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1. INTRODUCTION

1.1 General

The measurement of stress relaxation in concrete has not been previ-
ously accomplished under controlled conditions which eliminate the effects
of shrinkage, autogenous volume change and temperature variation. Although
there has been the need for such measurements to provide results against
which creep-based relaxation theories could be compared, and from which
formulations of time dependent stress variation for mass concrete structures
could be determined, it has been difficult to develop techniques which will
reliably maintain constant strain on a specimen while monitoring the stress
relief as time elapses.

In the recent past, however, a number of innovative procedures have
been developed for the measurement of strain under constant stress both in
the laboratory [1, 2] and in the field. These measurements have formed the
basis for generating creep functions which have been used directly for pre-
dicting stress patterns in concrete structures during ageing, or analysing
stress distribution from knownstrain histories. The alternative procedure
of computing stress relaxation from creep tests and employing the result to
develop theories for time dependent analysis of structures are less combersome.
Confirmation of accuracy is, however, difficult because of the absence of a
satisfactory method for obtaining and checking such derived stress changes.

This report suggests appropriate laboratory equipment and instrument-
ation to achieve constant strain application on specimens, and gives measure-
ments to quite high accuracies of stress changes occuring during relaxation
of the specimen. Existing procedures for converting creep-time plots to
relaxation plots are also examined and are compared with the curves obtained
from direct measurement of stress using the relaxation equipment devised.

1.2 Objectives and Scope

1. To develop a reliable equipment set and instrumentation for
imposing constant monotonic axial strain on sealed specimens and
continuously monitoring and recording strain and stress levels.



2. To construct relaxation curves from creep data and compare these
with the results from direct measurements, using the improved
test methods and equipment.

The specimens were cast from two different mix proportions and cured
under identical conditions to eliminate concrete strength variability as
far as was possible. The scope of the tests covered considerations of
creep and relaxation trends for the conventional loading ages of 28 and
90 days. In addition, a 7-day creep test was carried out, as well as 14
and 60-day relaxation tests. Ambient conditions were kept the same for
all specimens during testing. Specimen dimensions, mix used for their
preparation, compressive strength and elastic properties are given in Tables
la and 1b.



2. REVIEW OF PREVIOUS STUDIES

2.1 General

Tests performed to study stress loss in concrete under constant strain
are very few. The earliest study of note was the work by J. R. Shark [3]1, on
the mechanics of plastic flow of concrete. Most of this work, like many
others after it, employed reinforced or plain concrete beams under static
lateral load and studied the relaxation under constant deflection. While
direct measurement of relaxation under axial load is rare, the prediction
of relaxation from creep data is common. Several researchers have made
predictions which fall under two main groups: (1) those predictions based
in a modified elastic theory and (2) those based on visco-elastic functions.
Many of these researchers have found ways of verifying their predictions
experimentally, but only a few research techniques have had continuous con-
trol of the deformation applied to the specimens tested.

The discussion which follows deals briefly with a number of known con-
tributions to the subject.

2.2 Theories Based on Basic Elastic Concepts

Ross and Seed [4] recognized the variation in the Elastic modulus of
concrete with time, by representing the residual stress o; at any time
t by the equation:

01=Et°%g-...............o..........(2.'|)
where, oo = initial stress in the specimen,
Eo = initial modulus of Elasticity, and
Et = effective modulus of Elasticity at time t .

Defining a hypothetical creep ¢, under constant stress over an elapsed
time t , the authors obtained an expression for Et as follows:



t e, egtc .
=20 .2
and, 01 ~ ggtc1  Eg
= e So_

0.e0+C1 .o.-.o-o.oooo.-o(2.2)

Allowing for shrinkage, the authors introduced ashrinkage strain, s , and
modified Eq. (2.1) to give a residual stress from relaxation alone as

01=Et.(%g.-s) oolo-o.o.o'...oo.coooa

The authors were able to confirm their theory by experimental results.

The method neglects the effect of creep recovery when ep is kepf
constant.

Hansen [5] on the other hand, considered the effect of creep under
decreasing stress, and proposed an expression for the elastic strain, e; »
remaining after a period under load, as follows:

81=EO-CV.....o..oo.o.-......o.oa.(2.3)

c creep over period under decreasing stress.

v

Hansen defined this creep under interval T; - To as the stress decreases
from ooy to oy as:

1 c

-~ + hd 4 o - -] . 04
CV ~'2- (00 01) 0_0 e o 6 0 0o ©6 0 ® e e e e o o o o (2 )
where,

c; = creep at T, under stress og applied at Ty .

~

Brs o



Hansen assumed E to be constant during the period of relaxation and
wrote, on the basis of this assumption:

0

e = g ° - © e o e e e e e 8 © O ® © 0 e e o o e o 0(2.5)
1 1 0’0

Equating Eq. 2.3 with Eq. 2.5 and substituting for Cy» he obtained:

1

' 2, - c
01 = ze——;_-é'_ . co e e ® e o © ® o © e e e O e o 0(206)
0 1

which on inspection is incompatible with Eq. 2.2 for values other than
c, =0, As Neville [6] points out, this is absurd.

This expression has limited application. For example, c, cannot
be greater than 2eo. The method is useful only when creep is small in
comparison with the initial elastic strain. Another objection to the
method is that the assumption of constant modulus of elasticity is
erroneous and leads to an overestimation of the magnitude of stress loss.

McCoy [7] has suggested the use of the finite difference equation
to improve results obtained by Hansen's method. He proposed that Eq. 2.6
should be re-written to reduce the stress range over which the average
stress is calculated. His modification led to the following relationship:

2eo - AC
S
01'+1~ eo + Ac c.i (-] . [+ © L ] - L d o [ ] * L] [ ] L ] o Q * L ] .(2.7)
where,
AC = Cyypq =

The accuracy of this method will depend on the choice of ac for the step
type procedure. McCoy obtained higher accuracies of prediction with this
modification than with Hansen's original method. In a review of these
procedures, however, Neville pointed out that McCoy's final equation for
residual stress gave a better indication of the decay of stress, as creep



increases indefinitely, than Hansen's equation (Eq. 2.6) which would
ultimately give zero stress as creep increases.

2.3 Methods Employing Visco-elastic Functions

These methods isolate the elastic and viscous deformations which
take place in concrete under long term loading. The viscous deformations
are usually represented either by a suitable continuous function or by a
series of functions developed from rheological models. Once defined for
constant stress conditions, the deformations are used to derive relaxation
functions for members under constant strain.

Arutyunyan [8] defined a deformation function:

s(t,7) = E%?T T SRR ¢ X )

where,
1 . - -
1O jnstantaneous-elastic deformation
and C(t,t) = creep deformation up to instant, t
t = age of the concrete at loading

t
using Eq. 2.8 and the principle of superposition, a number of authors
obtained expressions for total deformation under varying stress. In

time since casting

general, the expressions take the form:

t dGX(T)
e (t) = o, (x) 6 (tr) + I 6 (t,) dr . .. (2.9)

1

ox(Tl) being the stress applied at age T and dox(t) the stress
change occuring at any age .

Integrating 2.9, Arutyunyan [8] arrived at the equation:

o (t) t
ex(t) =y X~ OX(T) —%; § (tyr) dt o o o o .(2.10)



e |

Arutyunyan treated Eq.2.10as a Volterra integral equation for function
o, (t) with kernel

K(t,r) = 28ltar) . 2 1}@ +c(t,-r)] R ¢ A 1)

The solution of Eq. 2.10 in respect of o (t) reduces to:

t
Ox(t) = ex(t) E(t) + ( ex('r) E(t) R(tyr) dr . .. ... (2.12)

-

T

vhere R(t,t) is the resolvent of the kernel E(t) k(t,t) and therefore the
relaxation function of the concrete. The author recommended for the creep
function C(t,t) the relationship:

Cltor) = (1) Flt = 1) o v o v v v o v o v o v v oo v oo (213)

and used an approximation to f(t - 1) of the form:

£t - 1) = ? B, R L L T P I v L)

k=0

Bkand Y being constants to be determined for particular characteristics
of the material, but such that B, =1, y, = 0 and v, > 0 (k=1,2,35.0.5m).

¢(t), is any uniformly decreasing function satisfying the condition:

Lim$(t) = C

T> ™

0

After evaluating a number of experimental data, Arutyunyan concluded that
the function ¢(1) can be represented in the general case by the expression



m
. Ak
o ()=Ci+ . 4 (>0 ... (215)
k=1 <
where C0 js the limiting value of the creep function for the material and
Ak are values given to reflect the nature and condition of ageing of the
material, and obtained from fitting the creep function to experimental
creep curves.

