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� Uniaxial sustained stress reduce the volumetric expansion due to ASR.
� No transfer of expansion to unrestrained directions was observed.
� Damage due to ASR is most notable from the reduction of modulus of elasticity.
� Modulus of elasticity decreases with increasing levels of expansion.
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a b s t r a c t

The alkali silica reaction (ASR) in concrete causes internal localized swelling and micro cracking, which
result in expansion and correlated deterioration of the concrete material. The stress state of the concrete
is known to affect expansion due to ASR, with an anisotropic stress state giving rise to anisotropic expan-
sion. Similarly, the orientation and extent of micro cracking have a directional effect on the concrete
mechanical behaviour. This research studied the effect of sustained uniaxial compressive stress on the
evolution of the mechanical behaviour of concrete in compression. Concrete cubes of 230 mm side length
were uniaxially restrained and stored in accelerated conditions, with cores drilled in two directions for
mechanical tests: a cyclic test in compression, i.e. a stiffness damage test (SDT) and a complete stress-
strain test. A clear directional dependency of the mechanical characteristics was found. Furthermore,
the results indicate that reduction in modulus of elasticity is well correlated with the expansion in the
test direction. On the other hand, the damage indices obtained from the SDT merely relate to the expan-
sion, which puts in question the SDT’s ability to predict ASR expansion in stressed concrete and therefore
in concrete structures.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Alkali-silica reaction (ASR) in concrete is a chemical reaction
between alkalis mostly from the cement paste, and silica from
reactive aggregates. The product of the reaction is a hydrophilic
gel that swells by water absorption. Pressure develops in the ASR
gel and causes tensile stresses in the surrounding material.
Consequently, micro cracks develop in a diffuse pattern. The effect
of ASR on the concrete is expansion (strains) and degradation of
material properties like stiffness and strength [1,2]. Furthermore,
experiments show the stress state affects the expansion, i.e. ASR-
induced strains are reduced in the compressed directions [3–7].
The expansion is related to the degree and orientation of the micro
cracking in the material, which result in anisotropic material
behaviour in terms of stiffness and strength. Barbosa et al. [8]
studied the influence of the ASR-induced crack orientation on
the compressive strength and modulus of elasticity of drilled
cores from ASR-damaged slab bridges. They concluded that the
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Table 1
Concrete mix.

Concrete Quantity [kg/m3]

Norcem Industri, CEM I 42.5R 457
Årdal sand 0–4 mm 667 (dry weight)
Ottersbo 4–8 mm 172 (dry weight)
Ottersbo 8–11 mm 518 (dry weight)
Ottersbo 11–16 mm 345 (dry weight)
Superplasticizer Sika FB-2 1.4
Water 217
Alkali-content, Na2Oeq 5.6
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compressive strength and the stiffness were lower in the direction
perpendicular to the cracks than in the direction parallel to the
cracks. Giaccio et al. [9] found the same trend in laboratory cast
cylinders exposed to accelerated ASR conditions and uniaxial
sustained loading, i.e. higher stiffness and compressive strength
were found in specimens with cracks oriented in the loading
direction. Gautam et al. [10] carried out mechanical testing on
cores that were drilled from cubes exposed to various stress
states under accelerated ASR conditions. They found that the
expansion, cracking and change in stiffness of concrete showed
directional behaviour with the stress state. However, no clear
relationship between compressive strength and the stress state
was observed.

The stress-strain behaviour of concrete in compression depends
on the stiffness and strength of the coarse fraction of the aggre-
gates and the mortar (the cement and sand fraction). When the
concrete is affected by ASR, the stress-strain behaviour changes.
Giaccio et al. [2] measured the complete compressive stress-
strain behaviour of ASR-affected concrete, and demonstrated
increased ductility compared to the non-reactive reference con-
crete. Mechanical tests of concrete mixes made with various kinds
of reactive aggregates were compared at the same expansion level.
These tests showed how important the type of reactive aggregate
was for the change in mechanical behaviour, which was affected
by the mineralogy of the rock, the size of the aggregate and the
kinetics of the reaction.

To perform a structural assessment of an ASR-affected concrete
structure, tests are needed that can assess the degree of damage
and expansion of the concrete. Rivard and Saint-Pierre [11] evalu-
ated non-destructive test methods (ultrasonic pulse velocity,
dynamic modulus of elasticity and electrical resistivity), both on
laboratory cast specimens and on cores drilled from an hydraulic
structure. They showed that non-destructive methods (on cores)
were not enable to estimate the mechanical properties of the con-
crete at various depth of the structure. Even less accurate estimates
are therefore expected if these methods are used in field – which is
the main purpose of non-destructive testing. The anisotropic nat-
ure of ASR damage and the spatial variations of ASR found in con-
crete structures, make it difficult to assess the damage based
physical measures on the surface of the structure. Destructive
methods by drilling cores for mechanical testing and petrographic
examination are therefore considered to be the most promising
tools to assess the current state. Such methods are used and inves-
tigated in the present study.

Chrisp et al. [12] proposed to use the stiffness damage test
(SDT). The method involves carrying out five loading cycles in com-
pression on cylinders/cores, and then calculating damage parame-
ters from the recorded stresses and strains. Sanchez et al. [13]
conducted the SDT on various concrete mixes with different reac-
tive aggregates and different compressive strength. They found
that 40% of the compressive strength after 28 days is a sufficient
load level to characterize the damage as a function of the expan-
sion level. The modulus of elasticity (E), stiffness damage index
(SDI), plastic damage index (PDI), and non-linearity index (NLI)
can all be calculated from the SDT, and all these parameters were
shown to be correlated with the level of expansion [14]. The SDT
has therefore been evaluated as an assessment tool to characterize
the damage and the correlated expansion of ASR-affected concrete
[13–15]. However, the method has not been used to assess
restrained/loaded concrete during the ASR development.

This paper presents the changes in mechanical behaviour of
concrete exposed to accelerated ASR conditions and sustained uni-
axial compressive stress. The main objective was to investigate the
effect of accelerated ASR conditions and uniaxial compressive
stress on the evolution of the modulus of elasticity, damage
indices obtained from the SDT as described by Sanchez et al.
[14], and the evolution of the compressive strength and the com-
pressive stress-strain behaviour of the concrete. In addition, we
also investigated the directional dependency (anisotropy) of the
mechanical properties created by the uniaxial compressive stress
state. The study was carried out to increase knowledge and under-
standing of ASR-affected concrete and, in particular, its material
behaviour, so as to enable accurate structural analysis and assess-
ment. By systematically evaluating the SDT method in restrained
and unrestrained directions and by interpreting its results, this
paper defines new challenges for the SDT method to become ready
for practice.

