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Abstract

A subgroup of patients suffering with vertebral fractures can develop progressive spinal
deformities over time. The mechanism underlying such clinical observation, however,
remains unknown. Previous studies suggested that creep deformation of the vertebral
trabeculae may play a role. Using the acoustic emission (AE) technique, this study
investigated effects of bone damage (modulus reduction) on creep behaviours of vertebral
trabecular bone. Thirty-seven human vertebral trabeculae samples were randomly assigned
into five groups (A to E). Bones underwent mechanical tests using similar experimental
protocols but varied degree of bone damage was induced. Samples first underwent creep test
(static compressive stress of 0.4 MPa) for 30 minutes, and then were loaded in compression
to a specified strain level (0.4%, 1.0%, 1.5%, 2.5%, and 4% for group A to E, respectively) to
induce different degrees of bone damage (0.4%, no damage control; 1.0%, yield strain; 1.5%,
beyond vyield strain, 2.5% and 4%, post-ultimate strains). Samples were creep loaded (0.4
MPa) again for 30 minutes. AE techniques were used to monitor bone damage. Bone damage
increased significantly from group A to E (P<0.05), with more than 30% of modulus
reduction in group D and E. Before compressive loading, creep deformation was not different
among the five groups and AE hits in creep test were rare. After compressive loading, creep
deformation was significantly greater in group D and E than those in other groups (P<0.05).
The number of AE hits and other AE measurements during creep test were significantly
greater in group D and E than in group A, B, and C (P<0.05 for all). Data suggested that with
the increase of vertebral trabecular bone damage, substantial creep deformation may occur
even when the vertebra was under physiological loads. The boosted creep deformation
observed may be attributed to newly created trabecular microfractures. Findings provide a
possible explanation as to why some vertebral fracture patients develop progressive spinal

deformity over time.
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1 Introduction

Vertebral compression fracture is one of the most common fractures in the elderly [1] and
often causes back pain and other symptoms that need clinical treatment. As the world’s older
population grows, healthcare costs for vertebral compression fracture have increased
continuously [2]. Although most patients with vertebral compression fracture have favourable
clinical outcomes after appropriate treatments, there is a subgroup of patients who developed
progressive vertebral collapse over time, resulting in disabling back pain, spinal deformity, or
even neurological complications [3, 4]. It is hence important to identify these patients for
preventive clinical interventions. To date, however, a screening tool to identify vertebral
fracture patients who are at risk of progressive vertebral collapse and deformity is absent [5].
This is partly due to the limited understanding on the determinants of progressive vertebral

collapse that followed vertebral fracture.

Previous studies have revealed that under physiological load a vertebra may continue to
deform in a “creep” process [6]. Creep deformation is partially irreversible and may
contribute to progressive spinal deformity. Further experiments observed that the speed of
creep deformation may associate with the degree of vertebra damage [7]. In theory, creep in
some fractured vertebrae may be accelerated to such an extent that vertebral collapse, a
severe consequence of creep, occurs. Yet, a clear quantitative relationship between the degree
of bone damage and vertebral creep deformation remained undetermined. Although vertebral
components, including trabecular bone, cortical shell and endplate, all contribute to vertebral
creep deformation, trabecular bone plays a dominant role [8, 9]. Studies on creep behaviour

of vertebral trabecular bone, therefore, can provide important information on vertebral creep.

The mechanism underlying bone creep is not fully understood, though some studies

suggested that it may relate to bone viscoelasticity and bone damage accumulation [10-12].



The acoustic emission (AE) technique is a non-invasive and non-destructive approach used to
monitor the integrity of engineering materials. This technique is based on the phenomenon
that a material under an external load will produce sound (AE signal) when it starts to fail,
such as the cracking noise from a broken tree when it falls. As a well-developed damage-
monitoring technique, AE has been used in studies of cortical [13-16] and cancellous bones

[17, 18]. Yet, the AE technique has not been used to study vertebral creep.