The method is tedious and would involve approximations to make the
expressions manageable. In the analysis of experimental results dis-
cussed by Arutyunyan, he 1imited himself to only two terms of the series
in Eqs. 2.14 and 2.15, employing

A
¢ (T) = Co + _T o L] o - L ] L ] L] L] -] o L] L] L ] * L] - [ ] - .(2."6)

and f(t-t) = 1 + Bje -y, (t-7) to fit his creep curves, and
used a variation function for the modulus of instantaneous deformation:

E(r)=E°(1+ee'°‘T)...,...o.g......(2.17)

With these relationships established, the integral (2.12) becomes equi-
valent to the solution of linear differential equations with variable
coefficients. The author treated this solution laboriously, introducing
a supplementary influence function ¢ in the final solution for Ux(t) as
follows:

. A
cx(t) =0 (Tl) ;’I - YEor‘ -(1-5) <?1— + C0>

X Tlp e™ M1 [ & (re,p) - @ (r'rl,p) 1 ... .. (2.18)
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Arutyunyan gave equations for all constants and provided a table of

values for ¢ corresponding to given values of the variables of the
function.

Other authors have approached the problem from the same type of
basic deformation equations, but some have introduced simplifications
to the creep and instantaneous deformation functions to reduce the mathe-
matical operations involved in the solution of the residual stress
equation. Some of the simplifications consider the modulus of Elasti-
city to be constant throughout the ageing process, and creep to be a
function only of the time under load. These simplifications result in
a deformation function of the type:

5 (t-1) = E + C(t=1) . & v e e e e e e e e e e (2.19)

Simplifications of this kind are rather drastic and are far from being
representative of the true deformation phenomenon.

Another simplification employed has been to relate relaxation
directly to creep by a formulation involving specific creep and a con-
stant modulus of Elasticity thus,

Log, ¥ = =6 . o.... e ... (2.20)
where,

°t

v = relaxation ratio = /
[¢)
)

€t
¢ = creep coefficient = /e . = E
Cg = specific creep, and given by:
c = Creep at time t under constant stress

S Initial stress
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This is the so-called "rate of creep equation” which is dealt with
later under iterative procedures.

Klug and Wittman [9] however, have, like Arutyunyan, maintained
the Voltera integral equation for the stress decay function and obtained
the relationship for ultimate residual stress o_ , as:

g =—2 .. uEs TEREE I T R ... (2.21)

where

¢ ultimate creep coefficient.

The authors found from their experiments that the jnitial rate of stress
loss was proportional to the creep velocity and that the constant or
proportionality was the Elastic modulus of the specimen. They also
found that their equations showed good agreement with their experimental
results.

As an alternative to employing the basic algebraic concepts directly,
a number of researchers have used rheological models to describe the
relaxation process. Trost [10] used such a method to obtain results
similar to those of Klug and Wittman, and Bulatov [11] devised models
to provide equations describing the relaxation and deformation not only
of concrete, but also of other solids, such as cement stone and rock.

A number of iterative procedures have been developed, which take
account of the visco-elastic components of the deformation of concrete
under sustained loading. The procedures are based on methods which have
been used for estimating strain under varying stress. These are: 1) the
rate of creep method, 2) the effective modulus method, and 3) the super-
position method. These methods have been described in detail by Ross 2]
who also applied the method to stress relaxation under constant strain.

In the rate of creep method, any specific creep-time curve re-
lating to the material under study is used to determine the rate of



-12 -
= * Csp(ty +aty) T Usplty)
Under constant strain conditions Ae = 0 and

O51 e e e e e (2.25)
sp(ty + aty) ~ Csp(ty)]

% = I+E [C

This methéd neglects the effect of the real creep recovery and the vari-
ation in the modulus of elasticity with time. Various investigators

have found the method unsatisfactory as it underestimates the residual
stress when relaxation is calculated from creep. Brooks and Neville [13]
attempted a modification of the method by defining the total strain reco-
vered after a stress removal of magnitude do as:

where,

dr is the creep recovered during the jnterval after the removal
of the stress do , and

E is the modulus of elasticity at time t .
To obtain constant strain conditions during relaxation, the increment of

creep over an interval of time dt , due an applied stress o at time
t , was equated with the total strain recovered, thus,

The creep recovery component was given by the expression:
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dr

kr_ + do

with

k = constant

re = specific 1imiting recovery which was assumed constant

[} [~}

This modification assumes k constant for all intervals and rs
constant for ages at unloading. These assumptions are not correct, but
they facilitated the solution of Eq. 2.29 by analytical procedures

to give:

1 )
Logv = - [ ]
T e )

which on making E = Eo gave,
- 1 $ sonw s s s wmme x % oa (2.30)
toget = - (g i, )

where,
v and ¢ have the same meaning as in Eq. 2.20.
The authors then changed the form of Eq. 2.30, to the following:
Log (1/¥) =a+bd . . .. o v v (2.32)

for which they determined coefficients a and b to fit results from 14
sets of creep and relaxation tests, 8 of which were carried out by the
authors themselves. Their final equation was given as:

Log (1/w) = 0.090 + 0.686 ¢ . . . . . . . . o .. (2.32)

and predicted results to within 15% of observed values.
A version of the rate of creep method makes use of the concept of

reversible and irreversible creep. According to the work of researchers,
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England and I11ston [14] there are three components of deformation under
sustained load: 1) elastic strain which remains constant under the load,
2) irreversible creep which is independent of stress history and 3) delayed
elastic strain or reversible creep which, under variable stress conditions,
can be represented by the relationship:

-t
o= P-el) L (2.33)
where Cr = delayed elastic strain under a constant stress
P = limiting delayed elastic strain
Q = a constant representing the rate of occurence
and t = time since change of load

Using two successive intervals of time in which the boundary values are
T,, T» and T3, and the constant stresses over the intervals are o; and
o,, the stress op at intervals T3-Tp under constant strain will be:

o, /E + Cr.2 1 - exp (ACSp T2/0)-

g =
1/E + + -
/E ACSpT2 CSpT°° .1 - exp (ACSptz/Q)g
where Cl,,2 = delayed elastic strain at time T,
CSpT = limiting specific delayed elastic strain

ACspT2 = change in irreversible creep during interval T3-T,

P, = 02CSpToo - C‘,,2 (1imiting delayed elastic strain yet to

come at start of interval T3-T,)

The effective modulus method assumes a sustained modulus of elasticity,
defined by:
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where ¢ is the specific elastic deformation, i.e. the elastic strain due to
stress of 1 psi. The residual stress is then calculated from the relation:

ot = eoEt
where €y = the sustained strain
Et =  the declining effective modulus

The method underestimates stress relaxation as it neglects stress history.

Carlson [16] used a modification of this method in conjunction with
the rate of creep method to provide a rapid determination of stress relaxa-
tion from creep data. In this method, intervals of time are chosen as in
the rate of creep method, but the increase in creep over the interval
considered is equated with the elastic strain arising from unloading by a
stress Ao using Et as the linear elastic constant. Thus, the stress relief
over an interval t; to t; + At will be given by:

-A¢. = E,o. (C

i t7i-1 sp(t; + at) ~ Csp(tl)) """"

An example of the procedure is given in Table 16. The method gives complete
instantaneous recovery of strain on unloading and no creep recovery effects
are carried over to subsequent time intervals. Stress relaxation is thus
overestimated.

Although the superposition theory has been adopted by investigators
using analytical procedures to derive relaxation equations, the theory has
has its most common application ininteractive methods. In the method,

Eq. 2.9, giving the total strain under a variable stress is written in the

form:
t

e(t) = olry) s (t,5) + oy aolt) s () . - - . . (2.35)

T1
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The method requires the determination of strain-time relationships from
creep experimehts for different ages of loading. From these, specific
creep curves are drawn. A number of authors represented these by algebraic
expressions and used these instead of the direct specific creep curves in
applying the method. The procedure is to choose a number of time intervals
for which specific creep strains are determined from an experimental curve
for the age of initial loading,or from relevant equations. Mid-interval
creep strains are then deduced and the strain change Ac; over the first
interval is neutralized by removing a stress of magnitude Ac; computed from
the equation:

-0y = E AE] v e e e e e e e e e e e e e e e e e e e (2.36)

where Et1 = sustained modulus of elasticity at time t,.