Section 2 describes the experimental setup for the testing of
drilled cores from restrained and free concrete cubes of various
ages in terms of days after casting. Section 3 presents the experi-
mental results, including the evolution of the modulus of elasticity,
and the strength and damage indicators. Section 4 discusses these
results and compares them to the lab and field tests of others. Sec-
tion 5 provides concise concluding remarks.

2. Materials and methods

2.1. Concrete mix, casting and pre-conditioning

The concrete mix (Table 1) is the same as was used in an on-
going Norwegian ASR experiment [16]. It was intended to repre-
sent a concrete typically used in Norwegian bridge structures built
in the 1950s and 60s. The aggregates and an almost identical con-
crete are heavily tested in the EU PARTNER project [17], both in
accelerated ASR conditions (Norwegian ASR methods [18] and
RILEM AAR-1, �2, �3, �4 [19]) and in field (Fig. 4 and Fig. 10 in
[17]). The aggregate composition was also used in a previous
Norwegian ASR experimental programme [20]. The concrete mix
consists of coarse and fine aggregates in the ratio 3:2 (coarse:fine).
The fine aggregate (Årdal 0–4 mm) is a natural sand mainly con-
sisting of granite and gneiss, which is classified as non-reactive
according to the Norwegian Concrete Association [18] and RILEM
AAR-1, �2 [19]. The coarse aggregate (Ottersbo 4–16 mm) is a
reactive crushed cataclasite. The mix design contains 457 kg/m3

ordinary Portland cement (Norcem Industri, CEM I 42.5R), which
has high alkali content (1.24% Na2Oeq) and Blaine specific surface
of 575 m2/kg [21]. The water-to-cement ratio (w/c) is 0.475, which
results in an alkali content of 5.6 kg/m3.

Thirteen large cubes of 230 mm side length and 27 small cubes
of 100 mm side length were cast. The concrete moulds were filled
and compacted by hand (with a compacting rod) as described in EN
12390-2 [22], and then cured at 20 �C for 24 h under a plastic
cover. After demoulding, the concrete cubes were wrapped in
soaked jute sacks and plastic sheets, and hardened at 20 �C for
9 days. Eight days after casting, single pairs of expansion measure-
ment points were glued on three surfaces on the large cubes (see
Fig. 3), such that expansion could be measured in three spatial
directions. The initial lengths between expansion measurement
points (approximately 200 mm) were measured the same day.



Fig. 1. A sketch of the steel frame used to restrain the concrete cubes.

Fig. 2. Measured stress on restrained cubes (RC60). Dashed lines indicate
3 MPa ± 0.15 MPa. The average stress (from loading to unloading) for each cube
is given in the legend.
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2.2. Specimen overview and storage conditions

An overview of all the cast specimens is shown in Table 2. Nine
days after casting, 9 large cubes were stored in accelerated ASR
conditions similar to those described in RILEM AAR-4.1 [19]
(60 �C and 100% RH). Five of the cubes (RC60-1,2,3,3b,4) were uni-
axially restrained by a low sustained compressive stress, while the
other four were free to expand in all directions (FC60-1,2,3,4). Four
large cubes remained in storage in the initial hardening conditions
(20 �C), all free to expand (FC20-1,2,3,4). Twelve small cubes were
stored in accelerated conditions (S60) and 15 under the initial
hardening conditions (S20). Considering the short duration of the
tests, only limited ASR was expected in the cubes stored at 20 �C,
so these were used as reference.

A steel frame inspired by Berra et al. [3] and Kagimoto et al. [4]
was used to apply and keep control of a uniaxial stress of 3 MPa on
the restrained concrete cubes (RC60), as shown in Fig. 1. The setup
consists of two outer steel plates connected by four threaded steel
bars. On the day of exposure to accelerated ASR conditions (9 days
after casting), a compressive stress of approximately 0.3 MPa was
applied to the restrained cubes. The following day (10 days after
casting), the bolts were tightened to reach the desired compressive
stress of 3 MPa. This two-step procedure was considered necessary
to avoid the influence of thermal expansion on the stress state dur-
ing heating from 20 �C to 60 �C. To sustain an approximately con-
stant compressive stress of 3 MPa, a load cell was placed between
the outer plate and a steel plate located on the cube. The load cell
was connected to a computer that continuously displayed and
recorded the load. During the experiment, the bolts were adjusted
to keep an approximately constant stress level within ±0.15 MPa,
see Fig. 2. In the beginning, the compressive stress decayed fast
due to large concrete creep rates at 60 �C, which made it difficult
to maintain the stress. After the second load adjustment, 5 days
after loading, the reduction in stress due to creep was minor. A
small increase in stress due to ASR expansion can be noticed from
the figure.

The stress was always applied perpendicular to the casting
direction. A layer of Teflon was added between the cube and the
steel plates to minimize the friction between the steel plates and
the concrete when the concrete expands due to ASR. Steel plates
were also placed on the top and bottom surfaces of the cubes that
were free to expand (FC60) in order to achieve similar boundary
conditions with respect to moisture transport, for both restrained
and free cubes.

2.3. Expansion measurement and preparation for mechanical testing

The cubes from accelerated ASR conditions were prepared for
expansion measurement and further mechanical testing at 44,
79, 114 and 156 days after casting. First, the compressive stress
was removed on the restrained specimen (RC60). Then, both the
restrained (RC60) and free (FC60) cube were cooled in a two
step-procedure: first in a room at 38 �C for one day, and then three
days in a room at 20 �C. The cubes were kept in their buckets dur-
ing the cooling procedure to limit drying. After cooling, the dis-
tance between each pair of measurement points on the cubes’
Table 2
Specimen overview and storing conditions.

Cube tag Amount Size Temp

RC60 5 (230 mm)3 60
FC60 4 (230 mm)3 60
FC20 4 (230 mm)3 20
S20 15 (100 mm)3 20
S60 12 (100 mm)3 60
surfaces were measured with a distance gauge (extensometer)
with micrometre accuracy. The expansion/strain was obtained as
the ratio of the relative displacements to the initial distance that
was measured before the accelerated conditions were applied
(8 days after casting).

From the restrained cubes, two cores were drilled parallel and
two perpendicular to the restrained direction (see Fig. 3), while
from the free cubes, two cores were drilled in only one direction
erature[�C] Relative Humidity Restrained/Free

̴100% Restrained
̴100% Free
95–100% Free
95–100% Free
̴100% Free



Fig. 3. Two cores were drilled from the restrained cubes in two directions (Y and Z).
The cubes were cast along the X-axis; the Z-axis is the restrained direction.
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(because of isotropic conditions). All of the cores were drilled per-
pendicular to the casting direction (X). The coring was performed
with a bit of 100 mm in outer diameter, resulting in cores of
approximately 95 mm in diameter. Water was supplied during
the process to avoid excess of heat. To ensure even stress distribu-
tion during mechanical compressive testing, the end surfaces were
sawn and ground perpendicular to the longitudinal axis of the
cores.