Using the AE technique to monitor the creep behaviours of vertebral trabeculae, the current
study aims to determine the relationship between bone damage and creep deformation in

human vertebral trabeculae.



2 Materials and Methods
2.1 Experiment design

Thirty-seven cylindrical trabecular bone samples from human thoracic or lumbar vertebrae
were randomly assigned to 5 groups (group A - E). All bone samples used the same
experimental protocols but different levels of damage loading. First, trabecular samples
underwent creep loading (static compressive stress of 0.4 MPa) for 30 minutes. Then, the
load was removed for 30 minutes to allow for recovery. Following recovery, samples in each
group were loaded in compression to a specified strain (0.4% in group A; 1.0% in group B;
1.5% in group C; 2.5% in group D and 4% in group E) to induce bone damage. Finally, the

samples were creep loaded (0.4 MPa) again for an additional 30 minutes.
2.2 Specimens

Five human spines (3 men and 2 women) donated for medical research were obtained from
Science Care (USA). The donors were 36 to 73 years old (mean 57 years), with no known
history of disease involving bone metabolism. Materials were stored at -20°C till test. Each
spine was thawed at 3°C and T8 to L5 vertebrae were dissected for study. Each vertebra
underwent fluoroscopy and only those integral vertebrae without suspicious pathology were
included. As a result, 43 vertebrae were obtained, from which 21 were randomly selected for

the current study (Table 1).

Cylinder cores of trabecular bone were obtained from each vertebra using an 8mm external
diameter diamond coated hole saw (THK Diamond Tools, China). During coring, the
vertebra was clamped firmly to ensure that the longitudinal axis of the sample was
perpendicular to the vertebral endplate. Samples were cooled with phosphate-buffered saline
(PBS) during drilling. After coring, bone samples were visually assessed for any presence of

mechanical damage. Samples showing any sign of damage were discarded. For each vertebra,
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typically 2 cylindrical bone samples (axial diameter 6.3mm, height 19.3-28.4mm) were
obtained from left and right regions of the vertebral body. A third sample can be obtained
from the middle region for some vertebrae of large size. Bone samples were sealed in plastic
bags and stored at -20°C until required for testing. As a result, 37 cylindrical bone samples
were obtained, which were randomly assigned to group A to E. There are 9 samples in group
A (1 sample from spine #1, #4 and #5, 2 samples from spine #3, and 4 samples from spine
#2), 8 in group B (1 sample from spine #1, 2 samples from spine #3 and #4, and 3 samples
from spine #2), 7 in group C (1 sample from spine #3, #4 and #5, and 4 samples from spine
#2), 6 in group D (1 sample from spine #1 and #3, and 4 samples from spine #2), and 7 in
group E (1 sample from spine #4 and #5, 2 samples from spine #3, and 3 samples from spine

#2).
2.3 Mechanical tests and AE measurement

The height and diameter of each sample was measured using a Vernier calliper. If necessary,
a sample was shortened to keep the aspect ratio (height/ diameter) less than 4, as
recommended, to minimise end artefacts in mechanical testing [19]. The sample was then
press-fit into two custom-made stainless steel endcaps, and held in place with cyanoacrylate
adhesive. A custom-made jig was used to ensure that both endcaps were in alignment with
the longitudinal axis of the cylinder sample [20] so that only uniaxial loading would occur

during mechanical testing.

The mechanical test was performed using a Mach-1"™ material testing device (Biomomentum,
Canada) equipped with a 100N load cell in a displacement resolution of 0.001 mm and a load
resolution of 0.005 N. Load and displacement signals were sampled at 100 Hz. A custom-
made testing chamber (70mm x 70mm x 45 mm) was fixed to the base plate of the testing

device (Figure 1). The sample was placed in the centre of the testing chamber and pressed by



a flat-bottomed circular compression plate (20 mm in diameter). During testing, the chamber

was filled with PBS solution at room temperature.

