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The durability of shotcrete tunnel linings is significantly affected by restrained shrinkage cracking. Given the unique characteristics
of shotcrete applied in tunnel linings, especially when dealing with accelerated shotcrete containing reinforcement fibres, it is
necessary to upscale the ring test commonly used. This paper presents a comprehensive experiment using large ring tests with
cast concrete to investigate the impact of upscaling ring test geometry. The two ring specimens demonstrated comparable cracking
age (22 days) and strain measured in the steel ring, suggesting that consistent results can be obtained through the proposed
instrumentation, calibration, and correction methods. Moreover, the estimated induced tensile stresses of the concrete rings (2.8
and 2.7MPa) are slightly lower than the predicted tensile strength (3.3MPa) at the age of cracking, which indicates that some driving
forces contributing to restrained shrinkage cracking were not indicated in the strain gauge readings. Furthermore, the study
identified multi-crack formation and additional potential causes for crack initiation, which include self-restraint due to the moisture
gradient in the vertical direction, deflection of the concrete ring caused by its self-weight, and friction on the contact surface of the
support. Therefore, optimising the geometry of the ring specimens and the apparatus is imperative to minimise additional driving
forces and unmeasurable restraints for crack initiation, especially when employing the stress rate method to assess cracking potential.

1. Introduction

The demand for tunnelling and underground construction is
steadily increasing. In Australia, the annual expenditure on
rail and road infrastructure for 2022/23 is approximately
20 billion AUD [1], with tunnelling playing a crucial role in
nearly half of these projects. Among the upcoming projects
scheduled to commence in 2022/23 are the North-East Link
and Suburban Rail Loop in Victoria [2, 3], the Western
Harbour Tunnel and Coffs Harbour Bypass in New South
Wales [4, 5] and the Inland Rail in Queensland [6]. Sprayed
concrete, commonly known as shotcrete, plays a significant
role in many tunnel projects, serving both temporary and
permanent ground support purposes [7, pp. 1:5–1:6]. With
the escalating demand for tunnelling, the quality of shotcrete
is receiving heightened attention and has become a focal point
for research on its behaviour, durability, and sustainability.

In comparison to ordinary cast concrete, shotcrete appli-
cations in tunnelling for ground support exhibit several sig-
nificant differences, including:

(i) Shotcrete mixes have a higher proportion of cement
and sand, incorporating smaller-grain aggregates to
achieve suitable pumpability and sprayability [7,
pp. 7:1–7:5]. The rebound during application results
in the loss of coarse aggregates, leading to a lower
proportion of coarse aggregate and a relatively higher
cement content in the sprayed shotcrete.

(ii) Shotcrete is applied to the substrate at high velocity
and is compacted purely by momentum upon
impact.

(iii) Shotcrete setting and hardening are accelerated with
chemical admixtures to ensure adherence to the sub-
strate without sagging and to allow for safe re-entry
into the tunnel as quickly as possible.
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(iv) Shotcrete is subjected to loading almost immediately
after spraying.

(v) Shotcrete is applied in relatively thin layers, resulting
in a large, exposed surface-to-volume ratio. Conse-
quently, significant water loss occurs either through
evaporation on the free surface or absorption by the
substrate on the adhesive surface. The challenging
tunnel environment further complicates proper con-
crete curing due to the difficulty in maintaining
moisture.

Furthermore, there is a strong preference, driven by
safety and cost considerations, to avoid using bar and
mesh reinforcement in shotcrete for ground support. Conse-
quently, shotcrete used in Australian tunnels often incorpo-
rates steel fibres for reinforcement [7, pp. 7:1–7:7].

It has been determined that the shrinkage of shotcrete
employed for tunnel linings is considerably greater than that
of standard cast concrete [8]. This increased shrinkage can be
attributed to unique features of the shotcrete used in tunnel
linings, encompassing set accelerators, rebound, spraying
techniques, composition, a large exposed surface-to-volume
ratio, and curing environments [9–11]. It is noteworthy that
shrinkage in shotcrete utilised as ground support can be
deemed beneficial if the ground is moving inward in response
to advancing excavation. This effect was acknowledged by the
early advocates of shotcrete as ground support [12]. However,
in shallow tunnels in hard rock, such as those commonly
found in Sydney, shotcrete shrinkage can pose challenges
because it may induce tension in the lining, particularly in
long-term permanent linings [13–15].

Neville [16, pp. 423–428] distinguishes among three types
of shrinkage occurring in concrete after casting: plastic, autog-
enous, and drying shrinkage. Plastic shrinkage arises from
water suction by the underlying rock or soil or water evapo-
ration from the surface while the concrete is still in a plastic
state [16, p. 424]. Autogenous shrinkage results from a differ-
ence in the volume occupied by hydration products compared
to the volume occupied by reagents (cement and water) [16,
p. 426]. Under sealed conditions, this difference amounts to
6–8 vol% [16, pp. 26–31, 17]. The mechanisms of autogenous
shrinkage are extensively discussed by Tazawa [18]. In terms
of linear strain, volume changes due to autogenous shrinkage
within the first month of hydration amount to approximately
40 με in normal-strength concrete [16, p. 425]. On the other
hand, drying shrinkage results in a significantly higher linear
strain, with observed values reaching up to 4,000 με [16,
p. 426]. Drying shrinkage mechanisms, namely capillary and
surface tension, movement of interlayer water, and disjoining
pressure, are explained in detail by Ye and Radlińska [19].

In predicting shrinkage, factors such as the type of concrete
(normal vs. high strength), its constituents (ordinary Portland vs.
composite cement), volume fractions of constituents, and the
type and geometry of the concrete structure must be considered.
Often, one or two types of shrinkage dominate, rendering other
types negligible. For instance, the structural design standard
Eurocode 2 [20, 21] only incorporates autogenous and drying
shrinkage. In the context of shotcrete tunnel linings, the use of

accelerators causes the concrete to rapidly set upon surface
impact, making plastic shrinkage of secondary importance in
the shotcrete used for tunnel linings. Additionally, the shotcrete
lining, being a thin structure with a high surface area-to-volume
ratio, facilitates water loss through evaporation, making drying
shrinkage the most significant of the three types of shrinkage
[22]. As recommended by Ye and Radlińska [19], in normal-
strength concrete, autogenous shrinkage represents an insignifi-
cant part of total shrinkage. Therefore, there is no need to dif-
ferentiate it from drying shrinkage. This assumption applies
to shotcrete tunnel linings in Australia, considering the typical
28-day unconfined compressive strength (UCS) of shotcrete
used in Australia ranges between 40 and 50MPa [7, p. 5:2].
Consequently, this paper focuses on drying shrinkage; however,
the measured values include autogenous shrinkage as well.

The impact of drying shrinkage is even more pronounced
in accelerated shotcrete used in tunnel constructions. Part of
the increased shrinkage is because using accelerators leads to
the hydration reaction taking place in stiff material, resulting
in coarser porosity, and the resultant coarser porosity con-
tributes to an increase in drying shrinkage [9]. The cracks
that form in young concrete severely impact the durability of
shotcrete linings as they prompt the development of large
cracks due to strain softening [15]. In addition to shrinkage
during the stiffening and hardening stage, shrinkage can also
occur in mature concrete due to thermal changes, carbon-
ation, and phase transitions. However, these causes fall out-
side the scope of this paper.