After drilling and sawing, the cores were stored on a wet towel
under a plastic sheet to avoid drying. The stiffness damage test,
compressive strength test and complete compressive stress-
strain test were all conducted the day after drilling.

2.4. Methods for mechanical testing and assessment

Table 3 gives an overview of the mechanical tests that were
conducted on the cores drilled from the large concrete cubes. For
each core, the stiffness damage test (SDT) was first conducted.
Then, the core was further tested by either the compressive
strength test or the complete compressive stress-strain test. The
RC60-i-Zj cores were drilled in the restrained direction. The
RC60-i-Yj were drilled in the unrestrained direction that is not
the cast direction.

We used the SDT as recommended by Sanchez et al. [13]. Their
test includes five load cycles in compression, where the applied
stress and the corresponding longitudinal strain are recorded dur-
ing the test. We also adopted their recommendation of a load level
equal to 40% of compressive strength at 28 days after casting. In
our study, the compressive cylinder strength after 28 days was
estimated based on the compressive cylinder strength of the refer-
ence cube FC20-1 50 days after casting and assuming the evolution
of strength described in EN1992-1-1 [23]. The 50-day cylinder
strength used was the average of two cores, see Table A.1 in
Appendix. This resulted in a maximum stress of 16.2 MPa in each
load cycle. The samples were compressed in a load controlled man-
ner at a load rate of 0.10 MPa/s until the desired stress of 16.2 MPa
was reached, and then the load was reduced by 0.10 MPa/s until
1.5 MPa was reached. The maximum and minimum stress levels
were maintained for less than four seconds. The lower limit of
1.5 MPa was used to prevent the load frame from losing connection
with the sample. The SDT was conducted using a ‘‘Form + Test
Alpha 4/B-62” compressive load frame, and the start, stop, increase
and decrease in load during the load cycles were manually
controlled.
The longitudinal strain was obtained by a measuring device that
was attached to the core during the SDT. This measured the rela-
tive displacement in the longitudinal direction between two points
at three equidistant locations (separated by an angle of 120�)
around the circumference of the core, see Fig. 4. The initial (or mea-
surement) distance between the points is approximately 100 mm.
The strain was calculated as the average of the three relative dis-
placements divided by the measurement distance equal to
100 mm.

The modulus of elasticity (ESDT), and the three parameters Stiff-
ness Damage Index (SDI), Plastic Deformation Index (PDI), and
Non-linearity Index (NLI) were calculated from the measured
stress-strain relationships. The parameters are as follows:

� SDI: The ratio of dissipated energy to the total energy imple-
mented in the system, given by Eq. (1). It is the sum of the dis-
sipated energy (SI) for each load cycle divided by the sum of
total energy (SI + SII) for each load cycle. An illustration of SI
and SII (for the first load cycle) is shown in Fig. 5.

SDI ¼
P5

i¼1SIi
P5

i¼1ðSIi þ SIIiÞ
ð1Þ

� PDI: The plastic deformation accumulated during the SDT (DI)
divided by the total deformation measured at maximum load
in the last cycle (DII), see Fig. 5.

� NLI: The secant stiffness at half of the maximum load, divided
by the secant stiffness at maximum load in the first load cycle.
The secant lines are shown in Fig. 5.

� ESDT: The average secant stiffness of the unloading curves for the
second, third and fourth load cycle.

The compressive stress-strain test was conducted on 12
selected cylinders after the SDT, see Table 3. The test was con-
ducted with a 5000 kN compressive frame from Losenhausen in
accordance with the procedure in Norwegian Standard 3473
Appendix A, pkt. A.11.3.1. The test was deformation-controlled
with a constant strain rate of approximately 0.03%/min. Three lin-
ear variable differential transformers measured the displacements
between steel plates at each end of the core. The measured dis-
placements therefore include those of the boundaries of the spec-
imen and those of the concrete. From the stress-strain
relationships, the modulus of elasticity was calculated as the
secant stiffness at 40% of the compressive strength. Fracture energy
in compression was calculated as defined by Nakamura and Higai
[24]; see Fig. 6 for an illustration of the definition. One core in each
direction of the ASR-affected and restrained cubes (RC60) was
tested in each of the four test rounds. The stress-strain behaviour
of cores from reference cubes (FC20) was also measured in the first
two test rounds. The compressive strength test (EN 12390-3 [25])
was conducted on the cylinders that were not tested for compres-
sive stress-strain behaviour. The compressive strength test (EN
12390-3 [25]) was also conducted on small cubes
(100 � 100 � 100 mm) at 30, 48, 83, 118 and 160 days after cast-
ing. Table 4 gives an overview of the quantities that were calcu-
lated from the mechanical tests.

2.5. Method for mapping of micro crack orientation

A fifth concrete cube, restrained and stored in accelerated ASR
conditions, was used for petrographic examination (RC60-3b). This
cube followed the same storage conditions as cube RC60-3 up to
the day of expansion measurement (118 days after casting). After
expansion measurement, this cube was wrapped in cling film



Table 3
Overview of the mechanical tests conducted on the cores drilled from the cubes.

Cube Drilled core Age at testing in days after casting SDT Compressive strength test Compressive stress-strain test

FC20-1 FC20-1-Y1 50 X X
FC20-1-Y2 50 X X

FC20-2 FC20-2-Z1 85 X X
FC20-2-Z2 85 X X

FC20-3 FC20-3-Z1 120 X X
FC20-3-Z2 120 X X

FC20-4 FC20-4-Z1 162 X X
FC20-4-Z2 162 X X

FC60-1 FC60-1-Y1 50 X X
FC60-1-Y2 50 X X

FC60-2 FC60-2-Z1 85 X X
FC60-2-Z2 85 X X

FC60-3 FC60-3-Z1 120 X X
FC60-3-Z2 120 X X

FC60-4 FC60-4-Z1 162 X X
FC60-4-Z2 162 X X

RC60-1 RC60-1-Y1 50 X X
RC60-1-Y2 50 X X
RC60-1-Z1 50 X X
RC60-1-Z2 50 X X

RC60-2 RC60-2-Y1 85 X X
RC60-2-Y2 85 X X
RC60-2-Z1 85 X X
RC60-2-Z2 85 X X

RC60-3 RC60-3-Y1 120 X X
RC60-3-Y2 120 X X
RC60-3-Z1 120 X X
RC60-3-Z2 120 X X

RC60-4 RC60-4-Y1 162 X X
RC60-4-Y2 162 X X
RC60-4-Z1 162 X X
RC60-4-Z2 162 X X

Fig. 4. Strain measurement during the stiffness damage test.

