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Journal description and aims

Frattura ed Integrita Strutturale (Fracture and Structural Integrity) is the official Journal of the Italian Group of Fracture. It is an
open-access Journal published on-line every three months (July, October, January, April).

Frattura ed Integrita Strutturale encompasses the broad topic of structural integrity, which is based on the mechanics of fatigue
and fracture, and is concerned with the reliability and effectiveness of structural components. The aim of the Journal is to
promote works and researches on fracture phenomena, as well as the development of new materials and new standards for
structural integrity assessment. The Journal is interdisciplinary and accepts contributions from engineers, metallurgists,
materials scientists, physicists, chemists, and mathematicians.

Contributions

Frattura ed Integrita Strutturale is a medium for rapid dissemination of original analytical, numerical and experimental
contributions on fracture mechanics and structural integrity. Research works which provide improved understanding of the
fracture behaviour of conventional and innovative engineering material systems are welcome. Technical notes, letters and
review papers may also be accepted depending on their quality. Special issues containing full-length papers presented during
selected conferences or symposia are also solicited by the Editorial Board.

Manuscript submission

Manuscripts have to be written using a standard word file without any specific format and submitted via e-mail to
gruppofrattura@gmail.com. Papers should be written in English. A confirmation of reception will be sent within 48 hours.
The review and the on-line publication process will be concluded within three months from the date of submission.

Peer review process

Frattura ed Integrita Strutturale adopts a single blind reviewing procedure. The Editor in Chief receives the manuscript and,
considering the papet’s main topics, the paper is remitted to a panel of referees involved in those research areas. They can
be either external or members of the Editorial Board. Each paper is reviewed by two referees.

After evaluation, the referees produce reports about the paper, by which the paper can be:

a) accepted without modifications; the Editor in Chief forwards to the corresponding author the result of the reviewing
process and the paper is directly submitted to the publishing procedure;

b) accepted with minor modifications or corrections (a second review process of the modified paper is not mandatory); the
Editor in Chief returns the manuscript to the corresponding author, together with the referees’ reports and all the
suggestions, recommendations and comments therein.

¢) accepted with major modifications or corrections (a second review process of the modified paper is mandatory); the
Editor in Chief returns the manuscript to the corresponding author, together with the referees’ reports and all the
suggestions, recommendations and comments therein.

d) rejected.

The final decision concerning the papers publication belongs to the Editor in Chief and to the Associate Editors.

The reviewing process is usually completed within three months. The paper is published in the first issue that is available
after the end of the reviewing process.
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Recent advances in “Experimental Mechanics
of Materials” in Greece

current research achievements in the field of “Experimental Mechanics of Materials” from a series of

Universities and Research Institutes of Greece. The papers were collected within the framework of the
activities of the “Greek Society for Experimental Mechanics of Materials” (GSEMM).
GSEMM was founded recently and its mission (as described in its officially Certified Statute) is the production
and dissemination of scientific knowledge as well as training, education and know-how transfer in all fields related
to “Experimental Mechanics of Materials”. The Society is already accepted by the European Structural Integrity
Society (ESIS) as the National Committee of Greece. GSEMM plans to organize the “Ist Conference of the
Greek Society of Experimental Mechanics of Materials” in Athens from 10 to 12 May 2018. GSEMM is already
in contact with the Executive Committee of ESIS in order for the conference to be held under the official auspices
of ESIS. Moreover, GSEMM is in contact with the Editor-in-Chief of “Procedia Structural Integrity” in order
for the proceedings of the conference (after the proper peer review process), to be published in a special issue of
the journal.
The papers included in this issue of “Fracture and Structural Integrity” are original contributions concerning
recent developments aiming at highlighting critical aspects of the mechanical behaviour and failure of specific
building materials and structures. Attention is focused on the application of certain novel experimental sensing
techniques (like Acoustic Emissions, Pressure Stimulated Currents and Electrical Resistance Change of embedded
PVA-CNT fibers) in the direction of: (i) pumping data from the interior of tested specimens, (ii) detecting proper
pre-failure indicators and, finally, (iif) assessing the potential of the as above mentioned techniques to be used as
flexible tools for Structural Health Monitoring. The materials considered are characterized by increased brittleness
and include marble, soda-glass, various porous stones, cement mortar and cement-paste and bone tissue. Some
of these materials, like for example Dionysos marble and Alfas porous stone, are widely used in on-going
restoration projects of classical monuments of the Greek Cultural Heritage. The majority of the papers describe
experimental research work, while two of them are based on analytical and/or numerical schemes.
The Guest Editors would like to emphasize that it is an honor and privilege for us the fact that we have had the
opportunity to edit this issue of “Fracture and Structural Integrity”. We wish to sincerely thank the authors who
have contributed and also, we would like to express our gratitude to the reviewers of all the papers, since they
worked tirelessly to assure the scientific quality and originality of the submitted articles.
Finally, we would like to thank the Editor-in-chief of “Fracture and Structural Integrity” Professor Francesco
Tacoviello, who provided us with the ‘podium’ of the journal and offered us the opportunity to demonstrate the
research implemented at various Greek institutes, in the field of “Experimental Mechanics of Materials”. We
hope that the publication of this issue of “Fracture and Structural Integrity” will be the first step towards the
enhancement of the relation between the “Italian Group of Fracture” and the newly founded GSEMM, for the
mutual benefit of the members of both societies.

