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Abstract

Early-age cracking can be a significant problem in concrete pavements, floors, and bridge decks. Various test methods have been
developed to assess the potential for early-age cracking, however due to the economy and simplicity of the ring test, it has become widely
used. Although the ring test procedures employed by various authors are similar, they vary in terms of curing duration, specimen geometry,
and boundary conditions. This paper describes an experimental study of restrained ring specimens tested using different geometries and
boundary conditions. Specimen geometry was found to have a significant effect on the stress development and age of cracking in the
restrained ring specimens. Specimens that shrink uniformly along the radius show the greatest variation in the age of cracking with thicker
specimens cracking at a later age. Acoustic emission testing has been used to illustrate that specimen boundary condition substantially

influence crack development and propagation in the restrained rings.

© 2005 Elsevier Ltd. All rights reserved.
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1. Background

Cement based materials experience volumetric changes
as a result of moisture loss, temperature change, and
chemical reactions. If restrained, these volume changes
result in the development of residual tensile stresses that
may be sufficient to cause cracking.

The problem of early-age cracking has been receiving
significant attention recently due to the increased use of
higher strength concretes that may be more susceptible to
cracking [1]. Several test methods have been proposed to
assess the cracking potential of concrete mixtures [2—4]
including linear specimen geometries [5—8] that use either
‘passive-restraint’ through a steel frame [5,9,10] or ‘active-
restraint’ from a hydraulic or electrical actuator [5—7]. The
linear specimen geometry has the advantage that the
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interpretation of data is relatively straightforward. As a
result, the linear specimens have been used in many
laboratory studies. However, these test methods have not
been widely used for quality control procedures due to the
high cost of these frames and difficulties associated with
providing sufficient end restraint [4,6].

The restrained ring-test has become more widely used as
a quality control test for assessing the shrinkage cracking
potential of concrete mixtures. The ring-test is economical,
simple to perform, and does not pose difficulties in
providing sufficient end restraint. In the ring test, a concrete
annulus is cast around a steel ring. If unrestrained (i.e., no
steel ring), the concrete would shrink, however, the steel
ring prevents (restrains) this movement resulting in the
development of tensile stresses.

Because of its simplicity and versatility, AASHTO has
recommended a version of the ring test as a standard test
method that can be used for assessing cracking potential of
various concrete mixtures [11]. It should be noted, however,
that in addition to the AASHTO standard ring, many
researchers have used ring specimens with other geometries
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[3]. Though the procedure of using a steel ring to resist
shrinkage is similar in each of these approaches; specimen
dimensions, boundary conditions, and data interpretation
have been varied. AASHTO recommends a fixed geometry
that allows drying from the outer circumference. This results
in a complex stress field that varies its shape over time due
to the presence of moisture gradients [3,27]. To overcome
this difficulty, it has been suggested that the rings be
allowed to dry from top and bottom [19]. Through this
simple change in boundary conditions, the moisture loss
becomes uniform along the radius of the specimen.
Analytical expressions for thick walled cylinders were
developed to calculate the actual residual stresses that
develop in restrained ring specimens when the specimens
undergo uniform drying shrinkage in the radial direction
(i.e., drying for the top and bottom). This solution could also
be used to approximate rings that dry from the circum-
ference if the moisture gradient effect is assumed to be
negligible (i.e., in the case of a very thin concrete ring).
However, it should be noted that aggregate size frequently
restricts how thin the ring of concrete can be made.
Consequently, this approximation may not be applied for
materials with realistic aggregate sizes.

2. Research synopsis

This paper compares the behavior of rings having two
different boundary conditions: (1) drying from the top and
bottom of the ring and (2) drying from the outer circum-
ference of the ring. The ring geometry and the thickness of
the steel ring were also varied in this investigation. The
strain that developed in the steel ring was measured and the
age of cracking was determined to better quantify the effects
of these two boundary conditions in the restrained concrete
rings. An analytical expression has been used to describe the
interface pressure that develops between the concrete and
steel. This interface pressure can be used to compute the
maximum residual tensile stresses that develop in the
concrete. Acoustic emission has been used to experimen-
tally assess how cracks form in the rings under the different
boundary conditions to illustrate the type of failure criteria
that should be used for modeling.

