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Abstract

Recently, the American Association of State Highway and Transportation Officials implemented a provisional standard that uses

the �ring test� to help quantify a materials� propensity for cracking. While this test may provide qualitative information that enables

different mixtures to be compared, it does not provide quantitative information to describe how close a specimen is to failure. This

paper will describe how the ring test may be used to provide quantitative information about stress development that may be used to

assess the potential for cracking in concrete. An analytical stress formulation is presented to compute the actual residual stress level

in the concrete using only the measured strain from the steel ring. The theoretical elastic stress is computed using the free shrinkage,

ring deformation, and elastic modulus of the concrete. A comparison of the residual and theoretical elastic stress levels provides

information about the extent of stress relaxation in a material. Continuously monitoring the strain that develops in the steel ring

from the time of casting enables the effects of autogenous shrinkage to be determined as well as the effects of drying shrinkage.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Portland cement based materials change volume (i.e.,

shrink or expand) as a result of temperature and mois-

ture variation. If prevented, these volumetric changes

can result in the development of residual tensile stresses

that may be sufficient to cause cracking. The problem of

early-age cracking is receiving significant attention due

to the increase in cracking that has been observed in

many �high-performance� concretes [1,2]. Several test
methods have been developed to assess the cracking

potential of concrete mixtures, a review of which is

provided in literature [1,3,4]. Several studies utilize lin-

ear specimen geometries due to the advantage of

straightforward data interpretation [5–9]. These experi-

ments use either �passive-restraint� from a test frame to

limit length change (i.e., apply restraint) in the concrete

[5,10,11] or �active-restraint� which uses either a hy-
draulic or electrical actuator to apply a force to coun-

teract the length change due to shrinkage [5–8]. While

these �active-restraint� systems can provide complete
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restraint along with accurate stress and stiffness history,

cost may limit their use in common quality control
testing and large-scale parametric evaluations. The

passive restraint tests are typically designed to be either

very rigid (thereby permitting only negligible movement)

or flexible enough to allow strain development in the

steel to be measured (thereby providing information on

the state of stress in the concrete). Recently it has been

shown that movements may occur at the end grips that

would have the possibility of further reducing the stress
level in a passive restraint test [12].

Due to its simplicity and versatility, the �ring test� has
become commonly used over the last two decades to

assess the potential for shrinkage cracking [3,13–17].

The ring test consists of a concrete annulus that is cast

around a hollow steel cylinder. As the concrete dries,

shrinkage is prevented by the steel ring resulting in the

development of tensile stresses in concrete. The ring
specimen geometry is frequently preferred for quality

control testing and material evaluation since the diffi-

culties associated with providing adequate end restraint

are removed. The simple geometry allows the specimen

to be fabricated easily while the low cost of the system

enables several tests to be conducted concurrently over

long periods of time.
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The American Association of State Highway and

Transportation Officials (AASHTO) developed a pro-

visional standard [18] that recommends a ring with a 300

mm (12 in.) inner diameter, a 75 mm (3 in.) concrete wall
thickness, a 150 mm (6 in.) height, and a 12 mm (1/2 in.)

steel wall thickness. The standard also includes the use

of strain gages which are placed at mid-height on the

inner circumference of the steel ring. Strain is monitored

over time and abrupt changes in the steel strain are used

to signal the age of cracking [3,19]. While the current

AASHTO ring test is a step forward in that it provides a

systematic test that can be used to compare the age of
cracking or crack width that develops in different mix-

tures, it is limited with respect to providing information

about the residual stresses that develop. The current

AASHTO approach does not provide direct information

on how close a mixture may be to cracking, especially in

cases where cracking does not occur. This paper builds

on the idea that strain information can be used to

quantify the ring test [17,20].
This paper proposes an approach by which the �ring

test� can be utilized to obtain additional information

(with minimal additional effort) thereby making the ring

test more informative. In this paper the boundary con-

ditions of the ring are modified to enable the stress field

to be computed directly thereby permitting comparison

between strength and residual stress development. The

formulation of equations needed to perform the stress
analysis is provided for use with either hand calculations

or on a simple spreadsheet thereby further enabling its

use for QC/QA testing.
Fig. 1. Illustration of the instrumented restrained ring test.
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Fig. 2. Restrained ring specimen geometry.
2. Experimental program