If shrinkage is constrained by substrates like rock or a
layer of mature concrete, internal stress is generated, leading
to fracture and cracking [23]. The cracking potential of con-
crete is influenced not only by the free shrinkage of the
concrete mix (namely the potential for volumetric changes)
but also by other time-dependent factors such as stress devel-
opment under a specific degree of restraint (DOR), strength
gain over time, stress relaxation, and fracture toughness
[24, 25]. Therefore, the Australian tunnelling industry has
recognised the need for a test method other than free drying
shrinkage assessment, such as AS1012.13 [26]. A method that
considers restrained shrinkage of plain or fibre-reinforced
shotcrete (FRS) is thus a goal for the tunnelling industry.

The assessment of restrained shrinkage can be undertaken
with various setups. Carlswärd [27] compared end-restrained,
base-restrained, and ring tests to evaluate cracking caused by
shrinkage under restrained conditions. Although the uniaxial
restrained shrinkage tests with either end or base restraints
show simplicity for stress evaluation, the additional analysis
for deformable restraints or the inconsistency of the bond
condition of the restraint makes them less favourable. In-
ring tests, a concentric steel ring acts as the restraint, and
the deformation of the restraint (steel ring) is measured and
utilised for the analysis. Additionally, Noghabai [28] explains
the analogy between cracking in a thick-walled cylinder with
internal pressure and cracking in a plate with uniaxial tension.

Standardised ring tests, such as ASTM C1581 [29] and
AASHTO T334 [30], use apparatuses with a concrete ring
thickness of 37.5 and 76mm, respectively, for the quantita-
tive evaluation of the cracking potential of concrete under
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restrained shrinkage. However, Raoufi et al. [31] concluded
that the restrained shrinkage cracking behaviour of rein-
forced concrete is size-dependent due to damage localisation,
and smaller rings tend to exhibit smaller crack widths at a
given age than observed in larger rings. Specifically, speci-
mens like slabs in the field (generally 3,000–6,000mm long)
experience larger crack openings compared to smaller speci-
mens like the ASTM C1581 [29] concrete ring, which corre-
sponds to a slab of about 1,000mm long [31]. The size
dependency implies that the relatively small size of the
restrained ring test may overestimate the performance of
fibre-reinforced concrete when compared with the perfor-
mance of these mixtures in the field.

Furthermore, mould size and geometry are key considera-
tions for selecting testmethods for FRS. In FRS, the distribution
and orientation of the fibres influence mechanical perfor-
mance, especially crack-bridging and energy absorption [32].
Several studies have explored fibre orientation in cementitious
materials and how it is impacted by mould size and geometry
(wall effect) [33, 34]. It is concluded that the reinforcement
fibres tend to be oriented parallel to the walls and/or surface
of the framework [33], and the orientation of fibres in FRS
depends on the spraying techniques as well as the size and
geometry of the sampling mould [35]. Therefore, standardised
tests for FRS favour specimens produced by spraying concrete
into large moulds, reducing defects and inconsistencies caused
by limited spraying angles, rebound, and inadequate compac-
tion, leading to lower variation in results [36, 37].

In past studies, the production of shotcrete ring specimens
with standardised ring moulds has been achieved by spraying
shotcrete without fibres [38, 39]. However, the length of macro
steel fibres used in shotcrete tunnelling linings is between
30 and 35mm [40], while macro-synthetic fibres range from

45 to 65mm [41, 42]. Spraying FRS at high velocity into a
mould with a width less than three times the fibre length
may force a significant portion of the fibres in the ring speci-
men to align in the circumferential direction, which is not
representative of the distribution in actual FRS applications.

Implementing a restrained shrinkage test to assess shot-
crete used for tunnel lining calls for a larger test setup, espe-
cially when studying FRS. However, scaling up is not a
straightforward process because size effects are not negligible
in geometrically similar structures of different sizes. Bazant
and Planas [43, pp. 9−11] explain various sources of size
effects, including boundary layer effects, diffusion phenom-
ena, and fracture mechanics size effects, which are intrinsic
features of testing and sampling. The review conducted by
Kanavaris et al. [44] on ring tests for restrained shrinkage of
concrete shows no publications on this topic with specimen
height >160mm and concrete ring thickness >80mm.

The aim of this study is to adopt an upscaled ring test to
assess the restrained shrinkage of cast concrete and identify
aspects for improvement. The motivation for studying the
restrained shrinkage of shotcrete was triggered by the Austra-
lian tunnelling industry and its interest in systematically
addressing the cracking of shotcrete in tunnel linings. The
findings from this experimental trial can be helpful for opti-
mising the large ring test method and making it more suitable
for testing sprayed fibre-reinforced concrete in future work.

2. Methods

The study introduces the large, restrained shrinkage ring
setup, illustrated in Figure 1(a), consisting of a steel ring
and pedestal. The steel ring has an outer radius (ROS) of
600mm and a wall thickness of 55mm, results in an inner

Ring A

Pedestal

Steel ring

Measurement point (MP)

Ring B

Concrete specimen

ðaÞ

Concrete specimen
Measurement point (MP)

Steel ring

120°

RIS

ROS

ROC

ðbÞ
FIGURE 1: The large ring setup for the restrained shrinkage test comprises a pedestal and a steel ring, illustrated in (a). Three measurement
points (MP) are strategically positioned on the inner circumference of the steel ring, as depicted schematically in (b). Here, RIS, ROS, and ROC
represent the inner radius, outer radius of the steel ring, and outer radius of the concrete ring, respectively.
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radius (RIS) of 545mm. The base part of the formwork com-
prises the pedestal support and plywood sections. Once the
concrete hardens, the plywood sections can be removed,
exposing the bottom surface to drying conditions.

Three measurement points (MPs) are positioned on the
inner circumference of the steel ring, each separated by a 120°
angle. Casting the concrete around the steel ring is facilitated
by a metal strip, constituting the outer part of the formwork.
This strip is placed on the pedestal and securely fixed concen-
trically to the steel ring using spacers. The outer radius of the
concrete ring (ROC) is 800mm, resulting in a concrete ring
thickness of 200mm. Both the steel and concrete rings have a
height (h) of 200mm. To ensure consistent quality and elimi-
nate defects caused by spray techniques and rebound, cast
concrete is utilised instead of sprayed concrete. The subse-
quent sections delve into the implications of ring geometry,
instrumentation, and calibration.

2.1. Implications of Ring Geometry. Unlike the drying shrink-
age test, which determines the response of concrete to stan-
dard drying conditions, the restrained ring test involves
interactions between the test material (the concrete/shotcrete
ring) and the steel ring. The impact of ring geometry can be
assessed by considering the DOR [45]. For instance, when
assessing thin structures fully bonded to the substrate, a high
DOR setup should be employed. In contrast, evaluating bulk
structures restrained only at either end requires a low DOR.
However, a trade-off with strain measurements must be con-
sidered; a high DOR results in a smaller strain measured on
the steel ring, reducing the sensitivity of the system.