This negative stress removes not only the strain at the first interval, but
also strains at succeeding mid-intervals equal to the creep which would
normally have taken place at the interval under a constant load Ao, applied
at the start of interval 1. Other intervals are taken in succession and
the net strain resulting for the algebraic sum of all strains occuring up
to a particular interval from the initial stress application, is converted
to stress change using Eq. 2.36. Residual stress at any time is then given
by the stress at the interval preceeding that time minus the stress change
at the interval being considered.

Some authors have applied variations of this method to relaxation
problems, and a number of others [16 & 17] have employed equations defining
creep over time at various ages of loading as well as furnishing equations
for the sustained modulus of elasticity. The method, however, underestimates
relaxation as it overlooks the fact that complete reversal of creep does
not take place on removal of the load. An example of the method using
manual computation is given in Table 16.

A review of various methods for the calculation of stress relaxation
has been given by Bastgen [18]. The methods assessed included those of the
German Standard DIN 1045, Hansen, McCoy, Dischinger [19], a modification of
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Dischinger's equation, the methods of Klug [20] and Troot, the method of
superposition, the method of Wittmann [21], the visco-elastic model of
Pfefferle [22] and other visco-elastic theories. Bastgen found that the
equations which best predicted actual behavior were those based on the
principle of superposition [23, 25 & 35]. Further work by Bastgen [26]
resulted in the development of three equations for easy calculation for
the conversion of creep strains into residual stresses. The work was
based on modifications of the theories of Wittman and Dischinger and the
effective elastic modulus method. The three equations suggested are:

Ea, t
(1) o(t) = 9 ° eby*t ... L. oo (2.37)
-4(t)
—ino Tk (t)
(2) o(t) = o - e Vs ss et i EEEE G . (2.38)
(3) o = % s e e i RS E SO EEE W E N (2.39)
T+(t)

2.4 Strain Controlling Techniques

Strain controlling techniques have been varied. Some investigators
have used simple methods requiring stepwise adjustment of the load while
others have employed standard testing machines which incorporate strain
controlling devices.

Ross [12] used the stepwise adjustment technique to maintain constant
strain, but found that in order to isolate the effects of creep under vari-
able declining stress, the strain in the loaded specimen had to be allowed
to vary by certain amounts to take account of shrinkage. The allowance for
shrinkage was determined from measurements on a companion control specimen.
This technique seems typical of a large proportion of the few investigations



- 18 -

to date. A slight refinement of this procedure was introduced in the work
of Brooks and Neville [13]. These researchers used a dead load system
consisting of a lever arm and a water tank. The quantity of water in the
tank was gradually adjusted to provide a constant strain on the specimen.
The Toad on the specimen was determined from measuring the depth of water

in the tank periodically. During the test the specimen was submerged in
water at a temperature of 23 + 1C. The stress on the specimen was adjusted
after a strain of 15 x 1078 to 20 x 10" and a correction was applied for
shrinkage/swelling which was measured independently on an unloaded companion
specimen.

An example of techniques involving the use of large testing machines
is that used by Tanigawa, Yamada and Tomika [27]. They used a highly stiff
testing machine with a 100 ton testing capacity. By installing steel blocks
parallel to the specimen, the machine was able to control either deformation
or load on the specimen by the mechanical wedge action of the blocks. The
tests carried out were aimed at studying short term stress relaxation effects.
Such techniques would appear to be impracticable for long term testing.

The known techniques seem to lack that rare combination of simplicity
and accuracy which should characterize research endeavors in most fields.
This requirement has been paramount among the considerations which guided
the development of the testing equipment for the investigation presented
in this report.
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3. TEST SPECIMENS

3.1 Preparation

3.7.1 Creep and Relaxation Test Specimens

Cylindrical specimens were used for all creep and relaxation tests,
as well as for measurement of autogenous volume changes. These specimens
were cast at the same time as a number of standard compression strength
specimens which were used to determine compressive strength, modulus of
elasticity and Poisson's ratio of the concrete in the specimens.

The creep and relaxation specimen moulds were made of cast iron and
machine finished in two 18-inch longitudinal sections which when assembled
around a 2-inch base plate gave an inside diameter of 6.000 inches, with
a tolerance of + 0.002 inch, and a length of 18 inches. An 8-inch Carlson
strain meter was assembled in a central position along the axis of each
mold by means of a wire which was attached to the top of the meter and
stretched and anchored on a 5/16-inch by 8-inch mold bar brace across the
open top end of the mould. Thereafter, the meter was checked for resistance
to ground and its calibration compared against a standard mechanical gage.
The lead wires from the strain meter were then passed through a centrally
drilled hole in the mould's base plate and the hole sealed using an "O"
ring. Immediately after casting, the meter positiong wire was cut and the
anchoring bar removed. Thirty minutes after casting, the concrete in each
mould was vibrated to dislodge and disperse any bleeding water which may
have settled beneath and around the metal ends of the Carlson meter.

The top of each mould was then covered with Seran wrap and the spec-
imen was taken from the casting room to a temperature and humidity controll-
ed room (73°F and 50% relative humidity). When all bleeding water had been
reabsorbed from the surface of the specimens, a conical shaped layer of
mortar was placed on top of each specimen. The mortar for capping of the
specimens was prepared from a mix of the fine aggregate and cement propor-
tions used in making the original concrete. A 1 1/2-inch thick steel load-
ing plate with pins on its underside to provide anchorage within the mortar,
was laid on the mortar and worked into position with the help of a levelling
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plate, until the loading plate was normal to the axis of the specimen.
Excess mortar was removed and then the top of the specimen was sealed with
Saran wrap. Each specimen was left to stand in the temperature and humidity
controlled room until they were stripped the following day.

Within three minutes of removal from its mold, each specimen and its
top and bottom plates was wrapped with a 1/16-inch thick butyl rubber sheet,
allowing a 3-inch wide splice lap. The rubber sheet was coated with rubber
cement to pro&ide a tight seal of the concrete. To ensure as perfect a seal
as possible, additional tightness was provided by two large hose clamps
which sealed the rubber against the top and bottom end plates. The specimens
remained in the 73°F, 50% R.H. room until they reached the desired age for
testing. Two of the specimens used for the creep studies, and one of those
used for the relaxation studies had, in addition to the Carlson gages,
Whittemore gage points attached at 10-inch centers to opposite faces of the
specimens. By this means, facility was provided for carrying out mechanical
checks on the Carlson gages whenever necessary during the tests. Figures 1
and 2 show a stress relaxation and a creep specimen in their respective frames.

3.1.2 Standard Compression Strength Specimens

The specimens were cast in 6-inch diameter by 12-inch long sheet metal
cans. After casting, the lids and joints of each can were sealed with silicon
rubber to ensure that each specimen was internally sealed. The sealed speci-
mens were then stored in a 100% R.H. room until just prior to testing when
they were stripped, capped and completely wrapped with Saran wrap to ensure
water retention during testing.
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4. INSTRUMENTATION

4.1 General

The paramount concern in deviéing the instrumentation system and
procedures was to obtain efficient performance of all elements used, as
well as provide accurate and speedy recording of input and output data.

4.2 Creep Test Set-up

The creep specimens were tested in a loading frame capable of accept-
ing two specimens at a time in tandem. The loading frame consisted of two
1-inch thick triangular header plates and three 1 1/2-inch steel rods which
passed through equally spaced holes in the plates. The specimens were
fitted centrally between the header plates with a pressure gage inserted
between the top plate of the topmost specimen and upper header plate. This

was done to ensure that the specimen remained under stress during the test.
The assembly was held in position by bolts at the ends of the rods, as shown
in Figure 2, care being taken to prevent eccentric loading on the specimens.

Leads from the two meters in the specimens in the frame were connected
to designated channel input points in a 10-channel bridge switch. Output
from the switch was fed into an SESM test set with a minicomputer link.

This facility provided reading of gage outputs and the immediate computa-
tion of strain and temperature on manual selection of gages as well as
strain and temperature reading modes, at prescribed time intervals. The
two test specimens fitted with Whittemore points were used as top specimens
in the loading frame. These enabled additional strain readings to be taken
and checked against the automated readings during the tests.