An AE sensor (R15UG, Mistras Group Ltd, UK; operating frequency 50-200 kHz) was
attached to the testing chamber (Figure 1) using cyanoacrylate adhesive [21]. Prior to
experimental setup, the operation and performance of the AE transducer was confirmed with
a pencil lead break test using an acrylic rod as outlined in ASTM. E976-10 [22]. Before each
testing period, pencil lead break test was performed to verify the integrity of AE
measurement setup. AE signals from AE sensor were transferred to the AE channel of the
USB AE node (Model 1283, Mistras Group Ltd, UK), and load signals from the testing
machine were input to the parametric channel of the USB AE node interface. Both signals
were sampled and processed by the USB AE node system, using the supporting software

AEWin (version E5.30).

AE signal is measured in the form of discrete acoustic waves. Each wave is induced by a
release of elastic energy from bone damage, and is often called an AE hit or AE event
(Figure 2). The gain for the pre-amplifier of AE channel was set at 40 dB, and the sample
rate at 20 MHz. The threshold for AE channel was set at 40 dB and the band-pass analogue
filter at 20 to 300 kHz to eliminate any false triggers and to filter out noise from the machine
[23]. Timing parameters for AE channel (peak definition time, 50 ps; hit definition time, 200
us; hit lockout time, 300 us) were set based on the previous pencil lead break test [15, 22].
Sampled data of AE hits were processed by AEWin to extract AE signal features for each hit,
including amplitude, counts, and duration (Figure 2). The load signal from the testing
machine was sampled at 10 Hz by the parametric channel. Acquired AE data and load data

were input to a PC for analysis.

2.4 Experiment protocol



2.4.1 Creep loading

Using the load-control mode (creep mode), bone samples were compressively loaded to 13 N
within 5 seconds, and maintained for 30 minutes to induce creep. The samples were then
unloaded for a period of 30 minutes to allow recovery. A creep load of 13 N generated 0.4
MPa compressive stress on bone samples. Our previous experiments [6, 7] revealed that 0.4
MPa compressive stress was the average compressive stress on vertebral trabecular bone
when a spinal motion segment was subjected to 1000 N creep load. This amount of load is
approximately equivalent to the physiological load in the lumbar spine when a person is in a

standing posture [24].

2.4.2 Compressive loading

Bone samples were loaded in compression to one of the 5 levels of strain (0.4%, 1.0%, 1.5%,
2.5%, and 4%) at a constant strain rate of 0.04% per second. As 0.4% strain is within the
elastic range of trabecular bone [25], it was used as a control to establish AE features of an
intact vertebral sample during creep loading. Strains of 1.0% (approximately the yield strain
of trabecular bone), 1.5% (above the yield strain but below the ultimate strain), 2.5% (post-
ultimate strains), and 4% (post-ultimate strains) were used to simulate overloading conditions

that may induce acute vertebral fracture in the spine [25].

After compressed to the assigned strain, samples were unloaded to zero stress, with the
compression plate returning to its original position prior to the loading cycle. Then, the
samples were immediately re-loaded (0.04% strain per second) to previous strain level to
obtain data for bone damage analysis. Samples were then unloaded to zero stress till second

creep loading.

2.4.3 Second Creep loading



Immediately after the compressive loading, samples again underwent creep loading test using
the above-mentioned creep loading protocol. After the second creep loading, bone samples

were sectioned out of the endcaps, sealed in plastic bag, and then stored at -20°C.

2.4.4 Apparent density of bone samples
Tested bone samples were thawed to room temperature and rinsed in detergent solution to
remove residual bone marrow. Samples were then dried in room temperature for 24 hours.