Ring geometry also encompasses the surfaces through
which drying takes place, whether circumferential or radial,
involving either the external perimeter or the top and bottom
surfaces of the concrete ring. In the case of circumferential
drying, the outer surface of the concrete ring dries more rap-
idly than the inner surface, leading to differential shrinkage.
Consequently, the self-restraining effect is induced, peaking
on the outer perimeter—opposite to the restraining effect
induced by the steel ring, which peaks on the inner circum-
ference of the concrete ring [46]. In contrast, radial drying
results in uniform drying of concrete on the inner and outer
perimeters without inducing additional restraining effects.

Analytically, DOR for radial drying, according to Moon
[45, pp. 44–48], is given as follows:

DOR ¼ 1 −
1
2
⋅

εS tð Þ
εC−sh tð Þ ⋅

RIS

ROS

� �
2
1þ υSð Þ þ 1 − υSð Þ

� �
;

ð1Þ
where

εS tð Þ
εC−sh tð Þ ¼

E0
C
ES
⋅ 2

1−
RIS
ROS

� �
2

E0
C
ES
⋅

1þυSð Þ RIS
ROS

� �
2

þ 1−υSð Þ

1−
RIS
ROS

� �
2 −

1þυCð Þ ROC
ROS

� �
2

þ 1−υCð Þ

1−
ROC
ROS

� �
2

:

ð2Þ

The time-dependent variables εS and εC–sh (m m−1),
representing the strain on the inner surface of the steel
ring in the hoop direction and the linear free shrinkage of
concrete, respectively, are functions of time t(s). Addition-
ally, ES (200GPa) and νS (0.3) denote the elastic modulus
and Poisson’s ratio of steel, while EC (∼21GPa) and νC
(∼0.18) denote the time-dependent effective elastic modulus
and Poisson’s ratio of concrete.

Simulations conducted by Moon [45, pp. 52–62] indicate
that, to a reasonable extent, DOR is independent of moisture
conditions inside the concrete. Consequently, Equations (1)
and (2) can be adapted for circumferential drying as well.
Furthermore, the parametric study reveals that νC in the
range between 0.15–0.25 has an insignificant impact on the
DOR, while the effect of EC in the range between 15 and 25
GPa is less than 10%. Thus, the values employed by Moon
[45], as mentioned above, can be utilised to estimate DOR
values. Moreover, Equation (2) can be employed to estimate
the expected range of εS, which is crucial for selecting instru-
mentation for strain acquisition, assuming the values of εC–sh
are anticipated in the range between 300 and 1,000 µε. A
summary of the comparison between ASTM C1581 ring
[29] and AASHTO T334 [30] rings and the upscaled ring
used in this study is provided in Table 1.

TABLE 1: Comparison between the ASTM C1581 (2009), AASHTO T334 (2008), and upscaled ring used in this study.

Parameter
ASTM
C1581

AASHTO
T334

Upscaled ring

Inner radius of the steel ring RIS (mm) 152.5 140.0 545
Outer radius of the steel ring ROS (mm) 165.0 152.5 600
Outer radius of the concrete ring ROC (mm) 202.5 228.5 800
Height of concrete and steel ring h (mm) 150 152 200
Drying direction Circumferential Circumferential Radial

ROS to ROC ratio ROC/ROS (m m−1) 1.23 1.50 1.33
Exposed surface-to-volume ratio Sexp/V (m2 m−3) 29 16 10
Degree of restraint—see Equation (1) DOR (%) 80 70 78

Hoop strain
on steel as per
Equation (2)

If εC–sh= 300 µε
εS (µε)

70 100 75

If εC–sh= 1,000 µε 225 335 250

4 Advances in Civil Engineering
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The comparison of ROC to ROS ratio and DOR values
reveals that the upscaled ring test is designed with geometri-
cal similarity to standardised ring tests. It possesses a DOR
value of 78%, comparable to the ASTM C1581 [29] ring with
80% and slightly higher than that of AASHTO T334 [30]
with 70%. These values are considered high, given that the
DOR can range from approximately 10% to 95%. A high
DOR is particularly necessary in the case of tunnel linings,
where the concrete layer is thin and considered fully bonded
to the underlying surface. The implications of the DOR were
thoroughly studied by Raufi et al. [31].

The ratio between the surface exposed to drying Sexp (m
2)

and the volume V (m3) of the specimen or structure influ-
ences the drying rate and, consequently, the drying shrink-
age. A larger exposed surface-to-volume ratio (Sexp/V ratio)
implies that moisture needs to travel a shorter distance from
the core to the surface. As presented in Table 1, upscaling the
ring at approximately the same DOR and changing the dry-
ing direction from circumferential to radial resulted in a
threefold reduction in the Sexp/V ratio compared to ASTM
and a 1.5-fold decrease compared to AASHTO. Conse-
quently, the drying rate in the upscaled ring is reduced,
leading to a longer time to cracking.

2.2. Instrumentation. For strain measurements in ring tests,
electrical resistance strain gauges are commonly utilised on
the inner circumference of the steel ring. However, the
detailed arrangement of strain gauge circuits is not extensively
discussed in publications. Some authors have opted for a half-
bridge configuration for temperature compensation [47–51],

while a full Wheatstone bridge is also recommended [52]. The
large ring test is expected to have a prolonged test duration
due to a smaller Sexp/V ratio, which affects not only drying but
also heat dissipation. Furthermore, the heat released during
the hydration of a larger volume of concrete cannot be con-
sidered negligible. Thus, in this study, strain gauges are orga-
nised in a full Wheatstone bridge configuration to minimise
adverse effects from temperature changes, noise, manufactur-
ing tolerance, alignment errors, and additional resistance
from lead wires, particularly for tests lasting weeks.

Three MPs are positioned on the inner circumference of
the steel ring at 120° angles, as illustrated in Figure 1(b). Each
MP comprises four 5mm long strain gauges with 120Ω
resistance arranged in a full Wheatstone bridge, as presented
in Figure 2(b). Circumferential strain is measured with two
strain gauges aligned in the hoop direction, labelled SG-h,
while two vertical strain gauges, labelled SG-v, serve for tem-
perature compensation to counteract the thermal expansion
of the steel rings. As the test is conducted in a temperature-
controlled room, the primary source of thermal expansion
for the steel ring is the hydration heat, especially considering
the relatively small surface-to-volume ratio of the concrete
specimen with respect to heat dissipation. Consequently, the
temperature of the steel ring is monitored by a thermocouple
attached to it. The output of the Wheatstone bridge and
thermocouples is recorded by the data logger, specifically
the dataTaker DT800, at a frequency of 1 record every 5 s.