4.3 Autogenous Test Set-up

The internal instrumentation and capping of these specimens were
identical to those for the creep specimens. The objective of the test
was to measure volume changes in terms of changes in uni-axial strain
which takes place in the absence of stress. Specimens were tested from
each batch of concrete mixed. One autogenous test specimen was positioned
in a safe area near the creep specimens to which they referred, and the
lead wires from the Carlson gages embeded in them were connected to
selected channel points in the bridge switch. Readings and computations
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were carried out at set intervals, commencing from the age at which the
creep specimens were loaded.

4.4 Stress Relaxation Test Set-up

The relaxation tests were carried.out on concrete cylindrical speci-
mens of the type described in 3.1. One relaxation specimen at a time was
positioned centrally in a frame similar to that for the creep tests, complete
with pressure cell and header plates. The system arrangement is shown
schematically in Figure 3. The Carlson meter lead wires from the specimen
were brought into a bridge panel to constitute the active arm of an un-
balanced Wheatstone bridge (see Figure 4). The other arm was formed by
another Carlson strain meter, embedded in a companion specimen which re-
mained unloaded throughout the duration of the test. This arm provided
compensation for temperature and autogenous volume changes in the loaded
specimen.

Pressure on the specimen was continously measured by means of a 5000
psi strain gage pressure meter D (see Figure 3), which was connected to the
system through E, using the bridge circuit as shown in Figure 4.

Constant strain in the specimen was maintained by providing for
controlled leakage of oil from the system. An accumulator connected to
the system facilitated the control of the leakage rate and relieved the
pulses from the electric and hand pumps during their operation. It also
insured that sudden loss of pressure through accidental leaks in the system
did not occur. Details of the loading system for the stress relaxation
tests are given in Section 4.6.

Output data from the tests were obtained through output amplifiers,
connected to a digital voltmeter (DVM), F, and a speedomax recorder G.
The DVM displayed input and output voltages from the strain meter and
pressure meter circuits, on the operation of a selector switch. The speed-
omax recorder, on the other hand, gave a continuous trace of stress and
strain on a vertically ruled chart.

A connection was made from the strain meter bridge to an independent
Carlson test set through a multiple switch arrangement to permit the measure-
ment of meter ratio and total meter resistances during the test. Connection
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was also provided to the hydraulic pressure system to enable ready calibra-
tion of and checks on the recording instruments.

4.5 Loading System for Creep Tests

This consisted of a hand operated fluid pump with a pressure gage and
hose attachment Tinking the pump when required to the hydraulic control unit.
A typical unit consists of an accumulator, an electric pump, and an oil
reservoir. The system was developed and perfected by Best, Pirtz and Polivka
[1]. The desired pressure was preset on an electric pressure regulator,

which activates the pump motor when there is any drop in pressure in the
system.

4.6 Loading System for Relaxation Tests
4.6.1 General

The hydraulic control and loading unit for the stress relaxation tests
was similar to the unit used for the creep tests. Figure 5 shows the unit
with a hand operated fluid pump attached and Figure 6 shows the interior from a
top-end view of the unit. The unit consisted of an accummulator LR3, and
an electric pump LR5, housed in a frame fitted with pressure gages and an
0il resevoir, all of which were connected to a load cell LR4, located below
the specimen on the loading frame. Gage LR1 measured the accumulator pres-
sure. Gage LRZ, an Ashcroft direct reading bourdon tube gage, measuring
to 3000 psi was connected to the system to keep a check on the system pressure
during the test. The 5000 psi strain gage pressure meter (Sec. 4.4) was
connected to the system near the load cell. This gave more representative
measurements of pressure on the specimens. 0il was fed from the reservoir
to the Toad cell LR4 through the accumulator. The reservoir itself was
connected to the electric pump which was adjusted to control oil delivery
to the system. A1l units were inter-connected by 1/4-inch diameter copper
tubes, oil1 flow through which was controlled by valves. The hydraulic
system was linked to a terminal tube and valve to facilitate connection to
a manual fluid pump for application of initial pressure to the specimen at
the time of loading.
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4.6.2 Method of Load Application

A blackhawk hand operated fluid pump with pressure gage attached was
used to deliver oil at the required pressure to the hydraulic system. Before
pumping commenced, the oil reservoir in the hydraulic control unit was filled
with 0i1 to a reasonable level, and all valves in the system were set at
their correct positions. Particularly, the accumulator valve was set at
the closed posjtion. Pumping proceeded until the pressure in the system
was reasonably close to the pressure required for initial loading, when the
accululator valve was opened. Bringing the accumulator into operation in
the system had the effect of absorbing shocks from the pumping and preventing
accidental overstress during loading. Pumping was continued until the re-
quired stress on the specimen was reached. The applied stress was then
monitored continuously and recorded as described in Section 6.2.

4.6.3 Strain Control

On application of full load, the rods compressing the relaxation test
frame became strained to a level compatible with the strain in the specimen
under load. As the specimen relaxed and stress dropped, the strain in the
rods and in the specimen was kept constant by removing oil from the load
cell and the accumulator through a special needle valve which had an angle \\
of only one degree. Because of the nature of the connections in the system,
some additional oil was able to escape from various joints in the system,
but mostly from the edge of the packing gland of the load cell. When too
much 0il had escaped than was necessary to make up the difference, additional
0il from the reservoir was pumped back into the system by the electric pump
which was activated through the unbalance of the strain bridge circuit.
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5. CALIBRATION OF RECORDING INSTRUMENTS

5.1 Digital Voltmeter (DVM)

The digital voltmeter was calibrated against known strains and pressures.
For the strain calibration, a compact Carlson strain gage calibrator, fitted
with a dial gage, which had a least reading of 0.0001-inch was used. Pressure
ca]ibratiop was accomplished with the aid of an Amthor dead weight pressure
tester.

a. Strain Calibration

A Carlson meter with know characteristics was clamped in position in
the Carlson strain gage calibrator frame and its lead wires were connected
to the DVM. The input voltage to the strain meter bridge was then varied.
For each voltage, known displacements were applied at intervals by turning
the Toading screw on the frame. Readings of displacements as indicated by
the dial gage in micro-inch, and vlotage, as displayed by the DVM were taken
for each input voltage. A graph of micro-volts against strains was drawn
from which the micro-volt reading per micro-strain was deduced for the input
voltages studied.

b. Pressure Calibration

The Amthor dead weight pressure tester was connected to the hydraulic
pressure line of the test system through value H as shown in Figure 3.
Selector switch J was then operated to link the output of the pressure
bridge with the DVM. After checking the oil level in the tester and setting
the input voltage to the circuit at the desired level and all valves to their
correct positions, dead weights were added to the loading plate of the tester.
Load in increments equivalent to 200 psi were then applied, and the correspond-
ing microvolt readings on the DVM taken. Loading appiied was chosen to cover
the range of expected pressures to be recorded during the test. Input voltages
used varied from 3.5 to 3.7 volts.

5.2 Speedomax Recorder Chart

Calibration of the speedomax recorder was carried out before each test.
This two - input recorder had two pens. One was filled with green ink and
the other with red ink.
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Strain measurements were recorded by movement of the green pen on the
specially ruled graph paper graduated in inches.

a. Strain Calibration

The Carlson strain gage calibrator described in 5.1a. was used. The
lead wires from the Carlson gage were connected to the active arm of the
strain meter bridge and a setting chosen on the strain output potentiometer
balance. The instrument selector switch J (Figure 3) was then set for
connection to the recorder before calibration commenced. Know displacements
were applied to the Carlson meter for an input voltage to the bridge circuit
of 1 volt. For each displacement applied as in Section 5.1a., the pen move-
ment in inches was recorded. The calibration was repeated for a bridge in-
put voltage of 2 volts. The procedure was again repeated for different
output balance settings. The pen movement per microstrain was recorded.

b. Pressure Calibration

Pressure measurements were recorded by movement of the red pen. For
pressure calibration the Amthor dead weight pressure tester was loaded in
increments of 200 psi with the selector switch in position for output to
the recorder. Movement of the red pen across the recorder graph paper was
read at each increment of pressure for an applied voltage of 3.5 volts and
a chosen pressure output balance setting. 'he calibration was repeated for
other input voltages until a satisfactory range of pen movement was achieved,
which gave about 1 inch of movement for every 50 psi change in stress over
the stress range anticipated for each test.
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6. TESTING PROCEDURE

6.1 Creep Tests

The creep tests required to provide the data for constructing relaxa-
tion curves were carried out at loading ages of 7, 28 and 90 days.