This paper describes a technique that utilizes the in-

formation from the restrained ring test to obtain useful

information, such as stress development in cementitious
systems. To illustrate this approach, two series of tests

were conducted using mortar. The mortars were made

with type I cement, water to cement ratios (w=c) of 0.3
and 0.5 respectively, and a sand volume of 50%. High-

range water reducing admixture was added to 0.3 w=c
mortar at 3.0% by weight of cement. After mixing, the

mortar was placed in the forms, rodded, finished with a

steel trowel, placed under a plastic sheet to prevent
moisture loss, and maintained at 21 �C for 24 h. The

specimens were demolded at an age of 24 h and placed in

a 21 �C, 50% RH environment for the remainder of the

experiment.

2.1. Specimen geometry

Several different ring specimens were prepared. All of

the concrete in the rings had an inner diameter of 300
mm (12 in.) and an outer diameter of 450 mm (18 in.).
Several different wall thicknesses of the steel ring were

studied including: 3.1 mm (1/8 in.), 9.5 mm (3/8 in.), and

19.0 mm (3/4 in.). Each steel ring used in this study had

four strain gages attached at the mid-height of the inner
surface of the steel ring. The strain gages were connected

to a data acquisition system in a half-bridge configura-

tion for continuous monitoring. Strain data was ac-

quired at 10 min. intervals using the data acquisition

system shown in Fig. 1.

The ring tests performed in this study were similar to

the AASHTO ring with two exceptions as illustrated in

Fig. 2. First the circumference of the concrete ring was
sealed immediately after demolding (24 h) using two

layers of aluminum tape. To improve the bond between

the tape and mortar a thin film of acetate was used

during casting to cover the inner surface of the dispos-

able cardboard outer form. This provided a smooth

surface on the mortar [21]. By permitting drying from

only the top and bottom surface of the ring, moisture is

lost along a single plane thereby simplifying modeling
and providing uniform moisture loss through the radial

dimension of the specimen. The difference between these

experiments and the AASHTO method was that the

height of the specimen was reduced to 75 mm (3 in.).

This was done to increase the shrinkage rate and to
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enable a direct comparison to results of test prisms with

dimensions that are similar to those used in ASTM C-

157 testing [22], 75 mm (3 in.) square cross-section with

a 250 mm (10 in.) gage length. The ASTM C-157 test
specimens were modified in this study by sealing the two

sides and ends of the free shrinkage specimen with alu-

minum tape, thereby providing identical drying condi-

tions to the concrete in the ring. This implies that the

measured free shrinkage from the prism can be com-

pared directly to the ring specimen without the need for

any geometric corrections. Autogenous shrinkage was

measured between the time of final set and 24 h using an
approach that was similar that advocated by the Tech-

nical Committee of the Japanese Concrete Institute [23].

In addition to the restrained ring specimens, cylin-

drical specimens were cast to determine the splitting

tensile strength, static elastic modulus, and compres-

sional wave velocity at various ages. The cylinders used

for splitting tensile stress determination had a length

that was equal to the ring height (75 mm, 3 in.) with a
100 mm (4 in.) diameter, however the remainder of the

testing procedure was consistent with that specified by

ASTM-C-496 [22]. The elastic modulus was determined

according to ASTM-C-469 [22] using cylinders with 200

mm (8 in.) length and 100 mm (4 in.) diameter. In ad-

dition the velocity (Vd) of the compressional wave was

measured in the concrete cylinders according to ASTM-

C-597 [22,24].