Fig. 5. Definition of the values used to calculate the indices from the stiffness
damage test.
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and stored for six months at 20 �C. Negligible expansion was
observed over this storage period. Then, a core was drilled in the
restrained direction (Z), which afterwards was sawn along the
same axis to obtain a plane section. The section was impregnated
with fluorescent epoxy for ultraviolet (UV) photography. This pho-
tographic method gives images with high contrast between cracks
and their surroundings (suitable for image processing). Andreassen
et al. [26] used image analysis to quantify the orientation of micro
cracks in concrete affected by ASR. They used a gradient method
(by convolution of the greyscale image with a 3 � 3 Prewitt kernel)
to detect edges (cracks) and their orientation. Pixels with gradient
magnitude above a threshold value were considered as crack pix-
els. Crack pixel gradient orientations were rounded to the nearest
integer angle in 0–180, and crack orientation distribution was
obtained by counting crack pixels belonging to each integer angle
and dividing to the total amount of crack pixels – length of the
cracks was therefore not considered.

In this study, we also used image analysis to quantify the main
micro crack direction, but we used a different approach to take into
account the length of cracks. The procedure consists of the follow-
ing steps, where the first two steps are similar to Andreassen et al.
[26]:



Fig. 6. Illustrative definition of fracture energy in compression as defined by
Nakamura and Higai [24]. Gc is the fracture energy and L is the length of the core.
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1. Grey scale conversion. The original image’s green level
was mapped to grey scale, i.e. a number for each pixel
between 0 (black) and 255 (white).

2. Edge (crack) detection. The greyscale image was con-
volved with two 3 � 3 Prewitt kernels, to obtain the gradi-
ent in row and column direction. The gradient magnitude is
calculated similar to Andreassen et al. [26].

3. Binary image conversion. All pixels with magnitude
greater than the threshold are set to 1 (white), else set to
0 (black).

4. Noise reduction. All components, i.e. all isolated white
islands on black background, were identified by a con-
nected component labelling algorithm. Small components
containing less than a specific amount of pixels were con-
sidered as noise and therefore removed.

5. Ellipse fitting and removal of circular components. An
elliptical fit to all remaining components was conducted.
The circularity (roundness) of the components was evalu-
ated by the aspect ratio (width/length) of the ellipses, and
all components with aspect ratio greater than a threshold
was removed. By this procedure, we removed air pockets
that was filled by the fluorescent epoxy, which showed
up as almost circular components.

6. Calculation of crack orientation distribution. The
remaining components were considered as cracks, and
the ellipses length and principal axis orientation were used
to map the micro crack orientation.

The applied threshold values will be specified when presenting
the results in Section 3.5.

3. Results

3.1. Expansion

The expansion of the large cubes in the X, Y and Z directions
against days after casting are shown in Fig. 7 a–c, where the
X-axis represents the casting direction and the Z-axis corresponds
Table 4
Measured and calculated quantities from the mechanical test

SDT Compressive streng

ESDT, modulus of elasticity
SDI, stiffness damage index
PDI, plastic damage index
NLI, non-linear index

fc, compressive stre
to the loaded direction for the restrained cubes (RC60). The volu-
metric expansion of the cubes is shown in Fig. 7 d. The expansions
of each cube was only measured at the time of testing; the curves
in Fig. 7 were obtained by combining the expansion measurements
from different cubes at different times.

3.2. Stiffness damage test (SDT)

Fig. 8 shows a representative selection of the stress-strain
curves obtained during the stiffness damage test. The plots are in
order of increasing expansion from 0.002% in a) to 0.257% in d).
The figure shows an increase in plastic deformation and hysteresis
area with increasing expansion. From each stress-strain relation-
ship, the modulus of elasticity and SDT-indices (SDI, PDI and NLI)
were calculated, and the results are presented in the following
sections.

3.2.1. Modulus of elasticity
Fig. 9 shows the development of the modulus of elasticity with

respect to time, measured in days after casting. The figure shows a
reduction in the modulus of elasticity for all ASR-affected samples,
while the modulus of elasticity of the reference samples is approx-
imately constant throughout the experiment. Less reduction in the
modulus of elasticity is found in the restrained direction (z-axis).

In Fig. 10, the relative modulus of elasticity of the ASR-affected
samples is plotted against the level of expansion of the cube in the
coring direction. The values are relative to the average modulus of
elasticity of the reference cubes. Also included in the plot is a
model function (Wen [27]), which was fitted to the data using
the least squares method. This function can be derived based on
a simple series model, in which the ASR-affected concrete is com-
posed of healthy concrete with a modulus of elasticity equal to that
of the reference concrete, and damaged concrete with a reduced
modulus of elasticity [27]. The grey dotted lines indicate the upper
and lower bounds from a study by Sanchez et al. [15] on various
concrete mixes.

3.2.2. SDT indices
In Figs. 11 and 12, the stiffness damage index (SDI) and the plas-

tic damage index (PDI) are plotted against expansion in the drilled
direction. Again, model functions were fitted to the data using the
least squares method.

In Fig. 13, the non-linearity index (NLI) is plotted against expan-
sion together with a linear trend line (with an R2 of 0.83). An over-
all low NLI is found for cylinders extracted in the restrained
direction of the ASR-affected cubes.

3.3. Compressive strength

The compressive cube strength results are presented in Fig. 14.
Compared to the strength of the reference samples at 30 days after
casting, the test results at 48 days after casting show a significant
increase in strength for both the cubes stored in accelerated ASR
conditions and the reference cubes stored at 20 �C. However, in
the last three tests, lower strength was found for the samples
exposed to accelerated ASR conditions than for the references.
The strength of the reference samples continued to increase over
s.

th test Compressive stress-strain test

ngth ECSS, modulus of elasticity
fc;CSS, compressive strength
Gc, fracture energy in compression



Fig. 7. a) expansion in X-direction, b) expansion in Y-direction, c) expansion in Z-direction, and d) volumetric expansion.

Fig. 8. A selection of stress-strain curves from the SDT sorted, from low to high levels of axial expansion due to ASR.
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the testing period, while the ASR-affected samples displayed
almost constant strength.

The evolution of the compressive cylinder strength is presented
in Fig. 15. At 50 days, compressive cylinder strength is greater for
all ASR-affected cubes than for the reference, but while the
strength of the reference increases with age, a reduction is
observed for the freely expanding ASR-affected cubes. The
compressive strength in the restrained direction of RC60 is almost
constant, while a slight decrease is found in the unrestrained
direction.

In Fig. 16, the relative cylinder compressive strength is plotted
against the degree of expansion. The linear trend line shows a
small reduction in compressive strength with increasing expan-
sion. The coefficient of determination is as low as R2 ¼ 0:027:



Fig. 9. Modulus of elasticity plotted against time in days after casting.