The strain measured by the Wheatstone bridge is related
to voltage changes as follows [53]:

SG-h1

SG-v1

SG-v2

SG-h2

UE+

UE–

UA–

UA+

Mid height
of steel ring

ðaÞ

SG-h 1 SG-v 1

SG-h 2SG-v 2
UA

UE

+ –

+
–

ðbÞ
FIGURE 2: The full wheatstone bridge adapted for strain measurements on the inner surface of the steel ring is depicted, illustrating (a) the
configuration of strain gauges and (b) the schematic circuit diagram. Strain gauges (SG) labelled h1 and h2 are affixed in the hoop direction,
while v1 and v2 are attached in the vertical direction. UE denotes the excitation voltage, and UA is the output voltage of the bridge. The
centreline at half-height of the steel ring passes between v1 and v2.
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UA

UE
¼ 1
4

ΔR1

R1
−
ΔR2

R2
þ ΔR3

R3
−
ΔR4

R4

� �
¼ k
4

ε1 − ε2 þ ε3 − ε4ð Þ:

ð3Þ

In the given equation, UA (V) represents the bridge out-
put voltage, UE (V) denotes the excitation voltage, k (unit-
less) is the strain-gauge factor (2.16), R1 to R4 represent the
electrical resistance of the four active strain gauges in the
Wheatstone bridge. Additionally, ΔR1 to ΔR4 indicate
changes in resistance, while ε1 to ε4 denote the strain experi-
enced by the strain gauges under deformation. It is assumed
that temperature strain (εT) is uniform in all directions:

R1 ¼ SGv1;        ε1 ¼ εT þ εv1; ð4Þ

R2 ¼ SGh1;        ε2 ¼ εT þ εh1; ð5Þ

R3 ¼ SGv2;        ε3 ¼ εT þ εv1; ð6Þ

R4 ¼ SGh2;        ε4 ¼ εT þ εh2: ð7Þ

The mechanical strains, εh1, εh2, and εv1, εv2 (m m−1),
result from external forces in either the hoop (h) or vertical
(v) directions at positions 1 (lower) and 2 (upper). While
Moon [45] suggests that the influence of moisture gradient
along the height direction on DOR is reasonably insignifi-
cant, it is important to note that the highest pressure applied
on the steel ring occurs in the middle of the height. As drying
progresses, the pressure tends to approach a more uniform
distribution along the height [45]. Therefore, to ensure com-
parable readings for hoop strain from the two strain gauges
at each MP, they are not installed at the mid-height but
rather 15mm away from the mid-height and symmetric
about the mid-height line (refer to Figure 2(a)).

Consequently, Equation (3) can be expressed with tem-
perature strain and mechanical strains as follows:

UA

UE
¼ k
4

εT þ εv1ð Þ − εT þ εh1ð Þ þ εT þ εv2ð Þ − εT þ εh2ð Þ½ �:
ð8Þ

Given that the strain gauge placement is symmetric to the
mid-height of the steel ring and assuming equal drying con-
ditions on the top and bottom surfaces, the deformation of
the steel ring caused by concrete shrinkage in positions 1 and
2 is considered identical (εh1= εh2 and εv1= εv2). Hence,
Equation (3) is simplified to the following:

UA

UE
¼ k
2

εh − εvð Þ: ð9Þ

As εv=−νS·εh, the hoop strain can be estimated with the
voltage output, Poisson’s ratio, and gauge factor:

εh ¼
2

k 1þ νsð Þ ⋅
UA

UE
: ð10Þ

The use of a full Wheatstone bridge configuration for
strain gauge arrangement supplemented with thermocouples
for temperature monitoring is also suitable for specimens
made of sprayed shotcrete. For the shotcrete applications
in tunnelling, where set accelerators are added to the shot-
crete for overhead placement to achieve high early-age
strength for re-entry time, the fast release of heat due to
the accelerator reaction is substantial. The combination of
a full Wheatstone bridge and thermocouples ensures that the
evaluation accounts for the temperature effects. The number
of MPs can be increased to capture the local strain changes
during cracking.

2.3. Calibration of the Instrumented Ring. Calibration is a
crucial step preceding restrained shrinkage tests to ensure
precision in data acquisition. Swamy et al. [54] estimated
the elastic modulus of the steel ring by applying compression
across its diameter. However, their approach solely utilised
deflection to determine the elastic modulus without pro-
viding readings from individual strain gauges. In contrast,
Zieliński and Kaszyńska [55] proposed an innovative cali-
bration method for the steel ring, employing a pressurised
inflatable rubber collar on the outer circumference. Neverthe-
less, due to equipment availability, Swamy’s cross-diameter
compression method was adopted. This method also offers
flexibility for calibrating steel rings of various sizes with a
straightforward and easily adjustable setup.

In the calibration process, a compressive force was
applied perpendicularly onto the outer wall of the ring, act-
ing across the diameter, with the opposite side of the ring
resting against the reaction wall, as depicted in Figure 3. The
load P (in Newtons) was incrementally applied in 4 kN steps,
ranging from 0 to 16 kN, using a hydraulic jack. The ring was
positioned to have oneMP directly on the line of action (Loc 1),
while the other two (Locs 2 and 3) were symmetrically located
on either side of the line of action, forming a 60° angle. The
test was repeated three times, and between each repetition, the
ring was rotated by 120°, ensuring that each MP assumed all
three locations.

To validate the strain measurements on the inner cir-
cumference of the steel ring, a comparison was made with
strain values calculated using an analytical solution for a thin
ring subjected to two opposite compressive forces, P, acting
across the diameter [56]. In the case of a curved beam, where
the depth of the cross-section is small compared to the
radius, the distance to the neutral axis from the centroid of
the cross-section can be neglected when calculating the
bending moment [56]. In this specific scenario, the steel
ring’s depth and radius are 55 and 545mm, respectively.
Therefore, it is assumed that the neutral axis passes through
the centroid of the cross-section in this geometrically thin
ring. This solution is considered appropriate since the thick-
ness of the steel ring is 10% of its inner radius. The circum-
ferential strain at a distance y from the neutral surface is
expressed as follows [56]:

6 Advances in Civil Engineering
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ε¼ yMR
Rn − yð ÞESI

; ð11Þ

where y represents the distance to the neutral surface, defined
as half of the thickness of the steel ring (27.5mm) measured
from the inner circumference, Rn is the radius of the neutral
surface, which corresponds to the distance from the ring cen-
tre to the mid-thickness of the steel ring (572.5mm), and I
denotes the moment of inertia, calculated as 2.77× 10−6m4

for a cross-section measuring 55mm× 200mm. The bending
moment of the cross-section in a thin ring at an angle under
two opposite compressive forces acting across the diameter
can be derived using the Castigliano theorem [56, 57]:

M ¼ PR
2

2
π
− cos 90° − θð Þ

� �
; ð12Þ

where R (m) represents the radius ranging from RIS to Ros, θ
(deg) is the angle between the line of action and the MP (see
Figure 3). Due to the symmetry of the ring, θ values range
from 0° to 90°, with θ= 90° for Loc 1 and θ= 60° for Locs
2 and 3.

