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Abstract:

Due to uniform shrinkage along the radial direction, drying from both top and bottom surfaces has been

recommended to replace drying from outer circumference surface in the restrained circular ring test to assess

cracking tendency of concrete. However, non-uniform shrinkage along the height direction under drying

conditions is significant, and its effect on crack initiation and propagation in a concrete ring is not clearly

understood. To investigate the fracture mechanism of the restrained ring test under drying from top and bottom

surfaces, three series of circular and elliptical ring specimens with heights of 30 mm, 50 mm and 75 mm are

tested to measure the cracking ages. A fracture mechanics based numerical method is proposed by introducing

fictitious crack model to simulate the fracture process and predict the cracking age of a concrete ring under

restraint. The effects of ring geometric profile, specimen height and moisture gradient on crack development

are discussed. The results indicate that, under drying from both top and bottom surfaces, crack initiates partly

along the height direction at the inner circumference of a concrete ring, and propagates along the radial

direction, one by one, until the crack propagated throughout the whole cross-section. The moisture gradient

along the height direction has significant effect on the crack driving force, which is dominated by the moisture

gradient and steel ring restraint near the exposed surface, whose proportion increases with the increase in

distance from the exposed surface.

Keywords: ring test; restrained shrinkage; concrete cracking; crack propagation; drying condition.
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A4, Ay, By, B, coefficients for moisture distribution
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distance from drying surface

elastic modulus

splitting tensile strength

fracture energy

relative humidity at the exposed surface of the specimen

internal relative humidity of the concrete specimen if it is completely sealed
initial fracture toughness

stress intensity factor caused by the shrinkage effect

stress intensity factor caused by steel restraint

stress intensity factor caused by the cohesive stress

inner radius of a circular concrete ring

major inner radius of the elliptical concrete ring

minor inner radius of the elliptical concrete ring

age of concrete

crack opening displacement

stress-free crack opening displacement

displacement corresponding to the break point in the bilinear o-w relationship
length of horizontal initial crack

softening stress

stress corresponding to the break point in the bilinear o-w relationship
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1 Introduction

Concrete is likely to experience shrinkage in response to cement hydration, temperature reduction and

moisture dissipation in the process of maintenance, most notably at early ages. When the shrinkage is

restrained, cracks initiate easily in concrete structures due to its low cracking resistance, resulting in low

structure durability and significant maintenance costs [1]. Therefore, it is important to choose the appropriate

laboratory test methods to assess the cracking tendency of concrete used in the field. So far, several test

methods have been developed to assess cracking resistance of cementitious materials in the restrained

condition, including restrained uniaxial test [2, 3], restrained slab test [4, 5], restrained beam test [6, 7], and

restrained ring test [8-12]. Due to its relatively low cost and capacity of providing uniformity end restraint, the

restrained ring test has been widely adopted over the other test methods for assessing cracking potential of

concrete mixtures.

To standardize the restrained ring test, American Association of State Highway and Transportation

Officials (AASHTO) (i.e. AASHTO PP34-99: Standard Practice for Cracking Tendency Using a Ring Specimen)

recommended a certain version of ring specimen: a 75 mm thick concrete ring restrained by a 12.5 mm thick

steel ring and dried from its outer circumferential surface. It was reported that, in some cases, the circular ring

specimen recommended by AASHTO did not provide enough degree of restraint to enable the concrete to

crack early enough [13]. In addition, the cracks would occur at the outer circumference and propagate into

inner circumference as a result of non-uniform shrinkage along the radial direction caused by the moisture

gradient [14, 15]. It has been certified that for a 75 mm thick concrete ring specimen drying from the outer

circumferential surface, shrinkage cracking is mainly due to self-restraint caused by non-uniform shrinkage of

the concrete ring itself rather than by external restraint from the central restraining steel ring [16]. In this case,

the ring test results could not be used to determine the cracking tendency of concrete under restrained
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condition. Therefore, the American Society for Testing Material (ASTM) (i.e. ASTM C1581/C1581M-09a:

Standard Test Method for Determining Age at Cracking and Induced Tensile Stress Characteristics of Mortar

and Concrete under Restrained Shrinkage) suggested an improved ring specimen in which the thickness of

concrete was reduced from 75 mm to 37.5 mm. Such improvement increases the relative restraint capacity of a

steel ring, i.e. the external restrain, accelerates the occurrence of the first crack [17] and partly reduces

non-uniform shrinkage along the radial direction. Radlinska et al. [18, 19] carried out numerous restrained ring

tests following the ASTM standard to assess its accuracy and repeatability. The relatively small standard

deviations in strain measurements indicated that the test method recommended by ASTM is reliable for

ascertaining cracking susceptibility of cementitious systems. It is widely accepted that the minimum specimen

size should be three times larger than the maximum aggregate size to ensure homogeneous concrete mixture.