T he present issue of “Fracture and Structural Integrity” contains, among others, a set of papers reporting

Stavros K. Kourkoulis Dimos Triantis

School of Applied Mathematical and Physical =~ Department of Electronics,

Sciences, Department of Mechanics, Technological Educational Institution of Athens,
National Technical University of Athens, Athens, Greece

Athens, Greece
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Focussed on Recent advances in “Experimental Mechanics of Materials” in Greece

Using acoustic emissions to enhance fracture
toughness calculations for CCNBD marble specimens

K. Kaklis, S. Mavrigiannakis
School of Mineral Resources Eng., Technical Unip. of Crete, Greece
kaklis@mred.tuc.gr, smanrig@mnired.tuc.gr

V. Saltas, F. Vallianatos
Dept Environmental and Natural Res. Eng., Tech. Educational Institute of Crete, Greece
vsaltas@chania.teicrete.gr, foallian@chania. teicrete.gr

Z. Agioutantis
Department of Mining Engineering, University of Kentucky, Lexington, KY, US.A
zach.agiontantis@uky.edu

ABSTRACT. Rock fracture mechanics has been widely applied to blasting,
hydraulic fracturing, mechanical fragmentation, rock slope analysis,
geophysics, earthquake mechanics and many other science and technology ciadion:  Kadis. K.  Salws. V.
fields. Development of failure in brittle materials is associated with Mavrigiannakis, S, Valiannatos, F,

. . . 0 9 Agioutantis, Z., Using acoustic emissions to
microcracks, which release energy in the form of elastic waves called acOUSHC . j1nce fracture touahness calculations for
o

emissions. In the present study, acoustic emission (AE) measurements were CCNBD marble specimens, Frattura  ed
. 2 oo o Integrita Strutturale, 40 (2017) 1-17.
carried out during cracked chevron notched Brazilian disc (CCNBD) tests on ° eor

Nestos marble specimens. The fracture toughness of different modes of Received: 11.07.2016
Accepted: 12.09.2016

loading (mode-I and —II) is calculated and the results are discussed in  pypriched: 01.042017
conjunction with the AE parameters. ) o
Copyright: © 2017 This is an open access
article under the terms of the CC-BY 4.0,
KEYWORDS. Rock fracture toughness; Mode I loading; CCNBD; Acoustic  which permits unrestricted use, distribution,

.. - Marbl and reproduction in any medium, provided
emissions; Marble. the original author and source are credited.

INTRODUCTION

racture mechanics can be applied to many engineering fields including civil and mining engineering, where drilling,

excavation, explosion and cutting of rocks are closely related to the strength, stability and fracture of rock materials

and structures. Fracture toughness represents the ability of a material to resist the propagation of cracks; it is
considered to be an inherent property of each material and should not be related to testing conditions.
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Among many different testing methods for rock fracture toughness, the International Society for Rock Mechanics (ISRM)
suggests the Chevron Bend (CB) and the Short Rod (SR) specimens [1]. These tests are relevant to mode I (opening
mode) fracture toughness calculations, but are not appropriate for testing the fracture toughness of rock under mode II or
mixed mode I-1I cases |2, 3]. Considering notched circular specimen geometries, Atkinson et al. in 1982 [4] introduced the
Cracked Straight Through Brazilian Disc (CSTBD). Shetty et al.,, in 1985 [5], based on the CSTBD configuration,
presented the Cracked Chevron Notched Brazilian Disc (CCNBD) test, by employing the straight through crack
assumption. The introduction of the CSTBD and CCNBD tests, allows the determination of rock fracture toughness
under mode I (opening mode), mode II (in plane shear mode) and mixed mode I-II loading cases. Both of these tests
configurations show great potential for current and future applications and overcome the disadvantages of the CB and SR
specimens.