3. Experimental program

To describe the influence of boundary conditions on the
drying behavior and stress development, restrained and
unrestrained specimens were prepared. The mortars were
made with Type I cement (C5S of 60%, C,S of 13.5%, C;A
of 8.2%, Na,O equivalent alkali content of 0.54%, the
fineness of 360 m*/kg), water-to-cement ratios (w/c) of 0.30
and 0.50, respectively, and a fine aggregate volume of 50%.
After mixing, the mortar was placed in the forms (that were
lined with acetate on all sides except for the surface in

contact with the steel ring which was cleaned and covered
with form release oil [24]). During placement, the concrete
was vibrated and finished with a steel trowel to obtain a
smooth surface for crack width measurement. The speci-
mens were then placed under a plastic sheet to prevent
moisture loss, and maintained at 23 °C. The specimens were
demolded at an age of 24 h, sealed (as described in Sections
3.1-3.3), and placed in a 50% RH environment where they
were kept for the remainder of the experiment.

Three main test methods were used to better understand
how specimen geometry and boundary conditions influence
stresses and the resulting cracking in restrained concrete
rings:

1. free shrinkage tests,
ii. restrained ring tests, and
iil. acoustic emission tests of restrained ring specimens.

These test methods are briefly described in the following
sections.

3.1. Free shrinkage tests

To better understand the effect of boundary condition on
free shrinkage, two different free shrinkage tests were
performed: (i) free shrinkage of unrestrained ring specimens
and (i) free shrinkage of linear specimens similar to the
ASTM C-157 tests.

The unrestrained specimens were intended to mimic the
restrained rings in terms of size and drying conditions (as
shown in Fig. 1). The unrestrained concrete rings had an
inner diameter of 300 mm (12 in.), an outer diameter of 450
mm (18 in.), and a height of 75 mm (3 in.). After
demolding, the rings were sealed with aluminum tape in
such a way that one ring could dry from top and bottom and
the other ring could dry only from the outer circumference.
It should be noted that the inner circumference of the
unrestrained rings was sealed with two layers of aluminum
tape to simulate the moisture conditions of the restrained
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Fig. 1. Unrestrained ring specimen.
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ring test. A linear variable differential transformer (LVDT)
was used to measure the change in diameter of each
unrestrained ring. The LVDT was mounted on a specially
designed aluminum frame that was glued to the specimen
surface as shown in Fig. 1. Only displacements that
occurred after demolding (i.e., 24 h) could be measured
using this approach.

The linear specimens were prepared following a proce-
dure that was similar to ASTM C-157. The specimens were
mortar prisms with a 75 mm (3 in.) square cross-section and
250 mm (10 in.) gage length. Unlike the specimen used in
ASTM C-157, the two sides and ends of the specimens were
sealed with two layers of aluminum tape to provide similar
drying condition to the mortar in the restrained rings drying
from the top and bottom as previously described.

3.2. Restrained ring test

Three series of restrained ring specimens were prepared
to determine the effects of boundary conditions on early-age
stress development and cracking in restrained rings. The
degree of restraint was varied in the first series (DR) by
varying the steel wall thickness. The second series was used
to illustrate the response when the concrete wall thickness
was varied (CWT). In the third series, the boundary
condition of the specimens was varied to provide different
drying directions (BC). In all series (DR, CWT, BC) the
concrete rings had an inner diameter of 300 mm (12 in.) and
a height of 75 mm (3 in.).

In the DR series, a constant concrete wall thickness was
used by fixing the outer diameter at 450 mm (18 in.). A
concrete annulus was cast around steel rings of variable wall
thickness (3.1 mm (1/8 in.), 9.5 mm (3/8 in.), and 19 mm (3/
4 in.), respectively) to provide a varying degree of restraint.
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The rings in the CWT series had a constant steel wall
thickness of 9.5 mm (3/8 in.), however, the thickness of the
concrete wall was varied to include rings with a wall
thickness of 37.5 mm (1.5 in.), 75 mm (3 in.), 112.5 mm
(4.5 in.), and 150 mm (6 in.).

The rings in the BC series include rings similar to the
rings in the DR and CWT series, however, in this series, the
rings were sealed with aluminum tape to obtain two
different boundary conditions (i.e., drying from the circum-
ference and drying from the top and bottom) as shown in
Fig. 2. Table 1 provides a complete summary of the
specimens that were used to study each of the variables in
this investigation.