In the case of concrete mixture with larger aggregate sizes (such as 15 mm or 20 mm), the 37.5 mm thick

concrete ring cannot meet this requirement [17].

Since it is hard to assess the cracking tendency of concrete ring specimens containing larger aggregates

and drying from outer circumference under restrained shrinkage, the ring specimen drying from top and bottom

surfaces was adopted [15, 17, 20-22]. The most significant advantage to allow drying from the top and bottom

surfaces is that moisture diffuses simultaneously from two symmetrically exposed surfaces so that the moisture

diffusion distance is the half of specimen height. It allows a concrete ring to be sufficiently thick to enable larger

aggregates to be used. However, it should be noted that drying from top and bottom surfaces results in uniform

shrinkage along the radial direction, but non-uniform shrinkage along the height direction. For a concrete ring

with a small height (e.g. 30 mm), the moisture gradient and non-uniform shrinkage along its height direction

can be neglected, and the uniform shrinkage assumption can be employed approximately [21, 22]. However,

with the increase of specimen height, the moisture gradient along the height direction becomes more
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significant, which makes the shrinkage at the exposed surfaces obviously greater than that at the inner surface.

Particularly, the non-uniform shrinkage along the height affects the crack initiation position and propagation

direction in concrete. Further, it is difficult to define the crack status when the sudden decrease in the strain of

the steel ring occurs in the ring test subject to drying from top and bottom surfaces. Aiming to determine the

influence of the moisture gradient on the degree of restraint, Moon et al. [17] used numerical method to analyze

the stress and strain distributions along the height direction of a 75 mm tall ring specimen under drying from top

and bottom surfaces. However, to the best of the authors’ knowledge, the crack initiation and propagation

process in a concrete ring under drying from the top and bottom surfaces has not been reported. From the

practical point of view, it is significant to have a better understanding of the failure mechanism of concrete, so

that the ring test subject to top and bottom surfaces drying can be more effectively used in the assessment of

cracking tendency of concrete with larger aggregates.

In addition, two analytical methods used in previous study to investigate the failure mechanism of a

concrete ring in restrained ring test are the stress-based method [13, 20, 23] and the R-curve-based method

[21-25], respectively. The advantage of the stress-based method is that the classical elastic theory can be

employed to calculate the residual stress in concrete. It is convenient to develop the analytical formulas to

calculate the stress distribution in a concrete ring. The R-curve method based on nonlinear elastic fracture

mechanics was also used to interpret cracking of concrete in the ring test, which has been certified in the

determination of critical crack propagation status. However, considering concrete as quasi-brittle material,

there are three distinguished stages in the crack propagation process, i.e. crack initiation, stable propagation

and unstable propagation [26]. Particularly, the crack propagation in a concrete ring becomes more

complicated when the non-uniform shrinkage along the ring height is considered. In order to simulate the whole

crack propagation process, the nonlinear fracture theory combined with fictitious crack mode would be more
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appropriate, because the nonlinear cohesive characteristic of concrete can be taken into account in this

method [27].

Recently, the novel elliptical ring geometry [25, 28-30] was proposed as a supplement to the traditional

circular ring geometry in the ring test, which can increase the restrained degree to concrete and accelerate the

first crack occurrence. In addition, due to the influence of the elliptical geometry, the first crack usually occurs

near major axis in an elliptical ring specimen, which is conveniently observed in the elliptical ring test. In order

to investigate the fracture mechanics in the circular and elliptical rings under drying from the top and bottom

surfaces, a nonlinear fracture mechanics-based method is developed in this research to simulate the restrained

shrinkage effect on concrete and investigate the crack propagation process. The effect of non-uniform

shrinkage along the height direction on fracture process is discussed through investigating circular and elliptical

concrete rings with three heights, i.e. 30 mm, 50 mm and 75 mm. It is expected that the research conducted in

this paper can reveal the failure mechanism in the ring test subject to drying from top and bottom surfaces, so

that the circular and elliptical tests can be reasonably chosen in the assessment of cracking tendency for

concrete with larger aggregates.

2 Experimental Programme

The basic mechanical properties, fracture properties and free shrinkage were investigated by conducting

circular/elliptical ring tests in this study. The mix proportions for the concrete used in experiment were

1:1.5:1.5:0.5 (cement: sand: aggregate: water) by weight. The maximum size of the aggregate was 10 mm.

After curing in normal laboratory environment for 24 h, the specimens were demoulded and moved into an

environment chamber with 23°C and 50% relative humidity (RH) for curing until the designated age of testing

or cracking in cases of the ring test.
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2.1 Tests on mechanical and fracture properties of concrete

Mechanical and fracture properties, including elastic modulus E, splitting tensile strength f,, fracture energy

G;, and initial fracture toughness K

< , of concrete used in this study were measured at 1, 3, 5, 7, 14, 21 and

28 days respectively. Experimental data at various ages were fitted to continuous functions by regression

analyses, which estimated the age-dependent relationships from 1 to 28 days (see Egs. (1) to (4)). Here, t is

the age of concrete in days.