The calculated bending moment can be used to estimate the
circumferential strain on the inner surface of the steel ring. Using
Equations (11) and (12), the strain in the hoop direction at Loc 1
is estimated at 152µε, while at Locs 2 and 3, the estimated value
amounts to−55µε, assuming an elasticmodulus of 200GPa and
a compressive force of 16kN. The measured strain values at the
maximum and second maximum loads (12 and 16kN) are
provided in Table 2.

The measured values exhibit slight differences from the
estimated values obtained by the analytical solution using
ES= 200GPa, and this difference may arise from the uncer-
tainty of the elastic modulus. Additionally, due to the curva-
ture of the ring and the thickness being 10% of the radius, the
approximation of the actual neutral surface may contribute
to a discrepancy between the estimated and measured values.
Finite element (FE) simulation was conducted in ANSYS
Mechanical APDL with the same dimensions and loading
conditions, assuming an elastic modulus of 200GPa and a
Poisson’s ratio of 0.3. The FE results align closely with the
analytical results, showing 144 µε in the circumferential
direction and 53 µε in the vertical direction at θ= 0°. Thus,
the effective elastic modulus (ES) can be estimated by using
the analytical solution with the measured steel ring strains
(as shown in Table 3).

Reaction wall

Jack support bolted to
strong floor

Hydraulic jack

Measurement points

ðaÞ

Reaction wall

Measurement point (MP)

Steel ring
RIS

P Hydraulic jack

Line of action

θ

60°

Loc 1

Loc 23Loc

ðbÞ
FIGURE 3: The calibration setup of the steel ring is illustrated with (a) a photograph of the setup and (b) a graphical presentation where P (in
Newtons) is the point load applied by the hydraulic jack, RIS (m) is the inner radius of the steel ring, and θ (in degrees) is the angle measured
from the line perpendicular to the line of action passing through the centre of the ring, where no displacement occurs in the direction of the
line of action.
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Let α be the calibration coefficient, representing the ratio
of the effective elastic modulus ES (GPa) to the average elastic
modulus ES (GPa) as follows:

α¼ E0
S

E 0
S

: ð13Þ

Thus, the corrected elastic strain of the inner circumfer-
ence of the steel ring can be obtained by applying calibration
coefficient α on the measured strain from the individual
strain gauge.

An FE simulation was executed with an elastic modulus
of 236GPa (averaged value of ES for Rings A and B) and a
compressive force of 16 kN applied through the diameter to
validate the estimated elastic modulus. The elastic strains
obtained from the FE simulation at θ= 0° are εh= 122 µε
and εv= 45 µε. To compare with the measured hoop strain
from the compression test, εh and εv from the FE simulation
were input into Equation (10) to calculate the output from a
full Wheatstone bridge, resulting in an output hoop strain of
128 µε, which is comparable to the measured value. Conse-
quently, the estimated elastic modulus from the analytical
method proves to be sufficiently accurate, and the calibration

coefficients α can be confidently employed to correct ring
test results.

It is worth noting, however, that this calibration is based
on an analytical solution for geometrically thin rings. Alter-
native calibration methods should be considered if the steel
ring is regarded as a geometrically thick ring. Moreover, the
temperature compensation of the full Wheatstone bridge
configuration ensures that only the mechanical strain from
the strain gauges is recorded in calibration. Thus, the cali-
bration on the instrumented steel ring with strain gauges
arranged with full Wheatstone bridge configurations is less
sensitive to the temperature. Nevertheless, sudden tempera-
ture changes should be avoided to minimise the effect of the
significant thermal expansion of the steel ring.

3. Materials and Specimen Preparation

A ready-mix concrete with a nominal strength of 40MPa, a
maximum aggregate size of 10mm, and a slump of 160mm
was supplied by an Australian concrete supplier [58] and
utilised to cast two rings, Ring A and Ring B. The concrete
mix design is detailed in Table 4. This specific mix design,
tailored for wet-mix shotcrete applications, was chosen to
achieve representative shrinkage in shotcrete tunnel lining.

TABLE 2: Results of calibration test on Rings A and B showing strain measured at point load P= 12 and 16 kN applied at Loc 1 (see Figure 3).

Ring Strain gauge in Loc 1
Applied force Strain (µε) Elastic modulus (GPa)

(kN) MP1 MP2 MP3 MP1 MP2 MP3

A

MP1
12 88 −39 −33 258 210 249
16 119 −50 −44 255 219 249

MP2
12 −32 88 −37 256 258 222
16 −44 118 −49 249 257 223

MP3
12 −34 −35 93.8 241 235 243
16 −49 −49 127 223 223 239

B

MP1
12 94 −38 −35 242 216 235
16 125 −52 −47 243 210 233

Mid MP1–MP2
12 −39 −37 89 210 222 256
16 −52 −50 121 211 219 251

MP2
12 −35 96 −40 235 237 205
16 −48 128 −53 228 237 027

Mid MP2–MP3
12 84 −41 −35 271 200 235
16 114 −55 −45 266 199 243

MP3
12 −36 −33 92 228 249 248
16 −48 −46 122 228 238 249

Mid MP1–MP3
12 −37 89 −38 222 256 216
16 −49 119 −51 223 255 215

MP stands for the measurement point, which is a full Wheatstone bridge shown in Figure 2.

TABLE 3: Effective elastic moduli (E0
S) and the average effective modulus ES for Ring A and Ring B.

Ring
Effective elastic modulus ES′ (GPa) Calibration coefficient α

MP1 MP2 MP3 ES MP1 MP2 MP3

A 247 234 237 239 1.03 0.98 0.99
B 234 228 233 232 1.01 0.98 1

8 Advances in Civil Engineering
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This is because the wet-mix method is commonly employed
in underground construction, including both tunnelling and
mining, in Australia due to its advantages, such as accurate
mixing at batch, consistent quality, and the generation of
less dust.

The formwork for concrete pouring was constructed as
follows:

(i) Bottom: non-absorbent plywood panels were placed
onto the pedestal between steel arms and covered
with a layer of thin plastic sheet; steel arms support
the concrete and steel rings after demoulding (ply-
wood panels removal). Two layers of Teflon sheets
were placed between the concrete and the steel
arms, as Teflon–Teflon contact has a low friction
coefficient [59].

(ii) Inner rim: steel ring whose outer perimeter was
cladded in Teflon sheet to reduce friction.

(iii) Outer rim: a 0.75mm thick strip of galvanised steel
was bent into a circle with a radius of 800mm and
positioned onto the pedestal concentrically around
the steel ring. It was affixed to the formwork bottom
and held in place by several spacers.

Extreme care was taken to prevent eccentricity between
the steel and the concrete ring, which would result in stress
concentration on the thinner side [60] and violate the con-
stant wall thickness requirement [19]. The concrete was
poured into the formwork and compacted with poker vibra-
tors. The top of the concrete was screeded to produce a
smooth surface and then covered with an impermeable plastic
sheet. Two rings, A and B, were made simultaneously from
one concrete batch. The rings were placed in a temperature-
controlled room at 20Æ 1°C and at a relative humidity of
∼70%. The strain data were acquired at 5-s intervals. The
outer formwork rim and bottom plywood panels were removed
24hr after completion of the casting, thus exposing the top and
bottom surfaces to radial drying. The outer lateral surface was
immediately sealed with a coating of petroleum jelly and a sheet
of soft plastic to prevent circumferential drying.