The mass and bulk volume were then measured to calculate apparent density (g/mm°).
2.5 Data analysis

Load data and displacement data, as acquired by the testing machine, were used to calculate
stress and strain (Figure 3 and 4). Strain was calculated in the unit of ustrain or percentage
strain (1% strain = 10,000 pstrain). The strain measured in the first 5 seconds of creep test
was treated as elastic strain, and was excluded from the calculation of creep strain. As
reported previously [6, 7, 11, 26], the primary creep (T1, Figure 4) lasted approximately 2 to
3 minutes, with a high creep rate. The secondary creep (T2, Figure 4) lasted longer, and had
a much lower creep rate. Creep strain in the primary creep was calculated as accumulated
strain in the first 3-minute of creep test. Creep rate in the secondary creep was calculated

between the 10™ min and 20™ minute of creep test using a linear regression model [11].

Signal features of AE hits in a certain period were analysed to acquire AE measurements,
including cumulative hits, cumulative counts, cumulative duration, maximal and mean
amplitude of AE hits. A MATLAB based program was used to compare the load data
captured by the USB AE node and the testing device to eliminate time offset and synchronize

related data.

Bone damage was calculated using the stress-strain curves obtained from compressive

loading and re-loading. The Young’s modulus was calculated as the slope of the best-fit
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straight line between strains 0.1% and 0.4% of the stress-strain curve in the compressive
loading circle [27]. The residual modulus was calculated as the slope of the approximately
linear region in the compressive re-loading cycle [28]. Modulus reduction was calculated as
the percentage difference between the Young’s and residual modulus, and was used to reflect

the degree of mechanical damage in vertebral sample [28].
2.6 Statistics

Mean (SD) and median (interquartile range, IQR) were used to depict various measurements,
as appropriate. One-way ANOVA was used to compare apparent density and bone damage
among groups. As other data were not in normal distribution, non-parametric statistics,
including Kruskal-Wallis test and Mann-Whitney U test, were used in comparison. To
examine effect of donor on creep deformation, creep data were log transformed and analysed
using two-way ANOVA, with experimental group as fixed factor and donor as random factor.
Non-parametric correlation analysis (Kendall’s t) was used to examine the relationship
between creep deformation and AE measurements. Statistical analysis was performed using

SPSS (v21.0, Microsoft, USA).
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3 Results

There was no statistical difference in apparent density for bone samples among the five

groups (Table 2).
3.1 AE measurements in compressive loading

Modulus reduction increased from group A to group E (P<0.001) (Table 2). During
compressive loading, AE hit occurred right before the ultimate load was reached and
continued throughout the whole post-yield deformation stage (Figure 3). In compressive

loading, AE measurements increased from group A to group E (P<0.05) (Table 2).
3.2 Creep loading and AE measurements

All samples exhibited typical primary and secondary creep during the 30-min creep loading
test before and after compressive loading (Figure 4). Tertiary creep, the stage after the
primary and secondary creep, was observed in 2 samples (one in group B and another in
group D) in the post-compressive loading creep test. For the one in group D (Figure 5),
tertiary creep started at the 9™ minute in the creep test and lasted for about 2 minutes. Then
the sample started another secondary creep. Thus, creep rate was not calculated for this

sample.

There was no statistically significant effect of donor on creep deformation (P>0.05). Before
compressive loading, creep deformation was not different among the five groups (P>0.05).
After compressive loading, creep deformation was significantly greater in group D and E than
in other three groups (P<0.05) (Table 3). In group E, the median value of creep strain

(including primary and secondary creep) reached 1.6% at the end of creep loading.

Most AE hits occurred in the primary creep (Figure 4). AE hits were rare in the secondary
creep either before or after compressive loading (only recorded in 7 samples, including 4 in

group A and 3 in E, with 23 hits in total). Similar pattern was also observed for the sample in
12



group D which went into tertiary creep at 9" minute (Figure 5). While there were a lot of
AE hits recorded in tertiary creep, very few AE hits were recorded in the secondary creep
either before or after tertiary creep. Therefore, statistical analysis was only performed for AE

measurements in the primary creep.