After setting up the specimens in tandem in the creep frame as des-
cribed in‘Section 4.2, initial gages readings were taken at zero load.
Control valves were then checked and an initial stress of 2,100 psi was
applied to the specimens by means of a manual hand pump. Care was taken
to ensure that the loading rate was uniform and kept at a level of 35 + 5
psi, per second. At the end of the Toading, controlling valves were set
at desired open or closed positions and gage readings taken as close as
possible to the instant of full load application. The loading technigue
applied has been perfected to achieve these initial readings within 10
seconds of attaining full applied load. The applied stress was checked
against the reading of the pressure gage on the specimens. This pressure
gage had been previously calibrated over the range of the expected applied
load. Readings were taken subsequently at intervals of Im, 3m, 5m, 10m,
30m, 3h, 5h, and 24h after loading, and later, daily readings were taken for
a week, weekly readings for a month, followed by twice monthly readings
until enough data had been recorded. Readings of the gages embeded in com-
panion autogenous specimens were also taken. Each set of readings relating
to a particular time interval was recorded on tape and later analysed with
the aid of a computer.

6.2 Relaxation Tests

After the specimen was carefully centered in the stressing frame
shown in Figure 1, a load was applied to it using the same manual pump and
procedures adopted for the creep tests. As load was applied, close watch
was kept on the speedomax recorder pens and the accumulator valve. As soon
as the applied pressure was 100 psi short of the desired initial pressure,
the accumulator valve was opened and the pressure brougth up to the required
level. The pressure and strain potentiometer balances were then quickly
given final adjustments to bring the recorder pens to their correct positions
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in the previously calibrated recorder scale. Automatic recordings of
pressure and strain then commenced as the pens trace out stress and strain
changes with time. Additional readings of voltage input and output from
the pressure and strain bridge circuits were taken using the digital volt-
meter. These readings together with those of the pressure gage attached
to the hydraulic control unit were taken hourly for the first four

hours and daily thereafter for 14 days, after which readings were taken
every two days. Periodic measurements were also taken of resistance ratios
and three-wire resistances of the active and compensating gages to keep a
continuous check on the performance of the equipment. For this purpose,

a Dekabox test set and a "Magnetic" null indicator wired independently of
of the relaxation instrumentation system, was used (Sec. 4.4). The set-up
for these independent measurements can be seen in Figure 7.
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7. EXPERIMENTAL RESULTS

7.1 General

There are two aspects of the investigation being reported. The first
relates to the performance of the equipment devised for the measurement of
relaxation. The second concerns the trend of the measurements and how these
measurements compare with values derived from creep data. The details of
testing carried out are given in Table 2.

7.2 Strain Control Records

The records taken during the tests show a highly successful strain
control. Table 3 gives strain changes calculated from resistance ratios
taken during the test of specimens R2, R3, R4, and R5. These changes are
small. The stress and strain plots, shown in Figures 8 through 12, were
obtained from the speedomax recorder and are even more striking. These
show continuous strain records in which the strain is represented by a
vertical trace which only marginally departs from a constant initial value.
It was observed that during the earlier periods of loading when the pump
was more frequently activated, there were short impulses in the system.
These show up in the trace in the form of short horizontal lines. As time
elapsed, this tendency seemed to have been less evident. Figures 8 through
12 show only the early stages of relaxation. The estimated maximum varia-
tion from initial strain based on was the scale of the speedomax chart was
0.5 x 1076 in./in. The variation indicated by the resistance ratio measure-
ments was larger for R2 and R4. Even so, the order of change in these
cases indicated that strain control was successful.

7.3 Stress Records

The residual stress in the concrete during each test was read from
the Ashcroft direct reading bourdon - tube gage and the DVM, as well as
being traced out on the chart of the Speedomax recorder. Very good corre-
lation was obtained between the Ashcroft gage and the Speedomax chart values.
Because of voltage fluctuation there were slightdifferences between the DVM
readings and the two other readings. These differences were, however, never
significant and were of the order of +2 to +5 psi, as can be seen from
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Table 4. The Speedomax recording gave a reasonably gradual decay of stress
for the first 30 minutes of relaxation. Thereafter, the instrument gave a
step-like trace for a period of about three days before settling down again
to a steady recording. Even during the period of step-1ike responses to
stress loss, the results show steps not exceeding -7 psi. Periodic checks
were made of pressure levels using a lead weight tester. These checks helped
to ensure that the Ashcroft and the Speedomax instruments were operating
within satisfactory level of accuracy. In order to obtain a fairly clear
indication of stress loss, the calibration of the chart of the Speedomax

had to be done to a reasonably large scale. This meant that only a stress
drop of 500 psi could be accommodated on the chart's horizontal scale. Thus,
the pressure indicator pen had to be reset at convenient points during the
test to avoid any errors arising from the movement of the pen out of the
range of the scale. The residual stress curves produced by the Speedomax
recorder, therefore, show a break at every scale change. Full records of

DVM readings are given in Tables 4a through 4e. These tables include equi-
valent stress values deduced from output voltages of the pressure bridge
circuit.

On the whole, pressure recordings were trouble free as they were with
the strain recordings. The time scale on the Speedomax chart was set at a
vertical movement of 1-inch for every 20 minutes of expired time for the
first 7 days of the test and then reduced to an inch of movement for every
200 minutes for the rest of the test period.

7.4 Creep Test Results

Results from creep tests were analysed by a CDC 6400 computer with
the aid of a program which provided for outputs of temperature of specimens,
creep strain, creep plus autogenous strains, elastic plus creep plus auto-
genous strains and average specific creep of the two specimens loaded in
tandem in each test run. The results of computer calculations are shown
in Tables 5 through 8 for tests performed under the program for this investig-
ation. Tables 9 through 11 give data from another test program, for 28,
180 and 360-day old concrete made with Mix 1. The autogenous strain values
given are based on zero strain at time of application of full load. Table 12
gives 183-day creep data for Mix 2.
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7.5 Relaxation Test Results

Manual plots of residual stress against time since loading (elapsed
time), are given in Figures 13 through 17. These have the characteristic
shape of curves of decaying functions. For easy comparison of results, the
curves are shown together in Figures 18 a&b, drawn to a scale which has been
normalized with respect to the applied stress. As expected, the proportion
of the initial stress remaining at a given elapsed time reduces with in-
creasing age of the concrete at time of loading. The curves also confirm
the behavior well established from creep results, that the rate of reilaxa-
tion is greater during the periods immediately following load application
than during later periods.

The stress values used in plotting these curves, were those reduced
from DVM reading.
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8. COMPARISON OF RELAXATION RESULTS WITH VALUES DERIVED
FROM EXISTING STANDARD METHODS USING CREEP DATA

8.1 General Remarks

Figures 13-17 show the results of tests for specimens R1-R5 (see Tables
1b & 2). The plots of the theoretical curves were carried out using the
equation:

n
' o, _ O e T AG:is o o e e e e e e e e e e e e (8.1)
t 0 j=1 |
where Aciis the stress relief necessary at time tito maintain constant
strain over interval i to i+l.
Ao, was calculated from the equation:
n-1
Ao, = En [OOC (o,n) - iil Ac1w(1,n)] .......... (8.2)

p is the deformation function defined in Section 9 and includes C,
the creep function. Derivation of the relaxation function from these two
functions is given in Section 9. The deformation functions adopted for
the test series are given in Table 12. A logarithmic function was chosen, initially,
as it gave a reasonably high correlation coefficient for these tests, although
in giving a fit at early stages of creep.

8.2 Comparison of Theoretical and Experimental Curves

The experimental curves show lower residual stress values than those
estimated by integration of creep functions derived from creep data. This
underestimation is due to the use of derived creep functions as creep
recovery functions. The effect of adopting this function is to apply over-
estimated inelastic strain corrections at intervals following all ages at
which stress was removed. Studies on creep recovery in concrete has shown
that this assumption is incorrect. Creep recovery is a different phenomenon.
For example, creep recovery in mass concrete is independent of load history
while creep is not [28].
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Bletzacker [29] has postulated that time dependent deformation is
really only potentially recoverable because on removal of the applied stress,
the reversed deformation and the time-dependent potential energy imposes a
reverse deviatoric stress on the viscous elements. Thus, during the time
required to recover the potential energy, further dissipation, relaxation
and interelemental stress redistribution takes place resulting in a smaller
net-recovery than the preceeding creep. Davies [30] also found that the
principle of superposition was not directly applicable to the recovery
process during unloading. Therefore, theoretical recovery based on this
principle was always larger than actual recovery. Most importantly, Davis
observed that elastic strain on unloading in normal weight concrete was
always smaller than the elastic strain at the age of load application.