E(t) =13.8973+0.4t —0.0056t" (t <28 days) (1)
f.(t)=1.224+0.44xIn(t-0.0318) (t< 28 da’ (2)
G (t)=41.39+10.35xIn(t—0.326) (<28 da (3)
K¢ (t) =-0.301+0.26 xIn(t+0.272)  (t< 28 da 4

The correlation coefficients of the above regression analyses are 0.926, 0.956, 0.872 and 0.947,

respectively, which indicates that relevant concrete material properties at early ages can be determined from

above equations with high accuracy.

2.2 Restrained circular/elliptical ring tests

In order to investigate the influence of non-uniform shrinkage along the height direction on fracture

process of concrete in the ring test, three series of restrained ring specimens with different heights (30 mm, 50

mm and 75 mm) were tested in this study. For each series of ring specimens, two geometric profiles, i.e.

circular and elliptical rings, were investigated in parallel to monitor the cracking ages of concrete.

The diagrams of the three series of ring specimens with different heights are shown as Fig. 1.
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Fig. 1. Diagrams of ring specimens.

The inner radius of a circular concrete ring is denoted as Ry, and the major and minor inner radii of an

elliptical concrete ring are denoted as R; and R,, respectively. According to previous research [29], the elliptical

ring geometry with R,/R, between 2 and 3 is the most effective in providing a high degree of restraint to initiate

early concrete cracking. Therefore, for the ring specimens tested in this study, Roand R; were chosen as 150

mm, and R, was chosen as 75 mm (i.e., Ry = R; = 2R, = 150 mm). The thicknesses of concrete and steel rings

were set as 75 mm and 12.5 mm, respectively, as recommended by AASHTO T334-08.

After demolding, the circular and elliptical ring specimens were sealed with double-layer aluminum tape on

their outer circumferential surfaces immediately to allow drying from their top and bottom surfaces only. Then

four strain gauges were attached to the inner surface of the steel ring. The ring specimens were moved into a

standard curing chamber with 23°C and 50% RH (see Fig. 2). Finally, a data acquisition system was connected

to record the strain of the central steel ring. The age corresponding to the first crack formation in concrete can

be determined by the sudden drop of the recorded strain of the steel ring. Four specimens were prepared for

each condition, and the average cracking ages are listed in Table 1.



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

(a) Standard curing chamber (b) Circular and elliptical ring specimens

Fig. 2. Instrumented ring test set-up.

Table 1. Average cracking ages in days obtained from experiment.

Concrete ring height

Ring geometric profile

30 mm 50 mm 75 mm
Circular 19 24 --
Elliptical 14 21 --

It can be seen from the experimental results in Table 1, under drying from top and bottom surfaces, the

ring specimen height has significant effects on its cracking age. For circular and elliptical rings, the cracking

ages were delayed by 5 days and 7 days, respectively, when the height of the ring specimens increased from

30mm to 50 mm. However, in the case of 75 mm height, no cracks were observed in both circular and elliptical

rings during the monitoring period of 28 days. In addition, elliptical ring specimens cracked much earlier than

circular ring specimens with the height of 30 mm or 50 mm. It indicates that, compared with the circular ring, the

elliptical profile can provide higher degree of restraint under drying from top and bottom surfaces.

2.3 Free shrinkage concrete prism tests

To reflect the free shrinkage characteristics of concrete ring specimens described in section 2.2, three

series of free shrinkage prism tests with specimen sizes of 300 mm x 75 mm x 30 mm, 300 mm x 75 mm x 50

mm and 300 mm x 75 mm x 75 mm were conducted to measure free shrinkage strain of concrete. In all the

three series of prismatic specimens, 300 mm is the length of the specimens. Two kinds of drying conditions

were adopted in the free shrinkage prism tests (see Fig. 3(a)). In the case of the first drying condition, the
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prismatic specimens were dried from the two exposed 300 mm x 75 mm surfaces symmetrically, while the
other surfaces were sealed by double-layer aluminum tapes. In the case of the second drying condition, the
prismatic specimens with all surfaces sealed were tested to measure shrinkage strain caused by autogenous
shrinkage. The magnitudes of free shrinkage were measured by using mechanical dial gauges (see Fig. 3(b))
and the deformation was recorded twice a day at regular base. By fitting the measured data, free shrinkage

strains at different ages can be derived, which are graphically presented in Fig. 4.

(a) Three series of prism specimens with two drying conditions (b) Test setup

Fig. 3. Free shrinkage tests.
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Fig. 4. Shrinkage strains of prism specimens in free shrinkage tests.