Fig. 10. Development of the relative modulus of elasticity with respect to ASR
expansion. The coefficient in the regression function is b ¼ 0:0033 and the
coefficient of determination is R2 ¼ 0:94.

Fig. 11. SDI against expansion. A regression function is also included
withb0 ¼ 0:059, b1 ¼ 0:273 and b2 ¼ 0:00164. The coefficient of determination is
R2 ¼ 0:88:

Fig. 12. PDI against expansion with a trend curve. b0 ¼ 0:037, b1 ¼ 0:276 and
b2 ¼ 0:00071.R2 ¼ 0:76:

Fig. 13. NLI plotted against expansion with a linear trend curve. b0 ¼ 1:032,
b1 ¼ 41:0.R2 ¼ 0:83:

Fig. 14. Compressive cube strength against days after casting. The values are the
average strength of three cubes, and the error bars show the standard deviation.
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Fig. 17. Stress-strain curves in compression of ASR-affected and restrained
specimens (RC60). Dashed lines indicate the cylinders that are drilled in Y-direction
(free direction) and solid lines represent the cylinders that are drilled in Z-direction
(restrained direction).

Fig. 15. Cylinder compressive strength against days after casting.

Fig. 16. Relative cylinder compressive strength against expansion. b0 ¼ 1:047 and
b1 ¼ �12:7.R2 ¼ 0:027:
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3.4. Compressive stress-strain behaviour

Fig. 17 shows the stress-strain curves in compression up to the
peak stress (fc;CSS) of the restrained and ASR-affected cubes (RC60).
The curves are labelled with the corresponding expansion due to
ASR. The figure shows that the stiffness decreases with increasing
ASR expansion. The ductility in terms of strain at peak stress
increases with increasing ASR expansion, see Fig. 18.

The relative modulus of elasticity and the relative fracture
energy in compression are plotted in Figs. 19 and 20 against the
longitudinal and maximum transversal ASR strain, respectively.
The values are relative to the average value of the reference cubes
(FC20).

3.5. Expansion and micro crack orientation of restrained cube RC60-3b

The expansion of the cube RC60-3b at 118 days after casting
was 0.24%, 0.26% and 0.15% in the X, Y and Z direction. Fig. 21
shows the intermediate and final results of the petrographic exam-
ination of a core drilled in the strained direction (Z) of RC60-3b.
Fig. 21 a) shows the resulting image obtained by UV photography.
Fig. 21 b) shows the binary image, resulting after step 3, see Sec-
tion 2.5, where a gradient threshold of 50 was used. Fig. 21 c)
shows the final processed image, i.e. the resulting image after
removing small components containing less than 100 pixels
(step 4) and almost circular components with aspect ratio
(length/width) less than 0.4 w (step 5). The fitted ellipses are also
included (shown in red).

The ellipses length and principal axis orientation were used to
evaluate the crack orientation distribution. Fig. 22 shows the distri-
bution of crack orientation in intervals of 20�. The angle was mea-
sured counter clockwise from the horizontal axis. One can see that
most of the cracks are aligned with the vertical direction (90�),
which coincides with the restrained direction (Z).
4. Discussion

4.1. Expansion and micro cracking

The expansion measurement of each cube was taken at the time
of testing, and then the data points were combined to obtain the
graph in Fig. 7. This means the development of the expansion with
respect to time is only valid if all the cubes expand equally, which
is uncertain. Furthermore, the expansion in a given direction is
Fig. 18. Peak compressive strain against ASR expansion. The coefficients in the
regression function areb0 ¼ 0:0025 and b1 ¼ 0:45. R2 ¼ 0:82.



Fig. 19. Development of relative modulus of elasticity, obtained from the
compressive stress strain test, against ASR expansion. ECSS;ref ¼ 24302MPa. The
coefficient in the regression function is b ¼ 0:0038, and the coefficient of determi-
nation is R2 ¼ 0:83.

Fig. 20. Relative fracture energy in compression against the maximum transversal
expansion due to ASR. Gc;ref ¼ 36:5N=mm. b0 ¼ 1:04 and b1 ¼ �74. R2 ¼ 0:53.

Fig. 21. Petrographic examination results of RC60-3b with a) cropped original
image, b) binary image, and c) final processed image.

Fig. 22. Crack orientation distribution. Angles are measured counter clockwise
from the horizontal axis. Black lines are the bar height for a uniform distribution.
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obtained from one pair of measurement points attached to the
cube surface. This measurement will therefore only represent the
average expansion in the case of almost homogeneous strains, so
if there is significant spatial variation, the validity of the expansion
measurement becomes questionable. A better approximation of
the average expansion could have been obtained by using several
pairs of measurement points in each direction, but this was a mat-
ter of resources, and in the following we had to assume that the
strains were sufficiently homogeneous throughout the specimen
for us to obtain the expansion of the cores at the time of testing.
The SDT damage indices, the compressive strength, and the relative
modulus of elasticity were all plotted against these expansions.

Four expansion behaviours can be found in the literature if at
least one direction is free of stress: 1) total transfer of expansion
to the stress-free directions, i.e. volumetric expansion is preserved
[1,5,10], 2) partial transfer [3,4,7], 3) no or negligible transfer to the
stress-free directions [6,28], and 4) the expansion in the stress-free
directions is reduced [29,30]. In the present work, lower volumet-
ric expansion in restrained cubes than in free cubes was observed.
Furthermore, no expansion transfer to the stress-free directions is
observed, which indicates that the concrete mix (studied in this
work) belongs to either expansion behaviour type 3 or 4. However,
as the expansions were measured after unloading (and the cubes
were cooled to 20 �C), in contrast to the mentioned studies from
the literature, the results might not be comparable. In addition,
the low number of test specimens in our study makes it difficult
to place the concrete mix in one of the four categories.

It should be noted that the differences in expansion behaviour
can be attributed to other differences than the concrete mix. The
influence of specimen size to the size of reactive aggregates was
experimentally investigated on mortar prisms by Gao et al. [31],
and the results were explained by fracture mechanics concepts;
the specimen to aggregate size must be sufficiently high to reduce
this scale effect. The influence of the casting direction, as described
by Smaoui et al. [32], is explained by two reasons: 1) porous and
weak zones under the aggregates due to trapped water, resulting
in lower resistance along the casting plane to the expansive pres-
sure developed by ASR, and 2) preferred orientation of elongated
aggregates along the casting plane, creating higher areas of
expanding aggregates along this plane. Both phenomena are influ-
enced by the compaction/consolidation method, where using a
vibrating table or vibrating needle give greater intrinsic anisotropy
of the concrete than using a compacting rod [32] – which has been
used in this investigation. Lateral restraint on the loaded boundary
of the specimens undergoing ASR might cause shear stresses, and
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therefore a triaxial stress state even in ‘‘uniaxial sustained load-
ing”. This effect is similar to what is observed for compressive test-
ing of concrete (due to lateral expansion under compressive
stress), which gives rise to a size effect. This effect is minimized
in this work by adding Teflon in between concrete and steel.