The ring test can be used to quantify stress development
using the strain that develops in the steel ring [19,21]. Four
strain gages were connected to each ring at mid-height and
interfaced with a data acquisition system in a half-bridge
configuration. It should be noted that strain data were
collected at 10 min intervals from approximately 30 min
after the water came in contact with the cement. This was
done to capture the early-age strain that developed (i.c.,
during the first 24 h). The specimens were sealed for the
first 24 h to prevent moisture loss.

3.3. Acoustic emission test of the restrained rings

Acoustic emission testing was used to investigate the
development and propagation of cracks in the restrained
ring specimens under the two different drying boundary
conditions (i.e., (1) circumferential drying and (2) uniform
radial drying or drying from the top and bottom).

Acoustic emission is a non-destructive test method which
can be used to detect cracking in concrete [12,13,19].
Acoustic emission uses piezoelectric sensors to detect sound
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Fig. 2. Restrained ring specimens.
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Table 1
Variables considered in this study

Steel wall Concrete wall Drying direction

Thickness (mm) Thickness (mm) Circumferential Top and
bottom

Unrestrained ring specimens (0.3 and 0.5 w/c)

- 75 | -

- 75 - |

Restrained ring specimens: DR and BC series (0.3 and 0.5 w/c)

3.1 75 | -

9.5 75 | -

19.0 75 | -

3.1 75 - |

9.5 75 - |

19.0 75 - |

Restrained ring specimens: CWT and BC series (0.3 and 0.5 w/c)

9.5 37.5 | -
9.5 75 | -
9.5 112.5 | -
9.5 150 | -
9.5 37.5 - |
9.5 75 - |
9.5 112.5 - |
9.5 150 - |
AE ring specimens (0.5 w/c)

19.0 112.5 | -
19.0 112.5 - |

waves that are generated by local disturbances (i.e., micro
and macrocracking) that occur within a material. Even
though the major sources of disturbance in this study are
believed to be microcracks, it should be remembered that
acoustic events may be generated by other sources. The
piezoelectric sensors are coupled with the surface using
vacuum grease. These sensors detect displacements caused
by the internal disturbances that are measured in terms of
voltage. When the wave caused by the internal disturbances
exceeds a certain threshold, an event (or hit) is generated.
This wave has a certain amplitude (i.e., maximum voltage or
corresponding sound) and a duration when the amplitude of
the wave stays above a certain threshold. In this paper, only
events greater than 40 dB were recorded to minimize
background noise. For further details on acoustic emission,
the reader is referred to recent review articles by Mindess
[14] and Scott [15].

Although there are several ways to describe an acoustic
event, recent research has shown that acoustic energy may
provide a useful method to detect and quantify an event
[16—19]. The acoustic energy is defined in this paper as the
absolute value of the area under the waveform. Recent
research has suggested that acoustic energy may be
particularly useful since it may be directly related to fracture
energy [15,16,20].

The ring specimens that were used for acoustic emission
testing had a concrete wall thickness of 112.5 mm (4.5 in.).
The rings were prepared using 0.50 w/c mortar that was cast

around a 19 mm (3/4 in.) thick steel ring. After 24 h, the
rings were demolded and sealed with aluminum tape to
provide the necessary boundary conditions. A plastic notch
25 mm (1 in.) tall and 3.1 mm (1/8 in.) wide was placed in
each specimen along the radius to create a weaker zone
where the crack could be expected to occur (the net cross-
section was 50 mm (2 in.)x112.5 mm (4.5 in.)). The
introduction of the weak zone enabled the acoustic emission
sensors to be located near the crack to provide the best
measurement of acoustic activity.

A Vallen AMSY4 system was used to monitor the
acoustic activity in each specimen. Four 375 kHz wide band
sensors were attached to the upper surface of each ring using
vacuum grease as a coupling agent. In the ring that was
allowed to dry from the outer circumference, the sensors
were attached to the top surface of the ring directly above
the notch. In the ring that was allowed to dry from the top
and bottom, the sensors were not placed directly above the
notch and were shifted slightly (25 mm) to allow drying.
Sensor 1 was placed nearest to the steel ring and Sensor 4
was placed close to the outer circumference of the concrete
ring. Sensors 2 and 3 were placed in between sensors 1 and
4 as shown in Fig. 2.