3 Numerical Simulations

Based on the experimental results, under drying from top and bottom surfaces, the specimen height has
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significant influence on the cracking age for both circular and elliptical ring profiles. This phenomenon

happened for two reasons: (1) different ratios of the exposed area to volume (A/V) for different specimen

heights affect the magnitude of shrinkage of concrete; and (2) the non-uniform shrinkage along the specimen

height direction results in the bending effect in concrete. Particularly, the non-uniform shrinkage affects the

crack initiation and propagation in concrete and makes the fracture mechanism in the ring test more complex.

As aresult, it is difficult to define the cracking state of concrete corresponding to the observed strain drop in the

steel ring from the experiment. Therefore, it is necessary to investigate the influence of non-uniform shrinkage

of concrete along the height direction on crack initiation and propagation, and clearly elucidate the fracture

mechanism in the ring test under drying from top and bottom surfaces.

In this study, numerical analyses were carried out using ANSYS finite element software to investigate the

fracture process for circular and elliptical rings with various heights under drying from top and bottom surfaces.

In the numerical simulations, the fictitious temperature field, derived from free shrinkage tests, was applied in

the numerical model to simulate the shrinkage effect of concrete. The fracture mechanics method based on the

fictitious crack model [27] was introduced to study the fracture process of the concrete ring. To simulate the

non-uniform shrinkage along the specimen height direction, three-dimensional finite element modeling was

established. Considering the symmetry of specimen geometry and drying condition, a specimen model was

established for only a quarter of the ring to reduce calculation time consumption by imposing restrictions on the

symmetry planes.

3.1 Fracture model

A fictitious crack model [27] was introduced in the fracture analysis to characterize the nonlinear property

of concrete by applying a cohesive force on the fracture process zone (FPZ). The bilinear expression [31] for

the softening stress (0) and crack opening displacement (w) relationship for concrete was used in the
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numerical simulation, which is illustrated in Fig. 5.
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Fig. 5. Bilinear o-w softening curve for concrete.

According to the research of Peterson [31], o

S

, w, and w, can be determined as follows:

o, =f/3 (5)
w, =0.8G, /f, (6)
w, = 3.6G, /f. )

where, w, is the stress-free crack opening displacement and w_ and o, are the displacement and stress
corresponding to the break point in the bilinear o-w relationship, respectively. The o-w relationship can be
determined once fracture energy G, and tensile strength f, of concrete are given.

A concrete crack propagation criterion based on the initial fracture toughness has been proposed and
validated [32], which can determine the crack propagation during the whole fracture process of concrete [33]. In
this study, this criterion was introduced to analyze crack initiation and propagation in the concrete rings subject
to restrained shrinkage. This criterion can be described as following: a crack begins to propagate when the
difference between the stress intensity factors (SIFs) caused by the shrinkage effect, K, and by the cohesive
stress, K, exceeds the initial fracture toughness of concrete, K, . The criterion can be described as follows:

K® —K° <K@, crack does not propagate (8)

KIS _ Klo' — Kini

<, crack is in the critical state 9)
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KIS _ Klo' > Kini

IC !

crack propagates (20)
For any specific age, by applying the fictitious temperature field on concrete, the SIF K® at the tip of the
pre-crack can be calculated using the displacement extrapolation method. Further, the cohesive force can be
derived from the bilinear o-w relationship based on the crack opening displacement, and K’ can be
calculated accordingly. Thus, crack propagation status can be determined by comparing K® —K7 with K2 . If
Equation (10) is satisfied, cracks will propagate and a new numerical mode is established with a crack length
increment of 2 mm. If not, the fictitious temperature field corresponding to the following day will be applied until
the crack propagation condition is satisfied. It should be noted that all concrete material properties adopted in
the numerical analyses are updated once a day.
3.2 Fictitious temperature field

In the restrained shrinkage ring test, concrete shrinkage is mainly caused by cement hydration
(autogenous shrinkage) and moisture movement (drying shrinkage). Accordingly, for the ring specimen under
drying from top and bottom surfaces, two fictitious temperature fields should be derived from the results of the
free shrinkage tests to characterize shrinkage conditions: (1) uniform fictitious temperature field to characterize
the autogenous shrinkage and (2) non-uniform fictitious temperature field to characterize the non-uniform
drying shrinkage along the height direction.