Before compressive loading, AE hits are rare during the primary creep and no difference in
AE measurements was observed among the five groups (Table 4). After compressive loading,
however, AE measurements during the primary creep were significantly different among the
five groups (P<0.05). All AE measurements in group E were significantly greater than those
in group A, B, and C (P<0.05 for all), while those in group D were significantly greater than
those in group C (P<0.05 for all). There was no statistical difference in AE measurements

between group D and E.

The amount of creep strain was correlated to AE measurements during the primary creep (t =
0.62, 0.62, 0.64, 0.59 and 0.52 for cumulative hits, cumulative counts, cumulative duration,
maximal amplitude, and mean amplitude, respectively, P<0.01 for all). Creep rate in the
secondary creep was correlated to AE measurements during the primary creep (t = 0.60, 0.60,
0.58, 0.54 and 0.50 for cumulative hits, cumulative counts, cumulative duration, maximal

amplitude, and mean amplitude, respectively, P<0.01 for all).
3.3 AE signal features in compressive loading and creep loading

In total, 275 AE hits were recorded during compressive loading and 95 hits in primary creep
after compressive loading. AE signal features were similar between these two loading
conditions. The median values of AE amplitude (50 dB) and duration (382 ps) during
compressive loading were not statistically different from that during second creep loading (51

dB and 400 ps, respectively, P>0.05, Mann- Whitney U test). There was no association

13



between the numbers of AE hits during compressive loading and during second creep loading

(t = 0.15, P>0.05).
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4 Discussion

For the first time, AE technique was used to study creep behaviours in human vertebral
trabecular bones. Creep behaviours of vertebral trabeculae depended on the degree of bone
damage. With the increase of bone damage, substantial creep deformation can occur in the
vertebral trabeculae even when the bone was under physiological loading. Findings provide a
possible explanation as to why some patients with vertebral compression fracture developed

progressive vertebral collapse and kyphosis over time.
4.1 Explanation of results

The substantially increased creep deformation occurred after the trabecular bones underwent
post-ultimate strain compression. This may be related to new presentation of creep damage.
During the primary creep, high-energy AE signals (amplitude > 50dB) were common in
group D and E (Table 4). Interestingly, such high-energy AE signals were also recorded
during compressive loading when post-yield deformation occurred, suggesting that these AE
hits were produced by new damage in the bones. Previous studies also reported similar high
energy AE signal when fracture was induced to trabeculae [18, 29, 30]. The bone damage in
primary creep likely includes large microcracks or even trabeculae fracture [18, 30]. On the
other hand, as creep rate in the secondary creep correlated to AE measurements in the
primary creep, it is also possible that the bone damage occurred in the primary creep
continued to evolve during the secondary creep, which may include formation of diffuse
damage [3], slow growth of microcracks [31], and separation of fractured trabeculae.
Support for this argument can be found in one of the two samples that went into tertiary creep
(Figure 5). While only a few AE hits were recorded in the secondary creep (the first 8
minutes of the creep loading), a large amount of AE hits occurred when the tertiary creep

starts, suggesting that continuous evolution of damage during secondary creep leads to
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microcracks or fractures in vertebral trabeculae. Other techniques, such as high resolution

micro-CT, may help to further answer this question.

The effect of trabecular bone damage on creep behaviours may relate to the loss of bone
structural integrity. When the damaged trabecular bone underwent creep loading, stress
distribution within the bone will be rearranged, resulting in stress concentration and new
fracture in undamaged trabeculae [32, 33]. Evidence suggests that stress rearrangement
depends on degree of bone damage [34]. Stress rearrangement in bone was negligible when
modulus reduction was below 30%, but became significant if modulus reduction was greater
than 30% [34]. This may explain why both AE measurements and creep deformation were
significantly greater in group D and E where modulus reduction is above 30% but remained

unchanged in group B and C where modulus reduction is below 30%.
4.2 Relationship to previous work