Along with the rings, the specimens were cast for the
following concrete characterisation tests:

(i) UCS, according to AS 1012.9 [61]: 21 cylinders with
a nominal diameter of 100 mm and nominal height
of 200mm.

(ii) Modulus of elasticity and Poisson’s ratio according
to AS 1012.17 [62]: four cylinders with a nominal
diameter of 100 mm and nominal height of 200mm.

(iii) Splitting test according to AS 1012.10 [63]: nine
cylinders with a nominal diameter of 150mm and
nominal height of 300mm.

(iv) Modulus of rapture according to AS 1012.11 [64]:
nine prisms with nominal dimensions 100mm×
100mm× 400mm.

(v) Drying shrinkage according to AS 2012.13 [26]: six
prisms with nominal dimensions 75mm× 75mm×
280mm.

These specimens were cured either according to standard
requirements or ambiently alongside the concrete rings. Test-
ing was conducted at various time intervals in accordance
with the standard methods mentioned above. The methodol-
ogy for the characterisation tests is outlined in Table 5.

4. Results and Discussion

4.1. Characterisation of Concrete. The characterisation tests
conducted on specimens cured under ambient conditions
(similar to the ring test) revealed the following concrete
properties at the age of 28 days:

(i) UCS: 39.9Æ 2.8MPa.
(ii) Modulus of elasticity: 21.4Æ 0.7 GPa.
(iii) Poisson’s ratio: 0.19Æ 0.02.
(iv) Tensile splitting strength: 3.7Æ 1.1MPa.
(v) Modulus of rapture: 5.5Æ 0.3MPa.

Additional specimens cured under standard conditions
(with water curing) exhibited a significantly higher UCS of
51.6Æ 0.3MPa at 28 days. The evolution of UCS for sam-
ples cured in the ambient environment over time is illus-
trated in Figure 4. To estimate the UCS of concrete at
the time of cracking, the following empirical equation is
assumed:

fc tð Þ ¼ a ln tð Þ þ b; ð14Þ

where fc (t) (MPa) is UCS at time t (days) and a and b are
empirical constants derived by fitting Equation (14) to test
results. Using the regression method, values of a and b were
calculated to be 6.3 and 19.4, respectively, with an R2 value of
0.92. The UCS on day 22, when the rings cracked, is thus
estimated at 39MPa, approximately the same as the mean
28-day UCS. It can also predict that the tensile strength on
day 22 will be similar to the 28-day tensile strength. The
uniaxial tensile strength ( ft) at the age of 22 days is estimated
to be 3.3MPa from the splitting tensile strength ( ft,sp) with
Equation (15) [65].

ft ¼ 0:9ft;sp: ð15Þ

4.2. Free Shrinkage of Concrete. Free shrinkage was measured
on two sets of prisms under different curing and drying

TABLE 4: Mix design for concrete used in Rings A and B.

Component Quantity for 1m3 of concrete

GP cement 300 kg
Fly ash 100 kg
10mm aggregate 510 kg
Manufactured sand 500 kg
Fine sand 740 kg
Water 190 kg
Admixture 7.2 L

Advances in Civil Engineering 9
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conditions. One set of prisms was cured and dried according to
standard AS 1012.13 [26] (hereafter referred to as “with water
curing”). Theywere cured inwater for 7 days and subsequently
conditioned in the shrinkage room where moisture and tem-
perature are maintained at standard conditions. The measure-
ment started on the same day as the commencement of drying
in the shrinkage room and was measured weekly afterward.

In contrast, the other set of prisms cured in the mould
was stored in the same room as the large ring test (hereafter
referred to as “ambient drying”) for 24 hr, with a plastic sheet
covering the top surface to prevent excessive drying. The
prisms were still covered with plastic sheets after demolding
and only started being fully exposed to the ambient environ-
ment simultaneously with the demolding of the large con-
crete ring. Then, all the prisms were placed next to the large
rings with all surfaces exposed to the same environment for
the duration of the experiment, and the free shrinkage mea-
surement started concurrently with the start of data acquisi-
tion of the ring test.

The free shrinkage of the prisms is depicted in Figure 5.
While the free shrinkage measurements of the prisms with
water curing offer a standardised index for the shrinkage
potential of the concrete used in the experiment, they do not
accurately reflect the actual volumetric change of the concrete
in the ring test. Compared to the prisms with ambient drying,
the drying of the prisms with water curing commenced with a
higher water content, and they were conditioned in a shrinkage

room where moisture and temperature were maintained at
standard conditions, which explains why the prisms processed
according to the standard experienced a faster shrinkage rate in
the first week and ultimately exhibited more significant shrink-
age compared to those subjected to ambient conditions. How-
ever, despite sharing the same environment, the free shrinkage
measurements of the prisms with ambient drying may not be
representative of the free shrinkage of the large concrete ring
due to different Sexp/V ratios (60m−1 for prisms vs 10m−1 for
the large concrete rings).

4.3. Restrained Shrinkage of Concrete Assessed with Large
Ring Setup. The calibration coefficient determined in the
previous section for each MP has been applied to the original
measurements to obtain the corrected net steel strain. The
corrected net circumferential strain of Ring A and Ring B
over time is shown in Figure 6 (MP1, MP2, MP3) and
Figure 7 (MP4, MP5, MP6), respectively, with the negative
sign indicating compressive strain. The temperature of the
steel rings is also displayed to evaluate the deformation of the
ring due to temperature changes.

Overall, all the MPs show a steady increase in compres-
sive strain, with some fluctuations within the first 2 days. The
strain changes at the early age are a combined result of
temperature changes caused by early-age cement hydration,
implied by the temperature curve, which peaked at 31°C and
then dropped to the ambient temperature of 20°C. As an

TABLE 5: Methodology for characterisation tests on concrete.

Test Specimen geometry (mm) Standard Number of specimens
Age at test (days)

Standard curing Ambient curing

Compressive Cylinder Φ 100× 200 AS 1012.9 [61] 3 or 4 per age per curing 28 4, 7, 14, 21, 28
Elastic constants Cylinder Φ 100× 200 AS 1012.17 [62] 3 or 4 per age per curing — 28
Tensile splitting Cylinder Φ 150× 300 AS 1012.10 [63] 3 or 4 per age per curing — 7, 28
Modulus of rapture Prism 100× 100× 400 AS 1012.11 [64] 3 or 4 per age per curing — 7, 28
Drying shrinkage Prism 75× 75× 280 AS 1012.13 [26] 3 per curing 0, 7, 14, 21, 28 0, 3, 6, 13, 20, 27
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FIGURE 4: Evolution of unconfined compressive strength (UCS) in concrete specimens cured under ambient conditions (tested according to
AS 1012.9).
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example, Figure 8 shows the scatter plot of Ring A strain and
temperature at the early age. The concrete temperature
increased due to hydration, causing thermal expansion.
However, the stiff outer rim as part of the mould was still
fixed around the concrete ring, providing additional restraint
to the expanding concrete. Thus, the instrumented steel ring

underwent contraction from the expanding concrete ring
restrained by the outer rim, resulting in a rapid increase in
compressive strain in the steel ring. Then, the compressive
strain gradually decreased following the decrease in temper-
ature. The subsequent rapid change in steel strain was caused
by exposing concrete to the ambient environment after
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FIGURE 5: Free shrinkage of the prisms stored alongside the upscaled rings (ambient environment) and standard free shrinkage test (with
7-day water curing).
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FIGURE 6: Corrected circumferential strain on the inner surface of Ring A’s steel ring, along with the temperature of the steel ring measured
using a thermocouple.
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demolding, with shrinkage due to drying and heat dissipa-
tion. Once the steel temperature stabilised at around 20°, all
the readings of strain gauges showed a continuous increase
in compressive strain until an abrupt change in the strain
reading occurred at the age of cracking.