4. Experimental results

The results of this study have been divided into the
following four sections: (i) free shrinkage of the unre-
strained ring and linear specimens, (ii) stress development in
the restrained ring specimens, (iii) age of cracking in the
restrained ring specimens, and (iv) crack development and
propagation in the restrained ring specimens.

4.1. Free shrinkage of the unrestrained ring and linear
specimens

Free shrinkage measurements taken from the linear
specimens and the unrestrained rings were compared as
shown in Fig. 3. The diametric deformation of the ring
(measured from the LVDT) was converted to an equivalent
free shrinkage strain using the following equation [19]:

_ Usn-p (1)

where &gy is the free shrinkage (negative values correspond
to shrinkage), Usy_p is the change in diameter (as
measured from the LVDT where a negative sign corresponds
to a reduction in diameter), and Dy ypr is the diameter of the
concrete ring over which the LVDT is acting.

It was observed that for both the w/c=0.30 and w/c=0.50
mixtures the free shrinkage of the unrestrained ring speci-
mens drying from top and bottom is higher than that of the
specimens drying from the outer circumference. This can be
explained in part by the fact that the unrestrained ring
specimen that is allowed to dry from top and bottom of the
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Fig. 3. Free shrinkage results.

ring has a higher exposed surface-to-volume ratio (s/v) than
the specimen that dries from the outer circumference. For
example, the rings with an outer diameter of 450 mm (18
in.) have an s/v of 0.0267 mm ' when drying from the top
and bottom and 0.0133 mm~' when drying from the
circumference. It should be remembered at this point that
the surface to volume ratio (s/v) of specimens has significant
influence on the rate of free shrinkage [21,22]. It was also
observed that the specimens with lower water-to-cement
ratio (w/c) demonstrated more similarity between the
circumferential and uniform radial drying (drying from the
top and bottom). This is likely due to the fact that, in the
lower w/c specimens, a higher fraction of the total shrinkage
may be due to self-desiccation (i.e., autogenous shrinkage)
that occurs more uniformly throughout the specimens (i.e.,
more uniformly along the radial direction).

It is also interesting to observe from Fig. 3 that the linear
specimens that were allowed to dry from the top and bottom
demonstrated a free shrinkage that is similar to the
unrestrained rings that were permitted to dry from the top
and bottom. This can be explained by the fact that the linear
specimens and the unrestrained rings that dry from the top
and bottom have a similar exposed surface-to-volume ratio
(s/v) and cross-sectional geometry.

4.2. Stress development in the restrained ring specimens

Previous studies [4,23-27] have used various techniques
to quantify the results of the restrained ring test. Some
studies have used the strain measured on the steel ring or
simply the age of cracking to describe how various materials
compare to one another. To overcome these limitations, an
expression was developed [24-26] to convert the strains that
are measured in the steel ring to the maximum residual
tensile stresses that develop in the concrete. These residual
stresses can then be related to a tensile strength or fracture
mechanics failure criterion.

To convert the strains in the steel to stresses in the
concrete, the concrete cylinder can be idealized as being

pressurized at the inner surface and steel cylinder pressur-
ized with an equal and opposite pressure at its outer surface
with a fictitious interface pressure. The fictitious interface
pressure (Presiaual) that is required to generate a strain that is
equivalent to the measured strain in the steel (ge)) can be
determined using the following equation [24]:

(Ros — Ris)

(2)
2R

presidual(t) = — 8Steel(t)|r:R15 "Eg-
where Rjs and Rqg are the inner and outer radius of the steel
ring, respectively, and vg and E5 are the Poisson’s ratio and
elastic modulus of the steel, respectively. Eq. (2) illustrates
that the interface pressure can be determined simply by
using the steel material properties, geometry of the steel
ring, and average strain that is measured at the inner radius
of the steel using the electrical resistance strain gages.

Once the interface pressure is obtained, the maximum
residual stress (0 acwal—Max) that develops in concrete ring
can be obtained using the following relationship.