The uniform temperature field can be derived from the shrinkage strain of a prismatic specimen with all
surfaces sealed by dividing it by the coefficient of thermal expansion, 10X 10°/°C In this case, there is no
moisture loss from the concrete specimen and the shrinkage strain is completely caused by cement hydration,
i.e. autogenous shrinkage. For the non-uniform fictitious temperature field, it was assumed that it corresponds
to the moisture distribution along the height direction of a ring specimen under drying from top and bottom

surfaces. Based on the experimental investigations conducted by Weiss [34], the moisture distribution in a
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concrete specimen drying from a single surface at any position and at any age can be calculated by the

following equation:

(11)

—(AD+A, )t(B2Bain(®) X
H (X’t) = HINTERNAL - (HINTERNAL - HEXPOSED)LJ'O °

where H(x,t) is the relative humidity at the depth x from the drying surface, Hiyternal iS the internal relative
humidity of the concrete specimen if it is completely sealed (in this paper, Hinternar Was assumed to be 100%),
Hexposep IS the relative humidity at the exposed surface of the specimen. The coefficients A;, A,, B; and B, in
Eq. (11) were determined as 0.2007, -1.0455, 0.0865 and -0.9115, respectively. D is the distance from drying
surface. According to Moon et al. [14], the relationship between the drying shrinkage and moisture distribution
within a concrete element can be assumed as linear. Therefore, the moisture distribution along the height
direction in three series of ring specimens with the heights of 30 mm, 50 mm and 75 mm can be determined
based on Eq. (11). Accordingly, the non-uniform fictitious temperature field can be derived by introducing the
coefficient of thermal expansion for concrete to calculate the drying shrinkage strain. The derived fictitious
temperature fields applied in the numerical model at 1, 3, 7, 14, 21, 28 days for three specimen heights are

illustrated in Fig. 6.
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Fig. 6. Fictitious temperature fields applied on numerical models.
Taking the 50 mm height circular and elliptical ring specimens as examples, Fig. 7 shows the temperature
field distributions along the height direction in the concrete ring on the 14th day. It can be seen that the largest
fictitious temperature drop occurs at the exposed top surface and the fictitious temperature drop decreased

gradually along the height direction in the concrete rings.

-98.75 -81.39 -62.03 -42.68 -16.32 -98.75 -81.39 -62.03 -42.68 -16.32
. m—

(a) Circular ring (b) Elliptical ring
Fig. 7. Fictitious temperature fields on the 14th day for ring specimens with 50 mm tall (Unit: C).
3.3 Determination of the position of the initial crack
When the tensile stress in concrete is greater than the tensile strength, cracking will initiate. Thus, the

initial crack position can be determined through the distribution of the tensile stress in concrete. In the case of



304  drying from top and bottom surfaces, tensile stress is caused by both the non-uniform shrinkage along the
305 height direction and the restraint from the inner steel ring. A structural analysis was carried out to calculate the
306 distribution of tensile stress in concrete after applying the non-uniform temperature field to simulate the effect of
307 the moisture gradient in the thermal analysis. The elastic module of concrete was reduced by 40% to
308 characterize the creep effect of concrete [17, 35]. In addition, the section of the first crack usually locates
309 randomly along the circumference in a circular ring specimen and near major axis in an elliptical ring
310 specimen due to geometrical effect. Figs. 8(a) and (b) illustrate the cracks in the circular and elliptical
311  ring specimens, respectively. The tensile stress distributions in cross-sections of circular and elliptical rings
312 (randomly along the radial direction for the circular ring and along the major axis for the elliptical ring) were

313 calculated and derived, as shown in Figs. 9(a) and (b), respectively.

314
315 (a) Circular ring (b) Elliptical ring
316 Fig. 8. Cracks in circular and elliptical ring specimens with height of 50 mm.
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Fig. 9. Stress contour along the cross-section of a 50 mm tall ring specimen on the 10th day (Unit: MPa).

It can be seen, for both circular and elliptical rings, tensile stress distributions are hierarchical in intensity

along the height directions. The tensile stress reaches the highest at the top surface and decreases along the

height direction down to median surface of the ring specimen. At the bottom of a cross-section, i.e. at half the

height of a concrete ring, tensile stress turns into compressive stress. In addition, in the case of the same

height, tensile stress near the inner steel ring surface is the highest and the maximum tensile stress occurs at

the top left corner of the cross-sections (red zone in Figs. 9(a) and (b)). Therefore, it can be predicted that the

first crack occurs at the top left corner of cross-section for the circular and elliptical specimens. According to

previous research [30], the crack will propagate throughout the whole radial section immediately after being

subject to uniform shrinkage along the radial direction. Therefore, the conclusion can be drawn that the first

crack will occur at the exposed surface for the circular and elliptical concrete ring specimens under drying from

top and bottom surfaces.