The results of the present investigations show clearly the effect of
the combined elastic and creep strain lag during unloading of a previously
stressed normal weight concrete specimen (see Figures 13-17). It was
discovered that the error of prediction was smaller the greater the time
which had elapsed since loading. The error also reduced as the age at which
initial load was applied, increased. Table13 gives details of measured and
predited residual stress values. The error is measured by the relative

value, ‘m-%, °m being the measured residual stress, 3¢» the pre-
(o]
)

ducted stress and %0 the initially applied stress.

It is seen, therefore, that the principle of superposition of creep
as propounded by McHenry [31] in 1943 does lead to some inaccuracies in
predicting relaxation from creep data, even when, as in the studies reported
herein, the modulus of elasticity is varied with the age of the concrete.
Larger inaccuracies have, of course, been reported [14] when variation of
the modulus of elasticity with age had been neglected. It can be seen from
Table 13 that the errors ranged from 8-14%, and will be considerably higher
when 9% is replaced by e However, an improvement of the prediction has
been achieved through a closer study of the recovery phenomenon which
provided the basis for the derivation of a creep recovery function from a
modification of the creep function (see Section 9.3).



- 34 -

9. DERIVATION OF STRESS RELAXATION BY INTEGRATION
OF THE BASIC CREEP EQUATION

9.1 General Formulation

Suppose that the stress causing deformation varies with time starting
from a particular age at load application to. The stress level in the
concrete at that instant will be o(to), and the strain at any other time t
will be ¢(t). Using the principle of superposition we can determine the
strain level at a particular time tn, by solution of the equation:

)
= . - o\t _
S(t) = olt)) v (g, &, - tg) + ( 09(t) (g, ¢ - t)de ... .(9.1)
5 to
where y (t, t - t) is a function defining the total deformation in the
concrete under an applied unit stress applied at age t, and maintained

constant over an interval of time, tn - t.

Adopting the property of a Kelvin material, the total deformation of
concrete under a unit axial stress can be represented by the equation:

gives the instantaneous - elastic deformation and C(t, t, - t) gives

(t)

the creep deformation over interval tn- t of the sustained load.

) —

Functions for E(t) and C(t, t, - t) can be established for various
types and quality of concrete. No general function for each property is
applicable to concrete, although attempts have been made [8, 17] to
provide expressions for both, which would be applicable under a wide range
of conditions. While a power expression has been found more suitable for
expressions giving the variation of the elastic modulus with time, a logarithic
expression for creep incorporating the variable (t+1) has been found more popular
than other expressions. It has however, been found more appropriate to develop
expressions for each set of concrete properties involved under conditions
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of a project for which time-dependent relations are required, rather than
adopting standard expressions based on a different set of conditions.

The expression adopted for E{t) in the studies presented in this
report was of the form:

E(t) = « £~ B

and that for creep was of the form:
C(t,tn -t)=nt Log (1 + t - t)

Eq.9.1can be expanded by integration of the last term to give:

tn
- ’ 3
e(t) =olt) v (t, 0 j o(t) . A (e, t -t)dt. ... .. (9.3)
t
and Eq.9.2 differentiated to give:
Yy ) =2 1 -
3t (t, tn t) 3t [ E(t) + C(t, tn t)] ............ (9.4)

This approach to the evolution of a relaxation function is impracticable
in view of the nature of the variables in the proposed creep function, the
character of the function itself and the objective of the study. An alter-
native approach was pursed instead, which involved maintaining Eq.9.1 in its
original form and solving for stress changes with time by numerical methods.
This avoided introducing modifications to the E and C functions to give close
form solutions. The alternative approach used is described in Section 9.2.

However, an interpretation of the relaxation process can be given
utilizing Eq.9.3 and derivations for application to deformation of structural
elements can proceed from such interpretation.

If we define a deformation rate ¢, in the following manner:
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we can write Eq.9.3 as follows:

e(t)) =olt) v (t,, o) -

\-to
tn) n
=9 nj)_ _
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The stress at any point tn can then be deduced, giving:

t
n
o () =ety) . Eft) + [ o (1) E(t) 6 (et - 01 at ... (96
t
o
when strain is held constant:
tn
o (t) =ecy . E(t) - E(t) f o (t) .o (t,t -t)dt. .. .. (9.7)
t
o

o (t) is the function which defines the stress relief with time. The
function ¢ (t, t, - t) is a rate function which can be expressed in simple
terms_to make the use of Eq.9.7 readily appealing.

9.2 Relaxation Function by Numerical Integration of Creep Function by
Steps

Examination of Eq.9.1 shows that when e(tn) is kept constant throughout

the period t - tn as will be required in the relaxation process, %%

the change necessary in the initial stress, o(to), per unit time over the

becomes

period, to maintain this constant strain.
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Substituting in Eq. 9.1,

€ (tn) =€,
g (to) = 0, » the initial stress and,
96 . _ 30 , having regard for sense of stress change,
‘ot at
we have:
t
"ao(t)
= - - do(t -
€ = 9 ¥t , t t,) e 6 (ts t t)dt ... (9.8)
to

Using numerical procedures we can divide the time interval t - t
i.e., the time since application of initial stress into n 1nterva1s and
represent the loss of stress over any interval i, as 8o, thus:

n
€y = O ¥ (o,n)-zzh pos v (iym) o Lo (9.9)
i=1

Rewriting Eq. 3 we have:

n-1
€o = 0o ¥ (o,n) -Z Ac_i v (i,n) - Aon vnsn) oo, (9.10)
i=1
where,
1
wlnn) =E- +Cnyn) . . L oL (9.11)
1
and vlo,n) = Eo +Closn) o oo o (9.12)
Clain) =0 . .o oo oo (9.13)
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Substituting Eqs. 5, 6, & 7 into Eq. 4 and transposing gives:
n-1
doy = Ep [ogC (0un) = 5 aoy v (1] .o (9.14)
i=1

The residual stress at any time t, can then be determined by summing

up the stress changes from time o, when the load was applied to interval
n.

This is the basis of a number of well known procedures [2,17] utilizing
the step by step method of determining stress loss from known strain histories,
using data provided from creep tests.

9.3 Modified Relaxation Function

The stress loss at the nth interval given by Eq.(9.14) can be rewritten to
incorporate a creep recovery function C (i,n) which is a modified creep
function,(C). The relevant equation is given by:

n-1
— 1
ao, = E [o,C (0.n) + ) oy ¢ ERUEN +T(imf ... .. (9.16)
=1

EIR is the modulus of instantaneous or elastic recovery. For simplicity
we can combine both instantaneous and creep recovery effects into a deform-
ation recovery function y. Thus,

n-1

nop = E Lol lom) + ) sop $(LMI. ... ... ... (9.17)
i=1
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It is now reasonably understood that the phenomenon of creep involves
a complicated combination of factors related to the reactions of the cons-
tituents of the concrete to long term sustained loading. Certain constitu-
ents such as the cement paste, respond in a way which contributes a deform-
ation that is irrecoverable. Intergranular reaction while under load is
belived to cause internal structural readjustments which also contribute
to irrecoverable creep of the material. Other constituents, such as
aggregates'and moisture produce effects which under certain conditions
result in delayed elastic response, most or all of which are recoverable.

Equation 9.16 assumes that the time dependent component of the de-
formation, y, of Equation 9.2, can be separated into its recoverable and
irrecoverable components, and that T represents the recoverable components.
The quantity EIR in the equation represents the modulus of instantaneous
recovery which has been shown to be less than the modulus of instantaneous
deformation E (t). The recovery function can therefore be obtained by
modifiying the function y so that it includes a correction, not only for
irrecoverable creep, but also for the difference between E (t) and EIR‘

Introducing an irrecoverable term, Rt’ which can simply be related to
the basic deformation function, one can write, for the irrecoverable deform-
ation at time t,

R, = ov Ke ° (t-t) (9.18)

where o and K are constants depending on concrete material properties, and
t;, the time at which the stress is removed.

The recovery function will therefore be given by:

From earlier discussion, it is clear that recovery properties will depend
on the mix of concrete. There have also been indications that they depend

on aggregate properties. The present studies seem to indicate further that K
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changes very little at the older ages when the type of concrete constituents
are the same, but a varies with concrete strength and therefore with age,
being smaller the older the age at which unloading takes place.