2.2. Ring test experimental results

Fig. 3 provides a graphical representation of the av-

erage strain data obtained from the ring using the data
acquisition system. It can be noticed that the thinner

steel rings demonstrate a much higher strain level than

the thicker rings. A higher rate of strain development

was observed for the lower w=cmixture. For example, at
and age of 5 days the 9.5 mm (3/8 in.) ring with 0.3 w=c
mortar experiences 128 microstrain whereas the same
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Fig. 3. Average strain
ring with 0.5 w=c mortar only experiences 74 micro-

strain. In addition, it can be seen that an abrupt change

of strain was observed in several instances which coin-

cided with the age a visible crack was observed. In plain
mortars (i.e. non-fiber reinforced), this abrupt change in

strain is typically observed to drop to approximately

zero strain. It can be seen that strain is measured as early

as 3–4 h in the 0.3 w=c mixture as shown in the inset of

Fig. 3. This is similar in scale to the times of initial and

final set as determined using ASTM-C-403 (pin pene-

tration) [22] for the same mixtures (2.25 and 3.0 h for the

0.3 w=c mixture and 4.0 and 5.25 h for the 0.5 w=c
mixture respectively [25]).

2.3. Material property development

Fig. 4 shows the experimental results obtained from

shrinkage tests that were performed to describe these

materials. Since these experimental results correspond to
measured properties at specific times, regression func-

tions were developed to provide a method that could

represent the time-dependent material properties at

other ages. Free shrinkage strain measurements (eSH) are
represented using Eq. (1).

eðtÞSH ¼ C1ðt � t0ÞC2 þ C3

ffiffiffiffiffiffiffiffiffiffiffi
t � td

p
ð1Þ

In this equation C1, C2, and C3 represent material con-

stants, t is the age of the specimen, t0 represents the age
of the specimen at setting (�time-zero� [26]), and td rep-
resents the age of the specimen when drying is initiated

(i.e., 1 day for this paper). The form of Eq. (1) is based

on the approximation that total shrinkage is the sum of

an autogenous component (first term) and a drying
component (second term). The shape of the second term

is based on the observations of Acker (as reported by

RILEM TC-69 [27]) who related the initial shape of the

drying shrinkage curve to the square root of drying time.

Eq. (1) inherently assumes that drying and autoge-

nous shrinkages are independent, which simplifies data
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Fig. 4. Regression fits for various shrinkage components.
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analysis, though it should be noted that this is not ab-

solutely true. To obtain the material constants C1 and C2

shown in Eq. (1) (which correspond with autogenous

shrinkage), the shrinkage measured in sealed specimens

(eSealed) was fit using Eq. (2).

eðtÞSealed ¼ C1ðt � t0ÞC2 ð2Þ
It should be noted that t0 is taken as the time of final set.
After obtaining values for C1 and C2 from the sealed

specimen, these values were used in Eq. (1) and the total

shrinkage was fit to obtain C3. Once C3 is known, the

drying component of shrinkage (eDrying) (i.e., the differ-
ence between the total shrinkage and autogenous

shrinkage) can be represented by Eq. (3).

eðtÞDrying ¼ C3

ffiffiffiffiffiffiffiffiffiffiffi
t � td

p
ð3Þ

In addition to determining the development of free

shrinkage, expressions were fit to assess the elastic

modulus and split-tensile strength as shown in Fig. 5.
An approach was taken that is similar to that described
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by Carino [24] in which the maximum static elastic

modulus for a mixture (E1) was determined from the
intercept of a modulus versus inverse of time graph. At

this time it should be noted that previous research [28]

illustrated the need for sufficient early-age data to obtain

a realistic value for the rate constant, C4. To obtain

sufficient experimental results using a limited number of

specimens the dynamic elastic modulus, Ed, was deter-

mined at frequent intervals using non-destructive test-

ing. Fig. 5 shows a comparison of the ratio of the static
and dynamic moduli over time (ES=ES1 and Ed=Ed1
respectively). It can be seen that the general trend is

similar between the two test methods, therefore it ap-

pears reasonable to use the ratio of the squared pulse

velocities (it can be shown that this is equivalent to the

ratio of dynamic moduli) can be used to determine the

rate constant C4. It should be noted however that E1 is

based on the long-term measurement of the static elastic
modulus since the values of the dynamic modulus are

typically slightly higher.
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Table 1