Both Rings A and B exhibited a major crack propagating
through the entire thickness of the concrete ring at the age of
cracking, corresponding to the date when the sudden change
in measured strain occurred. The cracking age was approxi-
mately the same for both rings in this experiment, although
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FIGURE 7: Corrected circumferential strain on the inner surface of Ring B’s steel ring, along with the temperature of the steel ring measured
using a thermocouple.
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(12 measurements per minute), along with the temperature of the steel ring measured using a thermocouple.
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the residual strain after cracking differed. It is also notewor-
thy that the cracking age is longer compared to other pub-
lished experimental data of small ring tests. This discrepancy
may be attributed to a smaller Sexp/V ratio of the large con-
crete ring with top and bottom drying (10%) compared to
ASTM C1581 (29%) and AASHTO T 34-08 (15%), both of
which are under circumferential drying.

Apart from the macro cracks, some micro cracks
appeared before or at the age of cracking. However, micro-
crack propagation ceased before the formation of the macro-
crack, and the width and length remained constant until the
end of the test. The characteristics of cracks from daily obser-
vations are listed in Table 6, and the crack patterns are shown
in Figure 9. All the cracks initiated from the steel–concrete
interface aligning with the position of the maximum induced
stress in pressurised thick-wall cylinders [51]. The crack ini-
tiation from the inner circumference of the concrete ring
indicates that the impact of differential shrinkage in the
radial direction was insignificant with the radial drying
setup. In other words, the restraint from the steel ring domi-
nated the crack initiation of the concrete ring.

The formation of multiple cracks may result from the
large ring size, with the concrete thickness being thicker

than the standardised ring test. It was reported that two
major cracks formed at an approximately angular distance
of 120° are typically observed in the failure of thick-wall
cylinders under internal pressure [27, pp. 29–30]. The angu-
lar distance between some cracks formed on the concrete
ring in this experiment is close to this value. Besides, no
noticeable eccentricity was identified in the two concrete
rings, with a measured concrete ring thickness of 200Æ
5mm for both rings, and none of the observed cracks occurred
at the relatively thinner part of the concrete rings. Thus, it is
unlikely that the minor irregularity of the concrete ring thick-
ness led to the observed crack pattern.

Moreover, it is apparent from Figure 9 that the macro-
cracks and some of the micro-cracks occurred near the sup-
port arms at the bottom of the concrete ring. Due to the
proximity of the cracks to the base support arms, the crack
pattern is potentially associated with the tensile stress
induced by the deflection of the concrete on the thin steel
support arms with its own self-weight. A FE analysis was
conducted in ANSYS Workbench to simulate the hoop stress
in a concrete ring (density of 2,300 kgm−3) when placed on
the support arms (20mm in width) with the same geometry
as the experiment. The highest tensile hoop stress (16 kPa)

TABLE 6: Characteristic of cracks occurred on concrete rings.

Ring Crack Crack width (mm) Initial crack length (mm) Final crack length (mm) Age appeared (day) Comment

A

A1 <0.1 60 90 19 Not fully propagated
A2 <0.1 60 60 22 Not fully propagated
A3 0.7 200 200 22 Top half cracked
A4 0.7 — 200 39 Bottom half cracked

B

B1 <0.1 55 55 22 Not fully propagated
B2 <0.1 100 100 22 Not fully propagated
B3 <0.1 200 200 22 Minor crack
B4 1 200 200 22 Through full height
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MP3

Ring A
MP1

MP2

A4

A3

ðaÞ

B1

B2
B3

B4

MP6

Ring B MP4

MP5
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FIGURE 9: Measured crack patterns on the concrete in Ring A (a) and Ring B (b), with fully propagated macro cracks A3 and B4 indicated with
thicker lines.
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occurs at the top surface of the portion of the concrete ring
right above the steel support arms (Figure 10). This addi-
tional tensile stress caused by self-weight might contribute to
the initiation of cracks in concrete rings. Therefore, geometry
optimisations for both ring specimens and the apparatus are
required to minimise the extra tensile stresses.

In the standard ASTM C1581 [29], the cracking potential
of different mix designs is compared using the net time-to-
cracking and average stress rate based on equations pub-
lished in [66, 67]. However, the rate of stress development
method in ASTM C1581 is based on stress distributions of
thin cylinders [44], which is not applicable for the thick con-
crete ring in this experiment, especially since the drying condi-
tion is different from the standardised ring tests. As stated by
See et al. [67], it is assumed that in the proposed thin ring test,
the concrete ring is subjected to a uniform and uniaxial tensile
stress when restrained by the steel ring, as the actual hoop stress
on the outer and inner surfaces of the concrete is within 10% of
the average stress. This assumption may not be valid for the
thick ring tests, and a different geometry constant G [29, 66, 67]
should be applied for the calculation of the stress rate of the
large ring tests based on the geometry and drying condition.

More importantly, the effect of the unmeasurable restraints
and the additional driving force for crack initiation, other than
the restraint from the steel ring, should beminimised in the ring
test if the stress rate method is used to assess the cracking
potential. In the stress rate method, as the strain gauge readings
are the primary input for the stress rate method, a direct corre-
lation of the concrete stress with the strain gauge readings can be
established if the steel ring is the only restraint that contributes
to crack initiation. Further studies on the thick rings’ stress rate
method are required before extending the stress rate method to
assessing the large ring tests.

The maximum induced tensile stress on the thick con-
crete ring at the age of cracking can be calculated for the
thick ring test with the net strain of the steel rings. In this
experiential trial, the average maximum net strain of Ring A

and Ring B at the age of cracking are 39 and 37 µε, respec-
tively. The induced tensile stress at the inner circumference
of the concrete rings at the age of cracking can be estimated
with an analytical solution proposed by Hossain and Weiss
[68]:

σmax ¼ εs tð Þ ⋅ E 0
S ⋅

R2
OS þ R2

OC

R2
OC − R2

OS
⋅
R2
OS − R2

IS

2R2
OS

; ð16Þ

where εs (t) is the circumferential strain of the inner surface
of the steel ring at a specific age. By applying the average
effective modulus E 0

S to Equation (16) with the maximum net
strain, the induced tensile stress at the cracking age can be
calculated, which is 2.8 and 2.7MPa for Rings A and B,
respectively. The estimated induced tensile stresses of the
rings are slightly lower than the predicted tensile strength
(3.3MPa) at the age of cracking, which indicates that addi-
tional driving force may contribute to restrained shrinkage
cracking and is not captured by the strain gauge readings.