K and o were obtained by writing an error factor,

n = .‘L‘.!P_ = _Ke-a(t-tl)
)
and carrying'out a regression analysis using data from measured and calculated

stresses. The value (y-y)/v was obtained by deduction from values of ‘m °c ,

o
0

using % to relate the error to the standard reference stress. This in turn
was converted as shown in Table 14 to specific strain differences using the
initial strain as the reference strain.

Table 15 shows values of o and K for the specimens used in this in-
vertigation. These coefficients were applied to Eq. 9.19, to obtain the
corrected relaxation function. The results achieved by using this modifi-
cation are discussed in Section 10.
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10.  CONCLUSION AND RECOMMENDATIONS

It has been demonstrated that the hydraulic strain controlling system
devised for carrying out the stress relaxation tests, performed as well as
could be expected. The degree of control achieved was remarkably high at
+ 0.5 x 10°® in/in for most of the tests. The authors were able to perfect
a system which can be reproduced quite cheaply, thereby eliminating the
need for rgsorting to much larger investments to obtain high accuracy. The
construction of stress relaxation curves fromcreep data has been improved
by the use of a creep recovery function. This function is related to the
creep function by the equation:

6 = {1 - Ke“(t'tl)} v

It is shown in Figures 13-17 that by using this function in the integral
equation for residual stress, a prediction of stress relaxation in concrete
was possible to within 9% of measured values.

The use of stress relaxation curves for determining stress history
from a record of strain history should increase with the availability of
an accurate method for constructing relaxation curves from creep data.
There is no doubt that the creep tests will continue to be regarded, and
be performed as an easier option in the process of determining time depend-
ent effects of induced strains. There is no doubt that the procedure for
utilizing creep directly in the determination of stress histories from
strain histories is involved and laborious where the electronic computer
is not readily available. An example of such a procedure is given in Table 18
The principle of super position is adopted and the creep values used have
been obtained by interpolation of creep data covering a number of loading
ages. The implications of the procedure are quite obvious. The use of
relaxation curves will mean that a more direct process will be substituted
for the intricate procedures of Table 18in determining stress levels in
mass concrete structures such as dams. An outline of a suitable procedure
using stress relaxation curves is shown in Figure 20. The stress relaxa-
tion functions corresponding to strain changes over predetermined time
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intervals are applied at times coinciding with the upper boundary of the
interval. The stress at any time tn is then given by:

ne~m3
>
Q

a (tn) = o, *+

) i=1 in

The method is readily programable for computer operations.

It is cfear from the investigations that the phenomenon of stress
relaxation is somewhat different from that of creep. It is recommended,
therefore, that more studies be encouraged which relate directly to stress
relaxation behavior. The literature is conspicuously thin on a number of
topics concering factors which are presumed to influence stress relaxation
behavior. Even these influences have not all been supported by experimental
evidence.

There is a need to investigate further, the validity of using a
logarithnic function to express the basic creep behavior. Although this
particular form of expression is convenient because it gives a linear
variation of deformation with the logarithmic value of expired time, it has
been shown by a number of studies of creep data at the University of
California at Berkeley, that such a function underestimates total strain
for approximately the first five hours of creep. It has been discovered
that where time is measured in days, both elastic and creep strains can be
evaluated wrongly between zero and five hours. In the step by step inte-
gration process therefore, a smaller initial creep estimate can signifi-
cantly reduce the residual strain close to the time of loading to an extent
that will result in the application of a lower stress relief value and a
consequently higher residual stress than is actually the case. An error
in the initial operations during the early intervals can give rise to errors
over the entire period under prediction. The correction for irrecoverable
creep as expressed by Eq. 9.19 will therefore be smaller if a correction
is made for the inaccuracy of the creep function at early ages. Figures
21-23 show the corrections applicable for some of the ages at which loading
took place. Where required between ages, interpolation was done. Direct
application of this method of correction was carried out for the results
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of tests R2-R5. Quite good predictions were achieved (Figures 24-27).

It is assumed that the correction is necessary only at the beginning
of the iteration, as most of the effects of high early creep may have arisen
principally from the breakdown of the structure of the material at applica-
tion of load. This tendency will be negligible at later ages.

It is recommended that a number of alternative forms for the creep
curves be'exp1ored to provide a closer fitting for the first five hours or
so of creep. Preliminary investigations of power functions indicate en-
couraging prospects. Table 13 gives the trial functions, and Figures 28-
31 show the predictions of residual stresses using these functions. The
error obtained is between 1-5%. This can be further corrected using the
precedures outlined in Section 9.3.

It is further recommended for future investigations, that the
computer program developed by the authors for predicting relaxation curves
from creep data be modified to accept as direct inputs, values of creep
strain and time under load.



TABLES
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TABLE la
DETAILS OF CONCRETE MIXES USED IN SPECIMENS

Material Mix 1 Mix 2
or Source Weight Source Weight
Relevant or or or or
Data Type Volume Type Volume
Maximum Size Aggregate 3/4-inch --- 1 1/2-inch ---
Cement (1b.) Type 11 812 Type 11 659
Pozzolan (1b.) Airox 143 - ---
Water (1b.) EBMUD 416 EBMUD 297
Sand (1b.) Yuma 705 Callaway 1210
1 1/2-in. Aggregate --- - Crushed 829
Limestone
3/4-in. Aggregate Yuma 1805 Crushed 993
Limestone
Water Reducing Agent Daratard 827 ZeeconR 1.635
#7 (m1) : Type D (1b)
Slump (in.) -— 4 1/4 - 4 1/2
Air (%) --- 1.2 --- 1.9
Temperature (°F) -—- 68 - 73

Weights are based on S.S.D. and given for one cubic yard of concrete
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TABLE 1b

CONCRETE_MECHANICAL PROPERTIES AT 73°F

Specimen | Dimension | Mix | Unit 7-day 7-day 28-day 28-day
(in.) No. Wt. | Compressive| Modulus |Compressive | Modulus
diameter %/cu.ft. Strength of Strength of
X psi Elasticity psi Elasticity
length (108 psi) (106 psi)
a1 6 x 18 1 |145.3 4080 2.93 6380 3.30
c2 6 x 18 1 |145.3 4080 2.93 6380 3.30
C3 6 x 18 2 {149.8 3870 3.12 5040 3.50
ca 6 x 18 2 [149.8 3870 3.12 5040 3.50
R1 6 x 18 1 |145.3 4350 2.93 6380 3.30
R2 6 x 18 1 |145.3 4350 2.93 6380 3.30
R3 6 x 18 2 1149.8 3870 3.12 5040 3.50
R4 6 x 18 2 1149.8 3870 3.12 5040 3.50
R5 6 x 18 2 1149.8 3870 3.12 5040 3.50
NOTES
1. A1l specimens are sealed.
2. Strength and modulus of elasticity values for ages at which tests were

carried out are given in appropriate tables of test results.

Compressive strength and modulus of elasticity tests were conducted
on 6-in. by 12-in. control specimens.




- 46 -

TABLE 2

DETAILS OF TESTS CARRIED OUT

'Spec- Mix

| Test

Carlson Age Applied | Initial Time | Test
imen Meter Conduct- | Stressed |Stress | Stress Under | Temp.
No. No. ed Days psi | Strength | Stress | T°F

Ratio Days

o }ggg Creep 7 | 2100 0.50 | 237 | 73
c2 1 |11 | (e 28 | 2100 0.31 | 139 | 73

1614 P .
B3 2 ggg; Creep 28 | 2100 0.33 | 160 | 73

. 2

¢ 2 | BZ | creep 9 | 2100 0.34 7 | 73
R 1 Relax 14 | 1600 0.31 a8 | 73
R 1 | 1604 | Relax 28 | 2075 0.31 60* | 73
RZ 2 | 3523 | Relax 28 | 2050 0.36 20 | 73
R& 2 | 3526 | Relax 60 | 2100 0.36 33 | 73
RS 2 | 3533 | Relax 9 | 2080 0.34 40* | 73

* Specimens were stressed for longer periods, but results reported
cover only periods indicated.