Regression coefficients

Mixture C1 C2 C3 C4 E1
(GPa)

fsp/
(Mpa)

W =C ¼ 0:3 )198.70 0.34 )39.20 9.57 30.75 5.29

W =C ¼ 0:5 )52.83 0.59 )52.01 2.45 21.37 4.73

Fig. 6. Geometry of the ring to determine the elastic response: (a)

initial condition, (b) releasing restraint, and (c) final geometry satis-

fying boundary conditions.
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EðtÞ ¼ Ea
C4ðt � t0Þ

1þ C4ðt � t0Þ
ð4Þ

Similarly, the rate constant for split tensile stress can be

shown to have a similar gain to that of the squared

dynamic velocity ratio (V 2
d =V

2
d1). As a result the rate

constant C4 can be used to describe the rate of splitting
tensile strength gain as well.

fspðtÞ ¼ fspa
C4ðt � t0Þ

1þ C4ðt � t0Þ

The values of regression coefficients C1 to C4, E1, and

fsp1 shown in Table 1 for the mortars described in this

paper.
3. Quantitative analysis of the ring test

To provide a more quantitative analysis of the ring

test this paper will employ two stress formulations. The

first formulation describes the theoretical elastic stress

that develops due to shrinkage if creep (or relaxation) is

not considered. The second formulation describes how
the actual residual stress that develops in the ring can be

calculated directly. Comparison of the actual stress de-

velopment with the time-dependent strength provides a

method for quantifying the risk of cracking while com-

parison of the theoretical elastic stress and actual stress

provides information about the relaxation experienced

by the material.

3.1. Determination of the theoretical elastic stress

Previous investigations [16] assumed the stiffness of

the steel ring to be high enough that the outer radius of

the steel did not deform under loading in an effort to

simplify calculations. While appropriate for the solid

steel rings used in that investigation, the rings used in

this study are much less rigid and consequently the steel
can be expected to deform under the loading from the

concrete. This section will describe how the compression

of the steel ring is used to compute the theoretical elastic

stress that would develop in the mortar if no creep oc-

curred.

Fig. 6 provides a conceptual overview of the �shrink-
fit� approach that is chosen to determine the elastic re-

sponse of the concrete. It can be assumed that initially
the steel and concrete rings are in contact with one an-
other (i.e., the outer radius of the steel (ROS) meeting the

inner radius of the concrete (RIC) (Fig. 6a)). To solve for

the theoretical elastic stress that develops due to

shrinkage, consider temporarily removing the restrain-
ing effect of the steel thereby permitting the concrete to

shrink freely (Fig. 6b). This drying or autogenous

shrinkage causes the concrete ring to want to shrink

resulting in the inner radius of the concrete ring be-

coming shorter by an amount DUSH which can be cal-

culated directly using Eq. (5):

DUSH ¼ RIC � DeSH ð5Þ
where DeSH is the incremental free shrinkage (negative

values correspond to shrinkage) from Eq. (1) and RIC is

the inner radius of the concrete ring. At this time it

should also be remembered that aluminum tape applied

to the outer circumference of the concrete permits uni-

form shrinkage throughout the radial direction.
To account for the mismatch between the new radius

of the concrete (RIC þ DUSH) and the original outer ra-

dius of the steel (RIS), a �shrink-fit� approach is used (Fig.
6c). A pressurizing force, pelas, can be thought to be

applied to the interface between the steel and the con-

crete. This pressuring force will act to compress the steel

ring and expand the concrete ring until displacement

compatibility is achieved (i.e., the outer radius of the
steel equals the new inner radius of the concrete). The

displacement at the outer surface of the steel ring under

an external pressure can be calculated using Eq. (6)

while the equation that describes the displacement of the

inner surface of the concrete ring is provided in Eq. (7).