3.4 Crack propagation process

After the initial crack position is determined, a pre-crack with 2 mm long was set on the exposed surface

along the radial direction for a circular ring and along the major axis for an elliptical ring. At that moment, there

are two potential crack propagation directions, i.e. the crack propagates from the exposed surface along the

height direction or from the inner circumference along the radial direction or major axis direction. However, it

should be noted that the fracture mechanisms for the two crack propagation directions are different. The crack

propagation along the height direction is mainly caused by the non-uniform shrinkage from the moisture

gradient in the concrete. In contrast, the crack propagation along the radial direction is mainly caused by the

restraint shrinkage from the inner steel ring. In order to clarify the fracture mechanism in the circular/elliptical

ring tests, it is significant to investigate the crack propagation process under drying from top and bottom
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surfaces of a restrained concrete ring.

Firstly, it is assumed that the crack will propagate along the height direction. The fictitious temperature field
derived from section 3.2 was applied to concrete and the cohesive stress was imposed on the initial crack.
Corresponding to various ages, the differences in the SIFs at the tip of the initial crack caused by fictitious
temperature field and by cohesive force, K°® —K?, were calculated from the 1st to 28th day. As an example,
the results for circular and elliptical ring specimens with 50 mm tall are shown in Figs. 10(a) and (b),

respectively.
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Fig. 10. K° —K/ atthe tip of horizontal crack for the ring specimens with 50 mm talll.
It can be seen from this figure that the difference of SIFs, K® —K/, increases with age. The maximum
K® —K/ occurs at the inner surface, and shows a slight descending trend along the radial direction. To
determine the possibility of crack propagation along the height direction after crack initiation, the maximum
values of K® —K? along the radial direction at different ages for elliptical ring specimens are shown in Fig. 11.
It can be seen that, the maximum of K?® —K? is less than the initial fracture toughness at each corresponding
age (from 1 to 27 days), which indicates that the initial crack cannot propagate along the height direction under

drying from top and bottom surfaces of a restrained concrete ring specimen.
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Fig. 11 . Maximum K® —K? at the tip of horizontal crack for three series of ring specimens.
Following the latter result, the possibility of crack propagation from inner circumference along the radial
direction will be investigated. In addition to the initial horizontal crack at the exposed surface along the radial
direction, another vertical pre-crack was set at the inner circumference along the height direction. Figs. 12(a)
and (b) show the values of K° —K/ at the tip of the vertical cracks from 1 to 27 days for the circular and

elliptical rings with 50 mm tall.
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Fig. 12. K° —K/ at the tip of vertical crack for 50 mm tall ring specimens.

It can be seen from the figure that the maximum K2 —K? at the tip of the vertical crack occurs at the top
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of the vertical crack (see Point A in Fig. 13(a)). However, the value of K® —K? corresponding to x =10 mm in
Fig. 12, i.e. near the inner circumference of concrete, significantly decreases along the height direction. It
indicates that the crack cannot propagate completely along the cross-section from the inner to outer
circumferences at the same age. Alternatively, it will propagate partly along the height direction and form a new
horizontal penetrating crack until the vertical crack propagates throughout the whole cross-section. In order to
investigate the whole crack propagation process, it was assumed that the Line AB (2 mm-long) of vertical crack
(see Fig. 13(a)) will propagate to the outer surface (see Fig. 13(b)) when the average value of K® -K° at

points A and B exceeds the initial fracture toughness at the corresponding age.

>

B/.Z < <

Steel ring Concrete ring Steel ring Concrete ring
(a) Initial crack (b) Crack propagation path
Fig. 13. Cross-section of 50 mm tall ring specimens.

The average values of K° —K? at points A and B were calculated from 1 to 27 days for three series of
ring specimens, which are illustrated in Fig. 14. It can be seen that the predicted ages corresponding to the AB
part of the vertical crack started to propagate along the radial direction are 18 days and 24 days for circular
rings with 30 mm and 50 mm tall, and 15 days and 19 days for elliptical rings with 30 mm and 50 mm tall,
respectively. In addition, for circular and elliptical ring specimens with 75 mm tall, the Line AB of the vertical

crack did not propagate at all during the 27-day monitoring period.
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390 After the Line AB of the vertical crack propagates horizontally to the outer circumferential surface of

391 concrete, a new model with a longer horizontal initial crack (i.e. A =4 mm at that moment) was established (see
392 Fig. 13(b)) to analyze whether the next 2 mm vertical crack, i.e. Line BC, can propagate continually.
393 Accordingly, the variations of K® —K? at different heights for circular and elliptical rings with 30 mm and 50

394 mm tall are presented in Fig. 15.
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Fig. 15. K —K/ during crack propagation process.

It should be noted that Figs. 15(a), (b) and (d) illustrate the relationship of K°®-K¢ and K
corresponding to the cracking age of Line AB. It can be seen that, after Line AB begins to propagate, the other
vertical cracks with 2 mm length can propagate through their horizontal sections one by one until the whole
crack section is formed. The scenario is slightly different in the case of a circular ring with 50 mm tall. The value
of K®-K?7 is less than K when the crack length is 14 mm, which indicates that the crack cannot
propagate throughout the section at the age when Line AB begins to propagate, i.e. at 24th day. However, the
crack can form completely at the next age, i.e. at 25th day. The comparison of cracking ages obtained from
numerical simulation and experiment shows a reasonable agreement (see Table 2), which verifies the
established numerical analysis in this study.