Results of the current experiments are comparable to previous findings that bone creep
involves in viscoelastic and damage processes [6, 11, 12] which may lead to progressive
deformity in human vertebrae [6, 7]. For the first time, this study used AE technique to study
creep behaviours of vertebral trabeculae. Findings of this study suggested that the substantial
creep deformation observed in group D and E may be a result of new trabecular

microfractures or extension of existing microfractures.
4.3 Strength and limitation of the study

A strength of the current study is using AE technique to monitor vertebral damage
accumulation in creep deformation. AE technique is highly sensitive and is able to detect
crack as small as 25 um in cortical bone in a fatigue test [16]. Moreover, this technique can
demonstrate the time history of microdamage evolution and thus, provide important

information for understanding the mechanism underlying bone creep. While the same
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experiment protocol was used to test all samples, a fixed level of strain was employed in each
group to induce equivalent amount of bone damage [25]. Such a study design may minimize

experimental errors and confounding.

Although AE technique is sensitive, it is not able to detect bone microcracks less than 25 um
[16]. As such, some diffuse damages (< 1 um) were missed [3]. Another study limitation is
that creep tests were conducted at room temperature. As the creep rate increases at higher
temperature [35], in vivo creep measurements should be greater than that observed in the
current study. While full recovery of creep deformation may take much longer time than the
loading time [11], a recovery period of 30 minutes in the current study is not enough to allow
a full recovery. This may be one of the reasons why creep strain is lower in the second creep
loading, as compared with the first one for groups A, B, and C (Table 3). The age range for
samples studied is wide (36 to 73 years), resulting in a high variability in apparent density
measurement and some bone samples may not be representative of that in osteoporosis.
Although bone samples were heterogeneous, a constant stress of 0.4 MPa was used during
creep loading. As such, elastic strains induced in bones may vary considerably. While
damage of trabecular bone is dependent on strain [25], this approach may lead to high intra-
group variability in creep deformation and AE measurements, as observed in the current
study. In addition, in real life human vertebral trabecular bone are subjected to cyclic fatigue
loading, which include both creep and cyclic loading. Although creep plays an important role
in trabecular bone deformation in cyclic fatigue loading[11], we did not study cyclic loading.
Finally, although the relationship of bone damage and creep deformation was identified in
this experimental study, bone damage is merely quantified by a mechanical measure
(modulus reduction) and how to reflect bone damage using standard image approaches

remains unknown.

4.4 Clinical significance
17



Finding that with the increase of trabecular bone damage substantial creep deformation can
occur provides a possible explanation as to why some cases of acute vertebral fractures will
develop progressive vertebral collapse but some will not [3]. Healing of trabecular bone was
found to be most efficient in a biomechanical environment with interfragmentary strain
ranged between 6% and 20%. Healing will be delayed when cyclic strain was either too low
(<5%) or too high (>20%) [36]. Substantial creep deformation may disturb and delay bone
healing, and even initiate a vicious cycle of progressive vertebral collapse and deformity [4].
Findings may also contribute to new screening tools to identify patients at risk of progressive

vertebral collapse, though such a clinically feasible tool remains to be developed.
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Figure Legends

Figure 1. Setup of mechanical testing apparatus (A, compression plate; B, bone sample; C,

testing chamber; D, acoustic emission sensor).

Figure 2. Signal features of an AE hit. An AE threshold was set to eliminate false triggers
from noise. Features of AE signal, including amplitude, count, and duration were acquired

using AEWin software.
Figure 3. Stress and cumulative AE hits during compressive loading test.

Figure 4. Creep strain and cumulative AE hits during second creep test for a sample in group
E. In the primary creep (T1), creep strain increased rapidly and most AE hits occurred during
this period. In the followed secondary creep (T2), the creep strain increased at a much lower

rate.