The results on the expansion and micro crack orientations of the
restrained cube RC60-3b, in Section 3.5, show that the main crack-
ing direction is parallel to the restrained direction.

4.2. SDT-parameters

4.2.1. Modulus of elasticity
As in previous studies [2,8,15,27,33–35], the modulus of elastic-

ity decreased with increasing expansion due to ASR, as shown in
Fig. 10. Sanchez et al. [15] studied the evolution of the relative
modulus of elasticity for 20 different concrete mixes composed
of 13 different aggregates. Figs. 10 and 23 show the upper and
lower bounds of the relative modulus of elasticity (indicated by
dotted lines) found by Sanchez et al. for these concrete mixes.
The results in the current study are close to the upper bound.
The values for the relative modulus of elasticity obtained from both
the SDT and the complete compressive stress-strain (CSS) test are
included in Fig. 23, i.e. the values from Fig. 10 and 19. The modulus
of elasticity obtained by the two test methods differs a lot, but the
relative values are very similar (we attribute the difference in stiff-
ness to the methods used for deformation measurement). It should
be noted that Sanchez et al. used the modulus of elasticity (along
with SDI, PDI and NLI) of the reference concrete at an equivalent
age in the calculation of relative values, in accordance with the
maturity concept.

The model function (Wen [27]) fitted to the results in the cur-
rent study gives b ¼ 0:0035, while b ¼ 0:002 was obtained on the
concrete he tested [27], see Fig. 23. The evolution of the relative
modulus of elasticity differs a lot between concrete mixes, but
Wen’s model function [27] is applicable to a variety of mixes by
changing the coefficient b. Fig. 23 also shows the S-shaped curve
of Esposito et al. [35] fitted on data available in the literature on
the (static) modulus of elasticity of ASR-affected concrete under
free-expansion. Esposito et al. used the modulus of elasticity at
0.05% expansion as the reference value, which partly explains
why their trend curve shows less deterioration. Significant lower
stiffness is observed for ASR-affected concrete at this level of
expansion, which gives higher calculated relative values.
Fig. 23. Relative modulus of elasticity against expansion. Upper and lower bounds
from the experimental work of Sanchez et al. [15] are indicated with grey dotted
lines. The coefficient in the model function is b ¼ 0:00346 and the coefficient of
determination is R2 ¼ 0:916.
Similarly to the expansion behaviour, an anisotropic stiffness
reduction is observed in the present work for the restrained spec-
imens, where greater reduction in modulus of elasticity is found in
the free directions (X and Y) than in the direction with sustained
loading (Z). The reduction of modulus of elasticity in a particular
direction is explained by one causal variable, i.e. the expansion in
the same direction, see Fig. 10. Furthermore, the evolution of mod-
ulus of elasticity vs. ASR expansion resembles the function coming
from the one-dimensional series model of Wen [27]. These are
interesting observations from a constitutive modelling point of
view. Wen developed a constitutive model in which he included
this stiffness reduction due to ASR; however, the stiffness was
isotropically reduced, where the maximum principal ASR strain
was used as the argument in the model function. The anisotropic
stiffness reduction was accounted for in the constitutive model
of Capra and Sellier [36] (later developed in [37,38]). In these mod-
els [36–38], stiffness is reduced in an orthotropic damage frame-
work by employing an independent evolution of modulus of
elasticity vs. ASR expansion in three orthogonal directions. The
notion that the three orthogonal directions can be treated individ-
ually is in accordance to what is observed in the present investiga-
tion. It should be noted that it can be shown that the evolution of
modulus of elasticity vs. ASR expansion used in [36–38] is equiva-
lent to the model function developed by Wen [27].

4.2.2. SDI, PDI and NLI
In Figs. 11 and 12, the SDI and PDI values are plotted together

with the upper and lower bounds (dotted lines) from the experi-
mental programme by Sanchez et al. [15]. The SDI values are closer
to the lower bound, i.e. small damage for high expansions, which is
consistent with the evolution of relative modulus of elasticity close
to the upper bound in Fig. 23. The PDI values are more scattered
than the SDI values, with some values beyond the upper bound.

The main contribution to the SDI is the energy dissipation
related to the first load cycle. We assume that most of the dissipa-
tion is due to the formation of new micro cracks with crack planes
parallel to the loaded direction. This can be justified by the exper-
iments of Giaccio et al. [2], where they measured the lateral strain
during compressive stress strain test, and showed an increase in
the lateral/axial strain ratio for ASR-affected concrete, even for
stresses below 40% of compressive strength. Furthermore, we
believe the energy dissipation during the first cycle depends on
the degree and orientation of existing micro cracks due to ASR.

We can compare two cores that have the same axial expansion,
but different lateral expansion due to ASR. During the first load
cycle of the SDT, it is reasonable that more splitting micro cracks
will be formed for the specimen with the least amount of existing
cracking along the core, i.e. the specimen with the least lateral
expansion. This means that the energy dissipation during the first
load cycle, and consequently SDI, will be different for the two cores
with the same axial expansion due to ASR. This is apparent in
Fig. 11, where the cores drilled in the direction of sustained load
have a lower SDI than cores in the free direction for the same axial
expansion value. In the early development of the SDT for applica-
tion on ASR-affected concrete (Chrisp et al. [12]), it was recognized
that the degree of damage measured in terms of modulus of elas-
ticity and dissipation of energy was a combination of pre-
existing ASR damage and additional damage caused by the first
load cycle. The maximum load of the SDT was therefore set to a
low level (15% of compressive strength) to limit the load-induced
damage of the first load cycle. Moreover, the data of the first cycle
was discounted. In more recent recommendations on SDT [13,14],
used in this research, 40% of the compressive strength and inclu-
sion of the energy dissipation of the first load cycle are recom-
mended. However, this is in contrast to the above-mentioned
test philosophy by Chrisp et al. [12], which might be more
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important to maintain when testing anisotropically ASR-damaged
concrete.

The NLI represents the concavity (or convexity) of the ascending
stress-strain curve for the first load cycle. Fig. 13 shows that the
NLI is above one (i.e. concave shape) for all cores. Furthermore,
the NLI increases with expansion due to ASR. If we instead consider
the NLI of subsequent load cycles by the average NLI for load cycles
2–5, as originally proposed by Chrisp et al. [12], NLI is below one
(i.e. convex shape) and decreases with expansion, see Fig. 24 for
a comparison. The concave shape of the first cycle, and the convex
shape of the subsequent cycles, confirm that additional damage is
primarily induced in the first cycle. Moreover, the convex shape,
i.e. increasing tangential stiffness with loading, indicates progres-
sive closing of micro cracks. The latter four cycles are therefore
characterised by progressive closing and opening of micro cavities
(due to both ASR and additional damage from first cycle) when
loading and unloading, respectively.