USjROS ¼ �Dpelas
R2
OS 1þ mSð ÞR2

IS þ 1� mSð ÞR2
OS

� �
ESROS R2

OS � R2
ISð Þ ð6Þ

UCjRIC ¼ Dpelas
EC

�
R2
IC 1þ mCð ÞR2

OC þ 1� mCð ÞR2
IC

� �
RIC R2

OC � R2
ICð Þ ð7Þ

In these equations RIS and ROS are the inner and outer

radius of the steel ring respectively, RIC and ROC are the
inner and outer radius of the concrete ring respectively,
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mS and ES are the Poisson�s ratio and elastic modulus of

the steel respectively, and mc and Ec are the Poisson�s
ratio and elastic modulus of the concrete respectively. It

should be noted that RIC is equivalent to ROS.
The condition for displacement compatibility after

the necessary elastic pressure is applied is shown in Eq.

(8).

USjROS � UCjRIC ¼ DUSH ð8Þ

By setting RIC is equal to ROS, Eqs. (5)–(7) can be sub-

stituted into (8) and simplified to yield Eq. (9):

Dpelas ¼ � DeSHEC

EC
ES
C1R þ C2R

ð9Þ

where C1R, and C2R can be assumed to be constant for a

given geometry as shown in Eqs. (10a) and (10b) if
Poisson�s ratio for concrete is assumed not to vary as a

function of time (mc ¼ 0:18).

C1R ¼
1þ mSð ÞR2

IS þ 1� mSð ÞR2
OS

� �
R2
OS � R2

ISð Þ ð10aÞ

C2R ¼
1� mCð ÞR2

OS þ 1þ mCð ÞR2
OC

� �
R2
OC � R2

OSð Þ ð10bÞ

It should be noted that Eq. (9) provides a solution for

the interface pressure in which DeSH and Ec are the only

variables that will vary as a function of time (Eqs. (1)

and (4) respectively).

Once the interface pressure is determined from Eq.

(9), the tensile stress (circumferential) in the ring at any

point along the radial direction in the concrete ring can

be computed using the elastic stress solution for a
pressurized cylinder shown in Eq. (11) [29]:

DrhðrÞ ¼ Dpelas
R2
OS

R2
OC � R2

OS

1

�
þ R2

OC

r2

�
ð11Þ

The maximum tensile stress always occurs at the inter-
face between the concrete and steel (i.e., r ¼ ROS). This
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Fig. 7. Estimated elastic stresses in concrete rin
enables Eq. (11) to be rewritten in terms of the maxi-

mum tensile stress as shown in Eq. (12).

Drh�max ¼ DpelasC3R ð12Þ

where C3R is a geometry constant given as

C3R ¼ R2
OS þ R2

OC

R2
OC � R2

OS

ð12bÞ

It can be shown that C3R is a constant that depends on

the ratio of the concrete radii, ROC=RIC. Substituting Eq.

(9) into Eq. (12) provides an expression for the maxi-
mum incremental tensile stress as shown in (13):

DrElastic�max ¼ �DeSH � EC � C3R
EC
ES
C1R þ C2R

ð13Þ

This enables the computation of the theoretical elastic

stress as the sum of the incremented stress using incre-

mental shrinkage, the elastic moduli of the concrete and

steel, and the ring constants (C1R, C2R, and C3R).
Fig. 7 illustrates the internal elastic pressure that

would be expected for the rings using mixtures with

material properties calculated using Eqs. (1) and (4). It

should be noted that the thicker steel rings demonstrate

a higher level of computed elastic stress since a higher

level of restraint is provided by the thicker steel rings to

resist the shrinkage of concrete.

In addition to computing the elastic stress, informa-
tion from the approach outlined in this section can be

used to determine the degree of restraint in the ring.

Previous investigations have discussed the importance of

the degree of restraint (w) on cracking potential [30–32].