The International Society for Rock Mechanics [6] suggested the cracked chevron notched Brazilian disc (CCNBD) for
determining the mode I fracture toughness of rock. There are some unique features characterizing the CCNBD specimen:
(a) it is closely related to the Brazilian test which is widely used for tensile strength test for rock and concrete, (b) it can be
easily used for mode I, mode II and even mixed mode testing, (c) it can sustain higher critical load than other kinds of
specimens with comparable size and (d) it also maintains the merit of convenience for specimen preparation from rock
[7-9]
and with measuring the fracture toughness under mode II and mixed mode I-II loading conditions using CCNBD
specimens of different rock types [10, 11].

Regarding AE, it is known that a large number of such signals are generated when a rock specimen is loaded to failure.
Since AE signals ate caused by the formation, expansion and propagation of microcracks, such signals inherently include
information related to the structural changes taking place within a rock sample.

This study focuses on the correlation between the AE signals and the diametrically applied load during CCNBD tests. The
acoustic emission activity was monitored using piezoelectric acoustic emission sensors, and the potential for accurate
prediction of the fracture load based on acoustic emission data is investigated.

*

cores. Recent research dealt with the calibration of the minimum (critical) dimensionless stress intensity factor Y, ..

EXPERIMENTS AND ACQUISITION OF ACOUSTIC EMISSIONS

Material
pecimens consisting of Nestos marble were properly prepared and tested. This marble is quarried by surface mines
S in northern Greece and is mainly used as a building material. It is composed of 93.4% calcite, 6% dolomite and
0.6% quartz. Its density is 2.67 g/cm? and its absorption coefficient by weight is 0.09%. It is of white color with a
few thin parallel ash-green colored veins containing locally silver areas due to the existence of dolomite [12].

The geometry of the CCNBD specimen

The CCNBD specimen has the same geometry and shape (Fig. 1) as the conventional Brazilian disc used for measuring,
indirectly, the tensile strength of rock. Additionally, the CCNBD specimen has a chevron notch. ISRM [6] recommends
that the following dimensionless parameters can be used to characterize the geometry of the chevron notch:

©)

where the diameter D is twice the radius R, B is the thickness of the disc, « is the initial notch length, «; is the final

* . . . * o, . * *
notch length, « is the intermediate crack length, o, is the critical crack length, and ¢, oy, az, a , «,, are the

relevant dimensionless expressions.
Furthermore, as shown in Fig. 1a, 2b is the crack front width, P is the load applied to the disc and D; is the diameter of
the circular cutting blade. Typical standard ratios for a CCNBD specimen suggested by ISRM [6] are given as:

a, =0.2637,a, =0.65, a =0.80, a,, =0.5149 @)
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For crack lengths as presented above, high stress concentrations are generated at the crack tip which eventually lead to
crack propagation and failure.

At this point it should be stressed that cracks machined by rotating cutting saws are actually of a rectangular shape thus
possessing four critical points, the corners of the rectangular slit, rather than two crack tips [13]. This fact leads to a more
complicated failure mechanism in the closed vicinity of the crack crown. Here however, taking also into account the AE

instruments available (namely the relatively big size of sensors used), interest is focused to a wider area considering a single
dominating singularity, the crack tip.

@ (b)
Figure 1: Geometry of CCNBD specimens under (a) pure mode I loading and (b) mixed mode I-II loading.

Fracture tonghness caleunlation for CCNBD fests

The stress intensity factors (SIF), Ki and Ky for the Cracked Straight-Through Brazilian Disc (CSTBD) specimen with a
through notch length of 2a, can be expressed as [5]:

P
K Na N, or K;=——e—— Y, 3a
1= \/— B 1 1 ﬁB 1 ( )
where
Y, =Ja - N, (3b)
P P
Ky=———Ja Ny or Ky=——n—-Y 4a
11 \/HB 11 11 \/HB 11 ( )
where
YH :\/E‘NH (4b)

where P is the load applied in compression, =« /R and N;, Ny; ate dimensionless coefficients that ate functions of 4
and the notch inclination angle with respect to the loading direction, 0 (Fig. 1b). Y1 and Y1 are the dimensionless stress
intensity factors for CSTBD specimen.