4.3. Compressive strength

Unlike the modulus of elasticity and the SDT-indices SDI, PDI
and NLI, no correlation is apparent between compressive strength
and expansion level, as can be seen in Fig. 16. However, the results
are still worth discussing due to the influence of several important
aspects such as temperature history, moisture conditions, and
cracking, as well as the expansion itself.

The higher compressive strengths measured at the first two
testing times (50 and 85 days) for the concrete exposed to the
accelerated ASR conditions are probably due to the favourable
effect of the increased temperature and the extremely humid con-
ditions. It is well known from concrete technology that higher cur-
ing temperatures can have a negative impact on compressive
strength after 28-days, in particular if ordinary Portland cement
is being used (e.g. see Balendran and Martin-Buades [39]), but this
is usually explained by a coarser microstructure caused by rapid
hydration during the first hours after water addition. In the present
investigation, however, the temperature was increased from 20 to
60 �C when the specimens were 9 days old, and a negative effect
was therefore not expected. On the contrary, we expected the main
net effect of the increased temperature to be accelerated strength
development in accordance with the maturity principle. In fact,
the effect was larger than we expected, and therefore not only
due to high temperature. We assume therefore that the effect of
the extreme humidity was positive compared to the storage under
wet jute sacks and plastic sheets used for the reference specimens.
Fig. 24. NLI against expansion for a) the first load cycle, and b) as the average of the
last four cycles.
The results presented in this paper, as well as those of Sanchez
et al. [14] and Marzouk and Langdon [33], indicate an increase in
compressive strength at early age under accelerated ASR condi-
tions. Sanchez et al. [14] mention 0.1% expansion as the tipping
point for when the compressive strength starts to decrease. Our
results yield a value closer to 0.2%. In contrast, the results of both
Swamy and Asali [40] and Ahmed et al. [41] not only showed no
increase in compressive strength when using accelerated ASR con-
ditions, but even a small decrease.

The greater expansion in the free directions compared to the
loaded direction suggests alignment of micro cracks in the loaded
direction (in line with the results in Section 3.5, which are dis-
cussed in Section 4.1). Barbosa et al. [8] report a significant loss
in compressive strength, both parallel and perpendicular to the
main cracking direction, in cores extracted from slab bridges in
Denmark. Furthermore, they observed greater strength parallel to
the main cracking direction than in the perpendicular direction.
The same trends have been observed in laboratory-cast cylinders
[9]. However, the opposite was observed in this study, where less
compressive strength was found in the restrained direction than
in the unrestrained direction. The contradictory results could be
due to the presence of both macro and micro cracks in these other
studies, while in the present study, no macro cracks were observed
on the surface of the cores, and only micro cracks were present. To
the best of our knowledge, the effect of macro cracks on the com-
pressive strength of ordinary concrete has only been studied for
(macro) cracks aligned in the longitudinal direction. A recent study
by Nakamura et al. [42] found that the compressive strength
decreases with crack opening. To understand the effect of macro
cracks, the compressive strength perpendicular to macro cracks
for ordinary concrete also needs investigation.

In addition to the alignment of cracks, concrete exposed to con-
stant stress will creep, which might further influence the measured
compressive strength. Creep and small continuous constant com-
pressive stress over longer time periods have been reported to
have a positive effect on the compressive strength due to an adap-
tation effect, as described for example by Bazant and Kim [43].
However, the lower compressive strength parallel to the load
direction that we found is in contradiction with this positive effect.
The casting direction could potentially lead to anisotropy and
influence the result. Nevertheless, in our case the casting direction
corresponds to the X-axis while the cylinders were drilled along
the Y- and the Z-axis (Fig. 3). The casting direction should therefore
have had minimal effect on the recorded compressive strength.

To sum up, the change in compressive strength due to acceler-
ated ASR conditions is highly affected by several parameters,
including the concrete mix used and the storage conditions. The
results from our experiment therefore reemphasize that compres-
sive strength is not a suitable parameter for characterizing ASR
damage.

4.4. Stress-strain behaviour in compression

A more ductile behaviour, in the sense of strain at maximum
stress, is apparent for the ASR-affected than for the reference
cubes. Moreover, a less ductile behaviour is apparent in the cylin-
ders drilled in the restrained direction than in the unrestrained
direction of the ASR-affected concrete. The stress-strain curves in
Fig. 17 make it clear that the stiffness decreases with increasing
final expansion due to ASR.

In addition to the difference in compressive strength, Barbosa
et al. [8] found a large difference in ductility between cores drilled
parallel and perpendicular to the main cracking direction. The
observed difference in ductility was one order greater than was
observed in the current study, which could be explained by the
extent of cracking. The macro cracks (which are easy to spot on



S.S. Kongshaug et al. / Construction and Building Materials 245 (2020) 118384 13
the samples tested by Barbosa et al. [8]) are believed to have a lot
influence on the stress-strain behaviour. Because their samples
were taken from bridges in service, other deteriorating mecha-
nisms besides ASR could have been present and explain the large
crack openings, e.g. freeze thaw cycles.

Fracture energy in compression is an interesting parameter for
assessing damage in concrete. Fig. 20 shows that fracture energy
decrease with increasing maximum transversal/lateral expansion
due to ASR. The motivation for plotting the degradation in terms
of lateral expansion of the cores was based on a recent study by
Nakamura et al. [42] on the effect on fracture energy of longitudi-
nal cracks and therefore transversal ‘‘crack strain”, which showed
that the fracture energy decrease with longitudinal crack opening.
These observations are also in line with findings from theoretical
micro-mechanical models in which the decrease in the fracture
energy in compression is explained by the magnitude of the longi-
tudinal micro cracks (Esposito and Hendriks [44]). It should be
noted that the specimen dimensions used in this investigation
(length/diameter = 2) were not ideal for avoiding the influence of
the boundary conditions on the force-displacement measured in
the post-peak regime; Markeset and Hillerborg [45] and Nakamura
and Higai [24] have shown that the ratio should be at least 2.5.
Nevertheless, the results do give some indication of the evolution
of fracture energy.

As previously mentioned, the strains calculated include those
deformations of the boundaries of the core. A more correct stress-
strain curve could have been obtained bymodifying the strain using
the method proposed in Mansur et al. [46]. This method requires
that the strain should be measured directly in the concrete in the
pre-peak regime, e.g. by electrical resistance strain gauges glued
on the concrete surface. This was not done in the current study.
Future compressive stress-strain tests should include such mea-
surement to subtract the contribution of the boundaries from the
displacement measured and therefore the calculated strain.