Apart from the tensile stress induced by the deflection of
the concrete on the support arms with its self-weight, the
self-restraint caused by the moisture gradient along the
height direction is also part of the crack driving force.
According to Dong et al. [69], the proportion of the self-
restraint caused by the moisture gradient along the height
direction in the crack propagation driving force is more sig-
nificant in taller rings drying from top and bottom surfaces.
Given the concrete rings with a height of 200mm in this
experiment, the self-restraint caused by the moisture gradi-
ent along the height direction possibly contributed to the
crack propagation.

In the large ring test, the friction between concrete and
steel arms cannot be negligible due to the weight of the
concrete ring (∼400 kg). Although two layers of Teflon sheet
had been placed between concrete and steel support arms at
the bottom of the concrete to reduce friction, the increased

A: Static structural
Top surface
Type: Normal stress (Y axis)
Unit: Pa
Cylindrical
Time: 1 s
Deformation scale factor: 0.0 (undeformed)

1.6e4 Max
1.321e4
1.041e4
7615
4819
2022
–774
–3570
–6366
–9163 Min 0.000

X

Y

Z

0.500

0.250 0.750

1.000 (m)

FIGURE 10: Hoop stress (Pa) on the top surface of the concrete ring (density: 2,300 kgm−3) placed on the support arms.
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weight of the concrete ring and the smaller contact area for
support resulted in higher normal stress than the standar-
dised ring tests. Consequently, the resultant friction likely
introduced additional restraint to the ring test. Assuming
the friction coefficient between concrete and steel is 0.57
[70] without any friction reduction, the resultant static fric-
tion at the concrete base can reach up to 71 kPa when the
concrete shrinks. It may be a potential cause of the formation
of crack A4 on day 39 (Figure 11) near crack A3, as substan-
tial changes in strain gauge readings were observed before
and after crack A4 appeared, which implies that the steel ring
may not be the restraint initiating crack A4.

5. Conclusion

This paper presents an experimental trial on the large ring
test method with cast concrete for potential application in
restrained shrinkage cracking of FRS. The instrumentations
on the steel ring were tailored for an expected longer test
duration, using strain gauges arranged in a full Wheatstone
bridge configuration in each MP with temperature compen-
sation and applying thermocouples for steel ring temperature
measurement. Additionally, with calibration undertaken on
the instrumented steel ring, the effective elastic moduli of the
steel rings were estimated using the analytical solution for
geometrically thin rings, and calibration coefficients for indi-
vidual MP were derived for corrections to strain gauge read-
ings. Based on the experimental trial and discussion of the
results, the following conclusions can be drawn:

(1) The experiment with cast concrete exhibited a com-
parable age of cracking and maximum net strain. The
results indicate that satisfactory ring specimens can
be produced with this setup, and consistent results
can be achieved with the instrumentation, calibra-
tion, and correction methods proposed in this paper.

(2) The multi-crack formation was observed in the large
ring test. The crack initiation from the inner circum-
ference of the concrete ring indicates that the impact of
differential shrinkage in the radial direction was insig-
nificant with drying from the top and bottom surfaces.

(3) The outer rim fixed on the outer circumference of the
concrete ring before de-moulding was an additional
restraint as it restricted the thermal expansion of

concrete at the early age, but this restraint was tem-
porary, and the additional compressive strain in the
steel ring gradually decreased following the decrease
in temperature.

(4) In addition, further studies on the stress rate method
for thick ring tests are required, as the ring dimen-
sion and the drying condition of this experiment are
different from the standardised ring tests. Moreover,
the effect of the unmeasurable restraints should be
minimised in the ring test if the stress rate method is
adapted to assess the cracking potential.

(5) Additional driving forces for crack initiation existed
and were not revealed by the strain gauge readings.
The potential causes include self-restraint caused by
the moisture gradient along the height direction,
deflection of the concrete ring caused by self-weight,
and increased friction at the contact surface of the
support. Therefore, geometry optimisations on both
ring specimens and the apparatus are required to
minimise the effects of the additional causes for crack
initiation other than the restraint from the steel ring.

6. Recommendations for Future
Experimental Investigations

Overall, the large ring test results show that using the full
Wheatstone bridge and thermocouple ensures that tempera-
ture changes are included in the evaluation. However, as the
specimens were made with cast concrete instead of sprayed
concrete, the effect of the placement position of the moulds
and the effect of rebound and spray angle have not been studied.
Besides, the effects of rapid changes in stiffness and temperature
due to accelerator reactions have not been investigated with the
large ring test. Thus, experimental investigation with sprayed
shotcrete (accelerated and unaccelerated) is necessary for future
experimental studies using large ring tests. A more robust
protection for the instruments at the MPs is required if the
sprayed concrete is used for specimen production.

Moreover, the effects of the reinforcement fibres have not
been examined in this study, especially regarding test dura-
tion, multiple cracking, and crack width control. Therefore,
large ring tests with fibre-reinforced concrete or shotcrete
should be conducted in future research. In addition,

ðaÞ ðbÞ
FIGURE 11: Crack A3 (occurred on day 22) and Crack A4 (occurred on day 39): (a) isometric view and (b) side view.
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modifications could be made to the free shrinkage test so that
the Sexp/V ratios of free shrinkage test specimens and large
ring test specimens are comparable. In this way, the free
shrinkage measured on the small-size specimens can be cor-
related to the large ring test.

Abbreviations

DOR: Degree of restraint
SG-h: Strain gauge in hoop direction
SG-v: Strain gauge in vertical direction
EC: Effective elastic modulus of concrete (GPa)
ES: Elastic modulus of steel (GPa)
E0
S: Effective elastic modulus of steel (GPa)

ES: Average effective elastic modulus of steel (GPa)
εC–sh: Linear free shrinkage of concrete (m m−1)
εh: Strain caused by external force in the hoop direction

(m m−1)
εS: Strain on the inner surface of the steel ring in the

hoop direction (m m−1)
εT: Strain caused by thermal deformation (m m−1)
εv: Strain caused by external force in the vertical direc-

tion (m m−1)
h: Height of steel and concrete ring (m)
k: Strain-gauge factor (unitless)
νS: Poisson’s ratio of steel (unitless)
νC: Poisson’s ratio of concrete (unitless)
P: Point load (N)
RIS: Inner radius of the steel ring (m)
Rn: Radius of the neutral surface in thin ring (m)
ROC: Outer radius of the concrete ring (m)
ROS: Outer radius of the steel ring (m)
Sexp: Exposed surface area (m2)
t: Time (s)
UA: Wheatstone bridge output voltage (V)
UE: Wheatstone bridge excitation voltage (V)
V: Volume of the specimen or structure (m3).
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