Eq. (14) illustrates how the degree of restraint can be

calculated using information from Eqs. (5) and (6).

w ¼
USH � USjROS

USH

� 100% ð14Þ

Fig. 8 illustrates the computed degree of restraint for the

mixtures investigated in this study. First it can be clearly
seen that thicker rings provide higher level of restraint
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than the thinner steel rings. Second, it can be seen that
the degree of restraint varies with time due to the vari-

ation in elastic modulus of the concrete. In addition,

comparison of the w=c ¼ 0:3 and w=c ¼ 0:5 mixtures

shows that the degree of restraint is not constant for

rings of similar dimensions as the shrinkage rate and

elastic modulus of concrete influence the behavior. It

can be seen that the degree of restraint varies by ap-

proximately 5–7% due to the difference in elastic moduli
described in this paper.
3.2. Determination of actual residual stress

While the previous section provides a description of
the stress that would be expected to develop if relaxation

did not take place, this section will describe the actual

residual stress that develops in concrete. To do this the

ring can be separated into a concrete cylinder pressur-

ized at the inner surface and steel cylinder pressurized

with an equal and opposite pressure at the outer surface

as shown in Fig. 9.

Dally and Riley [33] provide the solution for the ra-
dial displacement of a hollow cylinder (ring) exposed to

uniform external pressure which can be used to describe

the steel ring. Since the circumferential strain in the ring

can be computed by dividing the radial displacement by

the radius [16], the actual residual interface pressure

(pResidual) can be computed as the pressure required to

cause a strain that is equivalent to the measured strain in

the steel (eSteel) as shown in Eq. (15) [16,20].
pResidualðtÞ ¼ �eSteelðtÞjr¼RIS
� ES �

R2
OS � R2

IS

� �
2R2

OS

ð15Þ

This illustrates that the actual residual interface pressure

(pResidual) can be determined using the steel properties,

geometry of the steel ring, and average strain measured

at the inner radius of the steel using the electrical re-

sistance strain gages. This interface pressure can then be

applied to the inside of the thick concrete ring and used

to calculate the stresses in the concrete ring taking into
account only the geometry of the concrete ring (i.e., no

concrete properties are needed). Again, it can be shown

that Eq. (15) can be greatly simplified by using a con-

stant (C4R) that depends only on wall thickness of the

steel ring (assuming mS ¼ 0:3).

pResidualðtÞ ¼ �eSteelðtÞ � ES � C4R ð16aÞ
where C4R is given as,

C4R ¼ R2
OS � R2

IS

2R2
OS

ð16bÞ

The axi-symmetric nature of the problem eliminates the

need to consider any circumferential tractions on the

inner surface of the ring. The tensile stress (circumfer-

ential) at any point along the radial direction in the

concrete ring can be related directly to the interface

pressure (as shown previously in Eq. (11) using the ac-

tual residual pressure, pResidual, in this case). Using the
same simplifications shown in Eqs. (12b) and (16b)

provides an expression for the actual circumferential

maximum tensile stress that can be computed directly at

any time, t, using Eq. (17):

rActual�Max ¼ �eSteelðtÞ � ES � C3R � C4R ð17Þ
Fig. 10 shows the actual maximum residual tensile

stresses that were computed (using Eq. (17)) for the

mixtures tested in this study. Several items of interest

should be noted from these curves. First, the thicker
steel rings demonstrate a higher stress level than thinner

rings. This implies that the higher the degree of restraint,

the higher the stress. It is interesting to observe that this

difference in measured residual stress is very pronounced

between the 3.1 mm (1/8 in.) and 9.5 mm (3/8 in.) wall

thickness, yet much less noticeable for the thicker rings.