5. Conclusions and suggestions for further research

In this investigation, concrete cubes of 230 mm side length
were stored in accelerated conditions (60 �C) and compared to ref-
erence cubes stored at 20 �C. Thirty-two cores were drilled in two
directions for mechanical tests: a cyclic test in compression, i.e. a
stiffness damage test (SDT) and a complete stress-strain test. For
one sample micro crack orientations were obtained for a plane
including the restrained direction. The amount of specimens is
large, but because many parameters are investigated (age,
restraint, core direction and storage condition), the basis for a sta-
tistical quantification of the results is limited. Based on the results
obtained in this investigation, it is confirmed that restraint affects
the development of ASR in terms of expansion, mechanical proper-
ties and degree of damage, and our main conclusions are:

� Expansion due to ASR is hindered in the loaded/restrained
direction, and no transfer of expansion to the unrestrained
directions was observed in the present investigation. Due to
the limited number of samples, more experiments should be
conducted to verify the expansion behaviour of this concrete.

� The relative modulus of elasticity decreases with increasing
levels of expansion due to ASR. This means that restraint, which
reduces expansion, also reduces the decrease in the modulus of
elasticity.

� Expansion in a given direction is correlated to the extent of
micro cracks perpendicular to this direction, and the orientation
and the degree of micro cracking give rise to the anisotropic
stiffness degradation. Since there is no transfer of expansion
to the free directions of the restrained cubes, uniaxial compres-
sive stress helps to reduce the total damage due to ASR.
� This paper has reemphasized that the compressive strength is
not suitable as a damage indicator. Compressive strength does
not decrease at the same rate as the modulus of elasticity. Com-
pressive strength might be more correlated to the lateral expan-
sion (and therefore longitudinal micro cracking) than to the
longitudinal expansion of the cores. The results found in the lit-
erature that contradict this conclusion might be explained by
differences in the extent and the orientation of macro cracks.

� The damage indices (SDI, PDI and NLI) indicate a reduction of
damage in the restrained direction, which corresponds well
with the reduced decrease in the modulus of elasticity in the
restrained direction.

If SDT is to become a reliable tool for assessing the degree of
damage and correlated expansion in ASR-affected concrete struc-
tures, more testing needs to be conducted on restrained specimens
in different sustained stress states and with different concrete
recipes. The SDT is uniaxial and is meant to characterize the
damage/expansion in the test direction. If a robust damage index
is to be obtained from the SDT result – a uniaxial stress-strain
relationship – it should be corrected for the effect of the existing
damage/expansion in the perpendicular directions. Whether the
maximum load used in the SDT should be reduced and whether
the first load cycle should be discounted, as in the original test
philosophy, remains an open issue for restrained experiments.

The mechanical degradation of ASR-affected concrete is most
notable from the reduction of the modulus of elasticity over time.
However, the modulus of elasticity cannot be regarded as a practi-
cal assessment parameter if a reference value (for unaffected con-
crete) is lacking. From the viewpoint of developing constitutive
models, knowledge on the stiffness reduction, as well as nonlinear
(and dissipative) behaviour is highly relevant. ASR-affected con-
crete has non-linear behaviour at low stress levels (below 40% of
compressive strength), at which healthy concrete behaves in a lin-
ear elastic way. Further investigation of the (1D, 2D and 3D) stress-
strain behaviour of ASR-affected concrete is needed to develop
proper constitutive models.
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Appendix
Table A1
Test results for all cores.

Drilled core Age at testing in days after casting eASR[%] fc[MPa] fc;CSS [MPa] ESDT [MPa] ECSS[MPa] Gc[N/mm] SDI PDI NLI

FC20-1-Y1 50 0.002 40.3 32,483 23,001 34.5 0.087 0.101 1.046
FC20-1-Y2 50 0.002 45.1 32,691 0.085 0.101 1.051
FC20-2-Z1 85 0.014 40.8 34,246 25,603 38.5 0.065 0.045 1.059
FC20-2-Z2 85 0.014 46.7 34,298 0.068 0.059 1.055
FC20-3-Z1 120 0.010 48.1 34,951 0.053 0.027 1.060
FC20-3-Z2 120 0.010 45.8 34,269 0.055 0.032 1.060
FC20-4-Z1 162 0.012 51.6 35,767 0.049 0.017 1.049
FC20-4-Z2 162 0.012 50.3 35,380 1.072
FC60-1-Y1 50 0.107 48.1 26,183 19,822 33.1 0.148 0.205 1.048
FC60-1-Y2 50 0.107 51.8 24,717 0.161 0.219 1.060
FC60-2-Z1 85 0.227 43.6 19,521 15,150 31.7 0.194 0.230 1.120
FC60-2-Z2 85 0.227 46.7 20,181 0.186 0.221 1.116
FC60-3-Z1 120 0.257 44.1 18,650 0.196 0.217 1.185
FC60-3-Z2 120 0.257 44.2 19,607 0.180 0.213 1.158
FC60-4-Z1 162 0.373 41.5 17,772 0.203 0.229 1.205
FC60-4-Z2 162 0.373 42.3 16,655 0.200 0.205 1.193
RC60-1-Y1 50 0.080 47.2 29,222 19,971 38.8 0.136 0.195 1.062
RC60-1-Y2 50 0.080 51.5 27,493 0.138 0.196 1.046
RC60-1-Z1 50 0.034 44.6 28,740 19,699 36.9 0.100 0.114 1.038
RC60-1-Z2 50 0.034 45.8 28,365 0.110 0.136 1.040
RC60-2-Y1 85 0.133 48.2 23,122 16,151 36.1 0.188 0.262 1.088
RC60-2-Y2 85 0.133 50.4 22,149 0.192 0.276 1.069
RC60-2-Z1 85 0.112 42.8 25,522 19,493 35.7 0.127 0.153 1.048
RC60-2-Z2 85 0.112 45.6 26,356 0.122 0.156 1.034
RC60-3-Y1 120 0.259 44.7 20,527 15,290 31.4 0.190 0.231 1.135
RC60-3-Y2 120 0.259 46.6 21,415 0.188 0.235 1.149
RC60-3-Z1 120 0.117 41.5 24,839 17,884 28.9 0.126 0.152 1.059
RC60-3-Z2 120 0.117 45.0 25,525 0.128 0.162 1.062
RC60-4-Y1 162 0.281 44.1 19,348 14,828 30.8 0.185 0.214 1.135
RC60-4-Y2 162 0.281 45.8 19,251 0.191 0.219 1.148
RC60-4-Z1 162 0.099 44.0 25,547 19,198 30.8 0.116 0.133 1.045
RC60-4-Z2 162 0.099 44.8 24,219 0.128 0.140 1.061
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