Table 2. Cracking ages in days obtained from numerical simulation and experiment.

Concrete ring height

Ring geometric profile 30 mm 50 mm 75 mm
Exp. Num. Exp. Num. Exp. Num.
Circular 19 18 24 25 -- --
Elliptical 14 15 21 19 - -

4 Discussions
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4.1 The influence of assumption on uniform shrinkage

It has been verified that the moisture gradient (consequently non-uniform shrinkage) along the height
direction should be considered in analyzing the fracture process of ring specimens under drying from top and
bottom surfaces. However, it should be noted that the moisture gradient is not significant as the specimen
height decreases and the moisture can be regarded as uniformly distributed in the concrete ring. In this case,
for the purpose of computational simplification, the uniform shrinkage assumption along the height direction is
appropriate in the crack propagation analysis. It has been reported in previous research [21, 22] that the
uniform shrinkage assumption along the height direction can be adopted approximately when the specimen
height is 30 mm. However, it is not clear whether the assumption is still appropriate as the specimen height
increases above 30 mm, e.g. 50 mm and 75 mm. In line with this, humerical analyses were conducted to
investigate the fracture process of ring specimens with heights of 30 mm, 50 mm and 75 mm based on the
assumption of uniform shrinkage. According to previous researches [15, 30], for a ring specimen subject to
uniform shrinkage, the first cracking initiates at the inner circumference and propagates to the outer surface.
Therefore, a 2mm long initial crack was set at the inner surface of the concrete ring, randomly along the radial
direction for the circular ring specimen and along the major axis direction for the elliptical ring specimen.
Meanwhile, following the uniform shrinkage assumption, specimen height only affects the ratio of the exposed
area to volume (A/V), rather than the moisture gradient along the height direction. For ring specimens at each
height, a prism with the same height was used to ensure the same A/V ratio. The uniform fictitious temperature
field can be derived by dividing the free shrinkage strain of a two sides exposed prism specimen by the
coefficient of thermal expansion of concrete (10X 10'6/°C). Fig. 16 illustrates the fictitious temperature drop for

ring specimens with three different heights from 1 day to 28 days.
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Fig. 16. Fictitious temperature drops based on uniform shrinkage assumption
Under a uniform temperature field condition, the relationship between K® -KZ and K2 for circular and

elliptical rings of three different heights are illustrated in Fig. 17(a) and (b), respectively.
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Fig. 17. K° —K/ atthe tip of the initial crack under uniform shrinkage
It can been seen that the elliptical and circular ring specimens with 30 mm tall cracked at ages of 17 and
21 days, respectively, which were appropriately the same as under the condition considering non-uniform
shrinkage along the height direction (i.e. 15 and 18 days). However, both circular and elliptical rings with the
height of 50 mm did not crack during the age of 28 days under the uniform shrinkage assumption, which is

obviously different from the experimental results. Therefore, for the ring specimens with 30 mm tall, the



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

cracking age can be approximately predicted by neglecting the moisture gradient along the height direction

under drying from top and bottom surfaces. In the case of 50 mm and 75 mm heights, the effect of the moisture

gradient is significant enough that cannot be neglected.

4.2 Quantitative analysis on the driving forces in crack propagation process: self-restraint vs. steel ring

restraint

In the restrained shrinkage ring test, the shrinkage of concrete is restrained and tensile stress occurs in

concrete, thus, driving the potential crack initiation and propagation. Generally, the restraint of the concrete ring

consists of two parts, the self-restraint caused by non-uniform shrinkage and the external restraint from the

steel ring. For a 75 mm thick ring specimen under outer circumference surface drying, it has been proved that

crack propagation is mainly driven by the self-restraint rather than by the external restraint from steel ring due

to significant non-uniform shrinkage along the radial direction [16]. In the case of drying from top and bottom

surfaces, although the non-uniform shrinkage is partly reduced due to moisture diffusion from the two

symmetrical surfaces, the effect of the moisture gradient is still significant for the ring specimens with 50 mm

and 75 mm tall. In section 4.1, the uniform shrinkage assumption has been verified to be inappropriate for taller

concrete ring specimens by comparing with the experimental results. Therefore, it was necessary to

quantitatively analyze the effect of self-restraint and external restraint on crack propagation process in ring

tests under drying from top and bottom surfaces of a restrained concrete ring.