The specimens with the thicker steel rings are observed

to crack before the specimens cast around the thin-
ner steel rings despite having similar average stress.
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Fig. 10. Residual stress development in concrete ring specimens.
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Although the reason for this is not completely under-

stood, it is currently thought that this may be related to

the development of damage (i.e. microcracking), how-

ever further investigation is needed to confirm this hy-

pothesis.
3.3. Assessing the risk for cracking

The previous section described how the actual resid-

ual stress in the ring could be computed. By comparing

this residual stress with the strength of a material pro-

vides a powerful tool to determine the cracking potential
(HCR) (i.e., the measure of how close the specimen may

be to failure). The ability to determine the potential for

cracking may be especially important in cases where

cracking is not observed experimentally. While previous

research has illustrated that a fracture mechanics ap-

proach may be preferred due to the size dependent

tensile strength of a material [16], the cracking potential

reported in this paper is based on the simple ratio of the
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Fig. 11. Cracking potential of
actual residual stress and the splitting tensile stress as

represented by Eq. (5).

HCR ¼ rActual�Max

fspðtÞ
ð18Þ

Fig. 11 shows the computed values of the cracking po-
tential for the mixtures tested in this investigation. While

it is common to think that failure may be expected to

occur when the cracking potential reaches 1, experi-

mental evidence typically shows that cracking takes

place at lower values [9]. It is interesting to note, how-

ever, that the value of the cracking potential does not

appear to be consistent with varying levels of restraint.
3.4. Stress relaxation (creep effect)

The two stresses discussed in this paper (theoretical

elastic and actual residual) can be used together to de-

scribe the effect of stress relaxation in restrained con-

crete. Fig. 12 illustrates one method that may be used to

quantify the effect to relaxation by calculating the dif-
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concrete ring specimens.
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Fig. 12. Reduction in stress level due to creep relaxation in ring specimens.
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ference between the theoretical elastic and actual resid-

ual stresses. Fig. 12 shows that the stress relaxation ef-

fect is more pronounced in the rings with a thicker steel

wall. It is believed that this may be attributed to the fact
that specimens with a thicker steel wall exhibit a higher

degree of restraint, consequently the concrete in these

rings can be thought of being tested under a higher load

(i.e., a higher stress-to-strength ratio). Under these

higher loads a greater potential for non-linear creep and

microcracking would be expected. Since, the reduction

in stress level due to creep is significant for the heavy

steel rings, ignoring the effect of creep would introduce
significant error in stress estimation. Although further

work is needed to compare the ring measurements with

more standard creep or relaxation measurements and to

extend the data reduction to provide a more specific

parameter such as specific creep or compliance, the ap-

proach shown in this paper provides an initial method

which can be used to quantify the relaxation for a given

specimen geometry.
4. Summary

This paper has demonstrated how the restrained ring

test can be used to provide quantitative information on

early-age stress development and early age cracking. The
ring specimen allows tensile properties to be assessed

without the difficulty of providing sufficient end restraint

for tensile specimens. The ring specimen can be moni-

tored immediately after the concrete is cast. Residual

strain (stress) development was observed at very early-

ages, corresponding roughly with the setting time of

concrete. Equations are provided to calculate both the

theoretical elastic stress in the ring (Eq. (13)) and the
actual residual stress level that develops in the ring

considering the effects of stress relaxation (Eq. (17)).

Experiments conducted using steel rings of varying

thickness indicated higher degree of restraint in the
thicker rings which corresponded to a higher theoretical

elastic stresses, greater stress relaxation, and earlier age

of cracking. Analysis of the actual residual stress does

not indicate a substantial difference between the stresses

in the rings with a 9.5 mm (3/8 in.) or 19 mm (3/4 in.)

wall suggesting potential for damage or non-linear creep

effects, though further research is needed before a spe-

cific conclusion can be drawn. A ratio of the actual
stress to strength is used to indicate how close a ring

may be to failure even if cracking is not observed. It

should be noted that the ratio of residual stress and

strength does not appear to be constant at failure and

increases with decreasing wall thickness and/or in-

creased time to cracking. This suggests that a failure

criterion based solely on strength may have potential to

be improved. In conclusion, the approach presented in
this paper provides an improvement to the existing

qualitative ring test by allowing more quantitative in-

formation to be obtained from the tests, however further

research is needed to relate this data to data obtained

from other testing configurations.
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