Fig. 2 compares the geometrical terms for CSTBD and CCNBD specimens. The intermediate crack length « in CCNBD
specimens varies between a, and «; and is regarded as equivalent of the crack length « in CSTBD specimens.
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CCNBD CSTBD
Figure 2: The geometrical definition of crack length o (CCNBD) and « (CSTBD).

By applying the Straight Through Crack Assumption (STCA) method [5, 14] to a CCNBD specimen, the relationships (3)
and (4) take the form [10]:

P * a, —a P *
Ki=———a - [ 4—N; or Kj=——"Y 5a
" JrRB a —a iR G0
where
YI*ZVO‘*' dl*_do N; ©b)
a _ﬂo
P * a — P *
Ky=—F——Va - [—LN; or Ky=————Y 6a
11 ﬁ-B a’ —a, 11 11 ﬁ-B 11 ( )
where

YI*I =Va' - ﬂl*_do Ny (6b)
(04 _ﬂo

where YI* and Yl*l are the dimensionless stress intensity factors for CCNBD specimen. Cleatly, Y" of CCNBD and Y of
CSTBD are related by the following relationship:

Y*: ﬂl*_ﬂo .Y (7)
o —d

The Egs. (5) and (6) are employed to calculate fracture toughness values of CCNBD under mixed mode I-II loading.
Atkinson et al. [4] provided a solution for Ny and Ny; given by a five-term approximation (for 0.1<a <0.6):

Ny = ZTi (“)Zi_z -A;(0) ®
i-1
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n .
Ny =2sin20- Y8, (@) - B, () )
i=1
where the first five values of T;, S; and the corresponding A;(6), B;(6) are given in Tabs. 1 and 2 in Ref. [4],
respectively. Fig. 3 presents the variation of the dimensionless coefficients Ny, Ny; with respect to the inclination angle 0
for dimensionless notch lengths o =0.1-0.6.

e =0 1
—=0.2
e =0, 3

~
5]

N
L

8 (degrees)

40 50 60 70 80 90

-
L

——q=0.1

Dimensionless coefficient,N,

—q=0.2

Dimensionless coefficient,N,,
=
"

e
0

—q=0.3

34 —a=0.4

(=}
o 4

—=0.5 T T T T T T T T 1
—6 10 20 30 40 50 60 70 80 90
4 6 (degrees)

@) )
Figure 3: The dimensionless coefficients (a) N; and (b) Ny; for e =0.1-0.6.

In the ISRM suggested methods [6] the mode I fracture toughness K- of CCNBD specimens [6, 14, 15, 16] can be
calculated by the following equation:

*

Pmax
Kie=—""="Y

B\/B min

(10)

where P_ . is the maximum load that can be sustained by the specimen and Y, is the minimum (critical) dimensionless

X

stress intensity factor which is determined by the specimen geometry parameters ¢ ,«; and ap only, and is given by:
* .
Y, =u-e' (11)

where u and v are constants determined by ¢, and ajp only [0].

Changing the angle between loading direction and chevron notch orientation (i.e. angle 6 in Fig. 1b), fracture toughness
tests can be performed under mode 11 and mixed mode I-II loading conditions. Thus, for pure mode I loading, the crack
direction should be exactly along the applied diametral force (l.e., 6 =0°), while a pute mode II condition in CCNBD

specimen is achieved when the dimensionless SIF YI* in relationship (5b), is equal to zero. According to Fig. 3a, YI* =0

when the crack inclination angle 6 is about 23°. Several researchers have also determined this angle to range between 20
and 24 degrees using numerical models [11, 14]. Markides et al. [17] and Markides and Kourkoulis [18] through analytical
solutions of short straight through cracks and bigger cracks obtained from elliptic holes respectively, calculated, also, this
angle as a function of the dimensionless crack length from a maximum value of about 29 degtees for « /R =0.1 (very
short crack) to about 22 degtees for o/ R=0.5.