GACtualfMax(t) = - SSteel(t)|r

— R) Ry + Rac
2R} Rbc — R

(3)

At this time, it should be noted that Eq. (3) is only truly
valid when shrinkage occurs uniformly along the radius of
the specimen. For specimens drying only from the outer
circumference, the stress field is more complicated [27] as
described in Fig. 2.

Figs. 4 and 5 show the results of the restrained ring tests
for the 0.30 and 0.50 water-to-cement ratio (w/c) mortar
specimens tested in this study. Fig. 4 shows the influence of
the thickness of the steel ring (or the degree of restraint) on
the interface pressure that develops between the steel and
the concrete rings. The interface pressure and residual stress
that developed in the 9.5 mm (3/8 in.) and 19 mm (3/4 in.)
steel wall thickness specimens were generally similar (Fig.
4a—f), however, the interface pressure and the residual stress
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Fig. 4. Influence of steel ring thickness on the interface pressure and residual stress.

that developed in the 3.1 mm (1/8 in.) wall thickness
specimen were slightly lower. This may be due to the fact
that the 3.1 mm (1/8 in.) wall may be somewhat more
flexible in the Z direction. Therefore, the concrete may not
result in a uniform deformation of the inner steel ring along
its height (Z direction) and as a result, the strain measured at
the mid-height of the ring may be lower than the strain that
develops at the top and bottom of the ring. Further testing is
needed to verify whether this hypothesis is true. In general,

it can be seen, however, that the rings with a lower thickness
show a similar or slightly lower stress.

It can be noticed that the specimens which were
permitted to dry from the top and bottom (Fig. 4a,b)
developed a higher interface pressure than the specimens
that dried only from the outer circumference (Fig. 4c,d).
This may be explained again by the fact that the specimens
that dry from the circumference show a lower amount of
shrinkage (Fig. 3).
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Fig. 5. Influence of concrete wall thickness on the interface pressure.

Fig. 5 illustrates the influence of the concrete wall
thickness on the interface pressure that developed in the
test specimens that dried from the top and bottom as well
as rings that dried from the circumference. It can be seen
that the direction of drying had a pronounced effect on
the interface pressure that developed between the concrete
and the steel ring. In general, the specimens that were
permitted to dry from the top and bottom demonstrated
higher interface pressures than the specimens that were
drying from the outer circumference, even though they
had similar restraint and specimen dimensions. The rings
that dried from the outer edge demonstrated a lower level
of interface pressures, presumably due to the presence of
moisture gradients and the lower s/v that caused the
specimen to shrink more slowly. The specimens with a
37.5 mm wall thickness showed similar interface pres-
sures for both drying directions. This can be explained by
the fact that the ring specimens with 37.5 mm concrete
wall thicknesses had similar exposed s/v for both drying
directions. As a result, they demonstrated a similar level
of interface pressure.

It can be noticed that there was generally not a dramatic
difference between the maximum stresses that developed in
the concrete rings with different concrete wall thicknesses.

In cases where a difference was noticed, the thicker rings
developed a slightly higher interface pressure.

4.3. Age of cracking of the restrained ring specimens

The abrupt drop in interface pressures in Figs. 4 and 5
corresponds to age at which a visible crack developed in the
restrained ring specimens. Fig. 6 provides a picture of a
typical crack that developed in the restrained ring specimen
with a 9.5 mm steel wall thickness, 75 mm concrete wall
thickness, w/c of 0.50, and drying from top and bottom. The
width of the crack at 35 days was 0.75 mm while the
specimen that dried from circumference had a crack that was
slightly larger (0.85 mm). It should be noted that the crack
develops and opens relatively quickly, however, approx-
imately 7-10 days after the crack formed, the width of the
crack stabilized and did not continue to grow wider [3].
Similar information on crack width development has been
reported for a wide range of concrete strengths [30]. In
addition, the information from the instrumented restrained
ring test (using strain gages) has recently been used to
determine the crack width from the strain measurements in
the ring [29,31]. It should be noted, however, that the ring
test primarily provides information about the age of visible
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Fig. 6. Crack in restrained ring specimen drying from the top and bottom.

crack development and does not directly describe the
development of microcracking or potential for healing. For
information on microcrack development, additional exper-
imental procedures are needed such as the use of acoustic
emission [18-20,28,29].