CREEP DATA FROM OTHER TESTS

Carison

Spec- Mix Test Age Applied| Initial | Time |[Test
imen Meter | Conduct- | Stressed [Stress | Stress Under |Temp.
No. No. ed Days | psi | Strength| Stress | T°F
Ratio Days
5 1 {1298 | creep 28 | 2100 | 031 | 33 | 73
6 1 |12 | Creep 180 | 2100 | 0.2 192 | 73
71 1800 ] creep 372 | 2100 | 0.24 109 | 73
8 2 | 322 | creep 183 | 2100 | 0.30 26 | 73
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TABLE 3
STRAIN CHANGES (10-6 in/in) DURING RELAXATION TEST

AS MEASURED BY CARLSON STRAIN GAGE

Test No. R2 R3 R4 R5
Carlson Meter No. 1604 3528 3526 3533
Days Applied
Under Stress 2075 2050 2100 2030
Load psi
(Initial) (698.5) (778.5) (581.8) (580.7)
| ——- +0.3 -—- 0.0
3 -—- +0.3 +0.5 +0.5
10 - 0.0 +0.4 ---
20 -—- +0.3 --- -—-
30 -—- --- --- -0.3
33 --- --- -0.3 ---
37 -—- -— - ---
40 -3.0 —- -0.4 -0.3
50 -3.0 - --- ---
60 -3.5 —- --- ---
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TABLE 13

DEFORMATION FUNCTION COEFFICIENTS

Log Function

General deformation function is given by:

v = @t'e + nt ' Log (1+tn-t)] x 1078 strain for psi
‘ t = age at loading, days
tn = total age, days
Concrete Unit Coefficients
Ter Weight
(Mix) 1b/cu, ft. o a N ;
1 145.3 0.3292 |0.0588 | 0.2572 | 0.3348
2 149.8 0.3204 |0.0441 | 0.3238 |0.3380

Power Function

General deformation function is given by:

p = [at'3 + ot (tn-—t) ] x 1076 strain per psi
t = age at loading, days
tn = total age, days
Concrete Unit Coefficients
Type Weight
(Mix) | 1b/cu. ft. o 8 n Y 8
1 145.3 0.3292 | 0.0588 | 0.2441 | 0.3492 |0.2496
2 149.8 0.3204 {0.0441 | 0.24363 | 0.33986 | 0.30132
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TABLE 14

MEASURED AND PREDICTED RESIDUAL STRESSES

Specimen Age, go ije Predicted Measured
No. Days E S1ncg Stress Stress
-t Loading

(days) o om

t-t] psi ps1

R1 14.0] 1.000 0 1600 1600
14.5| 0.998 0.5 1480 1260

15.0{ 0.998 1.0 1420 1200

15.5( 0.997 1.5 1380 1160

16.0f 0.996 2.0 1345 1120

16.5| 0.995 2.5 1305 1090

17.0| 0.994 3.0 1282 1065

18.0{ 0.993 4.0 1242 1030

22.0| 0.985 8.0 1135 935

26.0f 0.978 12.0 1080 880

30.0{ 0.972 16.0 1040 840

34.0( 0.966 20.0 1015 820

38.0| 0.964 24.0 995 810

42.0| 0.961 28.0 980 805

46.0| 0.956 32.0 975 800

R2 28.0| 1.000 0 2075 ---
28.5| 0.999 0.5 1940 1715

29.0| 0.998 1.0 1900 1670

29.5( 0.997 1.5 1860 1640

30.0{ 0.996 2.0 1720 1600

30.5| 0.995 2.5 1790 1570

31.0| 0.994 3.0 1765 1545

32.0| 0.993 4.0 1720 1510

36.0{ 0.985 8.0 1610 1390

40.0f 0.978 12.0 1540 1320

44.0) 0.972 16.0 1490 1275

48.0| 0.966 20.0 1460 1245

52.0| 0.964 24.0 1430 1230

56.0] 0.961 28.0 1415 1210

60.0| 0.956 32.0 1400 1205

64.0( 0.954 36.0 1380 1200

b — e e =

-0.1084
-0.1180
-0.1060
-0.0578
-0.1060
-0.1060
-0.1012
-0.1060
-0.1060
-0.1036
-0.1036
-0.0964
-0.0989
-0.0940
-0.0867

Correction
q 5o

Bt

-0.1374
-0.1372
-0.1371
-0.1400
-0.1337
-0.1348
-0.1316
-0.1231
-0.1223
-0.1215
-0.1178
-0.1114
-0.1051
-0.1046

-0.1083
-0.1107
-0.1057

-0.1055
-0.1054
-0.1005
-0.1044
-0.1037
-0.1007
-0.1001
-0.0929
-0.0950
-0.0899
-0.0827

s

L

N



TABLE 14 (cont'd)

- 63 -

R3 28.0( 1.000 0 2050 2050 --- -—-
28.510.999 0.5 1960 1750 -0.1029 -0.1023
29.0} 0.999 1.0 1810 1590 -0.1073 -0.1072
30.0 ! 0.998 2.0 1704 1500 -0.0976 -0.0974
32.010.994 - 4.0 1585 1410 -0.0854 -0.0849
34.0 | 0.991 6.0 1575 1360 -0.0756 -0.0749
38.0| 0.987 10.0 .1432 1280 -0.0741 -0.0731
42.0 { 0.982 14.0 1378 1240 -0.0673 | -0.0668

| 48.00.977 20.0 1325 1180 -0.0707 -0.0691
54.010.972 26.0 1291 1168 -0.0600 -0.0583
58 .0 | 0.968 30.0 1271 1148 -0.0600 -0.0581

R4 60.0 } 1.000 0 2100 2100 --- ---
60.5 | 0.9996 0.5 1990 1760 -0.1095 -0.1093
61.0 | 0.9993 1.0 1908 1650 -0.1229 -0.1228
62.0 | 0.9986 2.0 1813 1580 -0.1110 -0.1108
64.0 | 0.9972 4.0 1708 1510 -0.0943 -0.0940
66.0 | 0.9958 6.0 1646 1465 -0.0862 -0.0858
70.0 | 0.9932 10.0 1560 1400 -0.0810 -0.0804
74.0 | 0.9908 14.0 1522 1360 -0.0794 -0.0764
80.0 | 0.9874 20.0 1472 1320 -0.0724 -0.0715
86.0 | 0.9842 26.0 1437 1280 -0.0748 -0.0735
90.0 | 0.9823 30.0 1408 1260 -0.0705 -0.0693

R5 90.0 | 1.000 0 2080 2080 --- ---
90.5 {0.9998 0.5 1940 1720 -0.1100 -0.1060
91.0 | 0.9995 1.0 1911 1680 -0.1060 -0.1050
92.0 10.9990 2.0 1826 1620 -0.0990 -0.0989
16.0 [ 0.9972 6.0 1674 1495 -0.0860 -0.0850

102.0 | 0.9945 12.0 1580 1410 -0.0813 -0.0808
108.0 {0.9919 18.0 1526 1350 -0.0846 -0.0839
114.0 {0.9896 24.0 1490 1310 -0.0865 -0.0856
118.0 {0.9880 28.0 1471 1290 -0.0870 -0.0859
122.0 |0.9867 32.0 1454 1265 -0.0909 -0.0897
126.0 [0.9853 36.0 1440 1250 -0.0913 -0.0900
130.0 |0.9839 40.0 1428 1240 -0.0903 -0.0889
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TABLE 15
VALUES OF CORRECTION CONSTANTS

Correction is given by:

Specimen Concrete Age at K a
No. Type Loading,
(Mix) Days
R1 1 14 0.137 -0.009
R2 1 28 . 0.108 -0.006
|

R3 2 28 0.0950 | -0.0288
R4 2 60 0.1040 | -0.0191
R5 2 90 0.0996 | -0.0077
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FIG. 6 PHOTOGRAPH SHOWING INSIDE VIEW OF HYDRAULIC CONTROL UNIT
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SPEEDOMAX RECORDER

TEST SET DVM

FIG. 7 PHOTOGRAPHS SHOWING SPEEDOMAX RECORDER, DIGITAL DISPLAY EQUIP-
MENT (DVM) AND INDEPENDENT TEST SET
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FIG. 19

AGE

IDEALIZED CREEP AND CREEP RECOVERY CURVE
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FIG. 20 PROCEDURE FOR THE USE OF STRESS RELAXATION CURVES FOR DETER-
MINING STRESS LEVELS IN MASS CONCRETE STRUCTURES
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FIG. 21 CORRECTION FOR INACCURACY OF LOGARITHMIC CREEP FUNCTION AT EARLY
AGES--28-DAY CREEP DATA FOR SPECIMEN C2 (MIX 1)
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FIG. 22. CORRECTION FOR INACCURACY OF LOGARITHMIC CREEP FUNCTION AT
EARLY AGES--28-DAY CREEP DATA FOR SPECIMEN C3 (MIX 2)
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