Figure 5. Creep strain and cumulative AE hits for a sample in group D. The sample went into
tertiary creep at 9™ min during creep loading. Both creep strain and AE hits increased rapidly
during tertiary creep. The tertiary creep lasted for around 2 minutes, after which the sample

started another secondary creep.
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Table 1. Details of cadaveric spines in the study

Cadaveric Donor information Vertebrae Vertebrae used
spine Age Sex dissected in this study
1 73 M L1-L5 L2, L4
2 55 M T9-L5 T10-L5
3 36 F T8-L5 T8, T11, L1-L4
4 64 F T8-L5 T10, L2, L4
5 56 M T8-L4 T12,L2

Table 2. Apparent density, modulus reduction and AE measurements during compressive

loading
Group
Measurements P
A B C D E
Apparent 5934008 024+011 026+009 024+004 032+009 0324
density (g/cm®)
Modulus

. -3.73£10.47 5.49+27.69 26.11+24.63 65.57+11.12 78.29+13.30 <0.001
reduction (%)

Cumulative

its 0(3) 1(4) 4(8) 10(15) 31(29) <0.001
géjumng ave 0(107) 19(61) 128(355) 399(520) 1140(840) <0.001
Cumulative

duration (ms) 0(1.39) 0.50(1.99) 2.03(5.34) 3.75(7.68)  14.37(10.57) <0.001
Maximal

amplitude (dB) °©°) 47(56)  60(36) 69(25) 78(7) <0.001
Mean 0(51) 43(48)  50(13) 52(8) 53(4) 0.004

amplitude (dB)

Data are mean x SD for apparent density and modulus reduction, and median (IRQ) for the
others. P values indicate the difference across the five groups (one-way ANOVA for apparent
density and modulus reduction, and Kruskal-Wallis test for the others).



Table 3.  Creep strain during primary creep and creep rate during secondary creep
measured pre- and post- compressive loading
Group P
A B C D E

Creep
strain Pre-  1631(6742) 2280(4683)  1818(653) 2176(7009) 1610(2246) 0.696
(ustrain)  Post-  544(628)°F 598(3745)  985(607)"F 6022(13359) 13593(79865)  <0.001
Creep
rate Pre-  3107(9400) 4374(4500)  3577(900) 3817(3500) 3137(1500) 0.291
(ustrain/s
x 10 Post- 1942(1600)"  2427(2600)°  1891(1200)"  8210(18500) 14815(40800)  0.001

Data are median (IRQ). P values indicate the difference among the five groups
(Kruskal-Wallis test). When compared with group E, statistical differences were denoted with
® if P<0.05 and F if P<0.01, and those compared with group D were denoted with ¢ if P<0.05

and ° if P<0.01(Mann-Whitney U test).



Table 4. AE measurements during primary creep pre- and post- compressive loading

Group
AE parameter P
A B C D E
Pre- 1(2) 0(3) 0(3) 3(9) 0(0) 0.227
lative hi
Cumulative hits o o()F 02F 00O  3(7) 6(16) 0.002
Cumulative Pre-  7(94) 0(108)  0(150)  54(265) 0(0) 0.282
counts Post- 0(13)F 0(84)F  0(0)™ 100(281)  157(779)  0.002
cumulative Pre- 0.02(0.95) 0(1.83) 0(1.42) 1.15(3.77) 0(0) 0.250

duration (ms) Post- 0(0.04)F  0(0.85)° 0(0)*™ 0.93(2.93) 1.97(7.15) 0.002

Maximal Pre-  48(59) 0(40) 0(51)  52(55) 0(0) 0.227
amplitude (dB) ~ Post- 0(23)°  0(38)°  0(0)"  55(63) 66(19) 0.004
Meanamplitude P&~ 4764)  0(37)  047)  47(49) 0(0) 0.220
(dB) Post- 0(23)°  0(37)° 0(0)®  49(52) 54(6) 0.008

Data are median (IRQ). P values indicate the difference among the five groups
(Kruskal-Wallis test). When compared with group E, statistical differences were denoted with
®if P<0.05 and E if P<0.01; those compared with group D were denoted with ¢ if P<0.05 and °
if P<0.01 (Mann-Whitney U test).
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