage but also other deformations

of concrete, like swelling, flow etc,
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