Fig. 7 compares the age of visible cracking (i.e., abrupt
strain drop) in the restrained ring specimens considering
different geometry and boundary conditions. It is evident
from Fig. 7a and b that the steel wall thickness greatly
affects the age of cracking. The ring specimens with thicker
steel rings crack earlier than the specimens with thinner
steel ring (if the concrete wall thickness is same). For
example, the mortar specimens (0.30 w/c) with a 75 mm
concrete wall thickness that were allowed to dry from the
top and bottom and were cast around the 18.75 mm (3/4

()
E 0.3 wic
E 313 —ﬁ
[}
[%]
[0}
c
X
3 938 _ﬁ
e
|_
<
= 18.75
©
Q | ‘ ‘ ‘ ‘ ‘ ‘
n 0 2 4 6 8 10 12 14
Age of Cracking (day)
(c)
1S B Circumferential
é 37.5 [J Top and Bottom
3 0.3 wlc
[0
£
S 750
e
|_
T
S 1125 _7
g
o
2 150.0
[e]
o | ‘ ‘ ‘ ‘ ‘ ‘
0 2 8 10 12 14

4 6
Age of Cracking (days)

in.) steel ring cracked at an age of 5.3 days, while the ring
that was cast around 9.38 mm (3/8 in.) steel ring cracked at
7.0 days, and the ring that was cast around 3.13 mm (1/8
in.) steel ring cracked at 13.0 days. A similar phenomenon
was observed for specimens with different water-to-cement
ratios (0.5) and boundary conditions. This implies that the
thicker steel rings provide a higher degree of restraint
which causes more damage [19] and a greater potential for
cracking to develop.

Fig. 7c and d show the influence of concrete wall
thickness on the age of cracking. It has been observed that
rings with a thicker concrete wall crack later (if the steel
wall thickness is kept constant). For example, the 0.30 w/c
mortar specimens that dry from the top and bottom and have
wall thicknesses of 37.5 mm (1.5 in.), 75 mm (3 in.), 112.5
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Fig. 7. Age of cracking of restrained ring specimens.
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mm (4.5 in.), and 150 mm (6 in.) crack at 3.7 day, 6.9 day,
6.8 day, and 12.0 days, respectively. Similarly, the 0.30 w/c
ratio specimens that dry from the outer edge crack at 2.1
day, 5.3 day, 6.3 day, and 11.5 day, respectively. This can be
explained by the fact that the thicker specimens are less
sensitive to the development of a similar sized initial crack
[17]. This implies that the crack driving energy (the energy
supplied to grow the crack) is lower for the thicker
specimens which require a higher stress level to cause a
crack to develop.

Fig. 7 illustrates that the restrained ring specimens that
dry from the outer circumferences always crack earlier than
the rings that dry from the top and bottom. It should be
noted that, in this paper, the restrained specimens that dry
from the outer circumference always have a concrete wall
thickness that is equivalent to or greater than half the height
of the ring specimen (i.e., 37.5 mm in this case). This
implies that the exposed s/v is always (in this paper) greater
for specimens that dry from the top and bottom and
consequently these specimens should shrink faster. Despite
this fact, the specimens that dry from the outer circum-
ference cracked first which is likely due to the increased
stress level that develops along the outer radius of the ring
due to the presence of the moisture gradient [27] as shown
in Fig. 2. As a result, it has been proposed [27] that the
crack may actually initiate at the outer edge and propagate
towards the inner radius. While this may appear logical, it
has a significant impact on the failure theories that should be
used to describe the failure of the ring since theories that are
based on the conventional stress analysis consider the stress
to be highest at the inner surface. Therefore, the conven-
tional stress analysis based on the internal pressure would
not be correct for the rings drying from the outer circum-
ference due to the gradient effects. This hypothesis has been
experimentally assessed and verified in the following
section using acoustic emission.

For the case of the specimens that dry from the top and
bottom, a more conventional stress field develops through-

(a) Drying from the top and bottom
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out the radius that varies as 1/7% (as shown in Fig. 2) due to
the restraint that is provided by the steel ring [27]; therefore,
a conventional stress analysis and fracture failure criterion
still appears appropriate.