It has been verified in this paper that the vertical cracks, e.g. Lines AB, BC... (see Fig. 13), will initiate and

horizontally propagate to the outer circumference in turn until all vertical cracks propagate throughout the

cross-section. Fig. 18 illustrates the SIFs of various vertical crack positions caused by self-restraint and steel

restraint at the corresponding cracking age.
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Fig. 18. SIFs caused by self-restraint and steel ring restraint in crack propagation process corresponding to the
cracking age.

It can be seen that, for each series of specimens, the first crack initiation, i.e. Line AB, is caused by both
self-restraint and external steel ring restraint, and the proportion of self-restraint is greater than steel ring
restraint. With the increase of distance from the top surface, the effect of self-restraint decreases while the
effect of steel ring restraint increases. It indicates that the fracture mechanism is different for the crack initiation
and propagation at various heights. The moisture gradient is significant near the top surface of a concrete ring,

so, the bending effect caused by the non-uniform shrinkage is remarkable. In this case, the crack driving force
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is from both self-restraint and steel ring restraint. In contrast, the moisture gradient is not obvious as the crack
propagates near the middle height between the top and bottom surfaces. In this case, the bending effect
caused by the non-uniform shrinkage is very small and can be neglected, so the crack driving force is mainly
provided by the steel ring restraint.

To study the component of the driving force at various heights, Fig. 19 illustrates the SIF ratio of K?® to

| steel

K} . Here, K°_., is the SIF caused by steel ring restraint, and K?® is the SIF caused by the total restraint

| steel

including self-restraint and steel ring restraint. It can be seen that, as the vertical crack initiates from top to

S
| steel

bottom, the ratios of K to K increase significantly. For circular and elliptical rings, the ratios do not
present any obvious difference. However, compared with the concrete ring specimens of 30 mm tall, the
proportion of self-restraint, i.e. the effect of the moisture gradient, becomes more significant for the specimen

with 50 mm tall. This explains why uniform shrinkage assumption is inappropriate for a taller ring specimen

under drying from its top and bottom surfaces.
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Fig. 19. Ratios of K?°_., to K} for concrete ring specimens with 30 mm and 50 mm tall.
5 Conclusions

The purpose of this paper is to investigate the influence of non-uniform shrinkage along the height

direction on the fracture mechanism in restrained shrinkage circular/elliptical ring test under drying from top
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and bottom surfaces. Three series of ring specimens with heights of 30 mm, 50 mm and 75 mm were tested

under restrained shrinkage conditions until cracking occurred or to the age of 28 days whichever is longer. By

introducing the fictitious temperature field to simulate the shrinkage effect of concrete, a numerical approach

based on fracture mechanics was developed to analyze the crack initiation and propagation process. Based on

the experimental and numerical investigations, the following conclusions can be drawn:

(@) Under drying from top and bottom surfaces, cracking ages of elliptical ring specimens with 30 mm and 50

mm tall were 5 days and 3 days shorter than their counterpart circular ones, respectively. Although circular
and elliptical ring specimens with 75 mm tall did not crack during the 28-day testing period, numerical
results indicate that the elliptical ring geometric profile can provide greater values of K° —K/ than the
circular ring geometry profile. Therefore, the elliptical geometric profile can effective increase the
restraining effect to shorten the cracking age of concrete and accelerate the process of restrained

shrinkage test.

(b) The numerical method was verified by comparing the predicted cracking ages with those measured in

(©)

experiment, showing a reasonable agreement. Based on the numerical analysis, under drying from top and

bottom surfaces, the crack initiates partly at the inner circumference of the concrete ring and propagates

along the radial direction. The fracture process is repeated until the crack propagates throughout the

cross-section. For the circular and elliptical ring specimens with 30 mm and 50 mm heights, the cracks

could form completely once the first crack initiated or in a very short period (about 1 day) after the first

crack initiated.

Under drying from top and bottom surfaces, the moisture gradient along the height direction had a

significant effect on the fracture process of the concrete ring. The driving force of crack propagation was

dominated by both moisture gradient and steel restraint when the crack initiates near the exposed surface



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536
537
538
539
540
541
542
543
544

of the ring specimen. With the increase of distance from the exposed surface, the effect of the steel ring

restraint increased and the moisture gradient decreased. When the crack initiated near the middle height of

top and bottom surfaces, the fracture process was mainly dominated by the steel ring restraint.

(d) For the ring specimens with 30 mm tall, the assumption of uniform shrinkage along the height direction can

be approximately used to predict the cracking age, which is in a reasonable agreement with the results

considering the non-uniform shrinkage. In the case of 50 mm height, the predicted cracking age based on

the uniform shrinkage assumption is obviously different from the results based on the non-uniform

shrinkage and the results from the experiment as well. However, it should be noted that, although the

predicted cracking ages are similar based on the two assumptions, the fracture mechanisms are invariably

different. In the assumption of uniform shrinkage, the contribution of non-uniform shrinkage on the driving

force of crack propagation is not considered in the fracture analysis.
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