4.4. Crack development and propagation in the restrained
ring specimens using acoustic emission

In addition to the free shrinkage measurements and
restrained shrinkage tests, acoustic activity was measured
in the restrained ring specimens to assess how cracks
develop in these specimens. Although several parameters
can be used to describe acoustic activity, this paper uses
acoustic energy since it provides a method to detect and
quantify damage. Previous research [28] has shown that
the acoustic energy release rate (the time dependent
derivative of acoustic energy) can be used to describe
the development and propagation of cracks in the
restrained concrete specimens. Fig. 8 compares the
development of interface pressure and acoustic energy
release rate for the restrained mortar rings. Initially, a
relatively constant rate of acoustic energy is released with
small peaks that appear to correspond with changes in the
rate of interfacial pressure development (Fig. 8a). At these
early ages, a gradual increase in interface pressure is
observed in the specimens. When the rate of acoustic
energy increases, stable microcracks are believed to
develop and the rate of interface pressure begins to level
off. After the initial stress development period, the
interface pressure becomes almost constant; however, an
increase in AE release rate is noticed. During this period, it
is believed that the microcracks begin to localize to form a
single crack. It is believed that as soon as the crack
reaches a critical length, the interface pressures show
abrupt downward jump while the AE release rate curves
show a sudden increase which would be consistent with
the unstable propagation of a single crack. This is the time
when a visible crack is formed.

(b) Drying from the outer edge
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Fig. 8. Acoustic energy release rates.
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Fig. 9. Acoustic energy release rates (determined at the maximum energy
release rate that occurs before visible cracking) as a function of the ring
radius (i.e., 8.8 days for the top and bottom drying and 6.5 days for the
circumferential drying specimens).

Fig. 9 shows acoustic energy release rates as measured
by each of the sensors located along the radius in the
restrained ring specimens around the time of unstable
cracking. This test was performed for specimens with
both boundary conditions (i.e., circumferential and top
and bottom drying). The maximum energy release rate
measured by each sensor is recorded which is believed to
correlate to the time when the major crack begins to form
(6.5 days for the circumferential drying and 8.8 days for
the top and bottom drying). It can be observed from Fig.
9 that the specimen drying from the top and bottom
shows the maximum AE release rate along the inner
radius of the ring. This indicates that, in the specimens
drying from the top and bottom, the major crack initiates
at the inner edge and propagates towards the outer edge.
This is consistent with the way in which damage has
been modeled in several studies [17,24] based on
standard elastic and viscoelastic solutions that predict a
higher stress at the inner surface. In the case of the
restrained ring drying from the outer circumference, it has
been observed that the sensor located near the outer edge
of the ring demonstrated the highest AE release rate at
the time of fracture. This indicates that, in the restrained
ring that dries from the outer circumference, the crack
initiates at the outer edge and propagates towards the
inner edge. This is consistent with the idea of the
maximum tensile stress developing at the outer edge due
to moisture gradients as shown in Fig. 2 [27].

5. Summary

This paper demonstrates the influence of specimen
geometry and boundary conditions on the stress develop-
ment and age of cracking in the restrained concrete ring
specimens. This study has shown that specimen geometry

has a significant influence on the measurements obtained
from the restrained ring test. It has been observed that the
thicker steel rings provide higher degrees of restraint
resulting in higher interface pressures and cracking at an
earlier age. The restrained rings with a thicker concrete wall
crack later since the thicker walled specimens are less
sensitive to small cracks (i.e., a lower crack driving energy).

It has been observed that the specimen boundary
conditions have a significant influence on the results of
the restrained ring test. It has been found that the ring
specimens that are allowed to dry from the top and bottom
experience higher interface pressure than the specimens
that are allowed to dry from the outer circumference. This
can be explained by the fact that the specimens that dry
from top and bottom have a higher surface to volume ratio
(s/v). It has been found that despite having lower interface
pressures, the rings that dry from the outer circumference
crack at an earlier age than the ring specimens drying from
the top and bottom. This is presumably due to a
fundamental difference in how the cracks form and how
failure occurs. Acoustic emission testing has shown that, in
the rings that were permitted to dry from the outer
circumference, the crack initiates at the outer edge and
propagates towards the inner circumference while in the
rings that were allowed to dry from the top and bottom,
the crack begins at the inner circumference and propagates
towards the outer edge.
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