Calentation of the Critical crack length
Different dimensionless values for the critical crack length have been proposed in the literature. In the ISRM Suggested
methods [0] it is stated that the critical crack length is a:; =0.5149 (for a specimen geometry given by Eq. (2)) without any

explanation of how this value was calculated. For the exact same specimen geometry, Wang et al. [7] proposed to use a
critical crack length of 0.49, while a value of 0.4915 is derived in the present paper, by minimizing the dimensionless Stress

wul
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Intensity Factor Y . More specifically, the upper curve shown in Fig. 4 represents the dimensionless stress intensity
factor of the CCNBD specimen for various crack lengths as obtained from Eq. (5b) in conjunction with Eq. (8) for mode
I, while the lower curve corresponds to the dimensionless SIF of the CSTBD specimen as obtained from Eq. (3b) in
conjunction with Eq. (8) also for mode I. It is observed that the SIF for the CSTBD specimen monotonically ascends,
while the SIF curve for the CCNBD specimen is convex and reaches a minimum value between the initial and final crack

length. The minimum SIF value for the CCNBD specimen Y;m =1.2578 corresponds to the critical crack length

0{; =0.4915. When o >ay, it is assumed that the SIF for the CCNBD specimen is identical to that of the CSTBD
specimen as discussed by [7] and [9].

Y" of CCNBD

Y(a)=Y'(ay)=1.354

1,8 4
1,6 4

Y of CSTBD

1,2 +

[any
1

0,6

Dimensionless SIF Y*, Y

]
1. =0.491
0,4 : : —  m=04915

025 03 035 04 045 OS5 055 06 065 0,7 0,75

T T T 1

Dimensionless crack length, a
Figure 4: Dimensionless stress intensity factors for straight through and chevron notches in a CCNBD specimen with ¢ = 0.2637
and a4 =0.65.

Specimen preparation and experimental setup

Initially, the circular discs of Nestos marble (D = 52 mm) were prepared by coring specimens out of Nestos cubes with
their long axis normal to the plane of transverse isotropy (Fig. 5), in order to avoid large variations in the quality of the
stone and ensure similar fracture loads.

\ ~ Y

e RIFT PLANES
RIFT PLANE

Figure 5: Specimen orientation. The middle plane of the disks is parallel to the plane of transverse isotropy (tift planes).

The CCNBD specimens were prepared according to the standard geometrical dimensionless expressions (2) [6]. Two
chevron notches (one in each side) were cut in the center of each disc by using a thin rotary diamond saw with a diameter
of Dy = 38 mm and a thickness of t = 1 mm which results in a crack width of less than 1.5 mm (Fig. 6). This satisfies the
requirements suggested by [6,9,10,14] that the machined crack width should not exceed 1.5 mm. Wang et al [19]

6
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emphasize that the notch width has an important effect on the stress intensity factors and that the crack width should be
adequate to ensure crack propagation. At the same time Shetty et al. [5] indicate that they used a machined slot opening
of 250 um without giving any technical details. The indentation depth of the rotary saw on each side of the disc was about
11.72 mm and thus, two V shape chevron notches were introduced in the circular disc. The diamond saw was cooled by
water during the chevron notch cutting process.

Figure 6: The schematic cutting configuration for preparing CCNBD specimens with some theoretical geometrical parameters.

Fig. 7a presents the final configuration of a CCNBD specimen with the theoretical dimensional parameters o, and o«;. In
order to obtain consistent test results and to satisfy the plane strain condition, the ISRM [6] prescribes that the range of
oy and ajp is restricted as shown in Fig. 7b. It is evident that the selected geometric parameters (2) are located within the
valid range.

Invalid range a, <08

ay < 1.04

ay
o
[4,]
,
ag = 0.44

@) ®)
Figure 7: (a) CCNBD specimen. (b) The valid geometrical range for CCNBD specimen.

The CCNBD specimens (Fig. 7a) were then placed in the Brazilian testing apparatus and loaded by a diametral
compressive force P. For pure mode I loading, the crack direction should be exactly along the loading diameter, while for
mixed mode I-II loading the chevron notch orientation lies between 0 and 90 degrees. Load was applied using a stiff 1600
kN MTS hydraulic testing machine and a 500 kN load cell, with a loading rate of 200 N/s undet load control mode for all

experiments.

Monitoring of Acoustic Emissions

The AE activity may be represented in time series of detected signals in each sensor (hits), their amplitudes (signal peak in
dB), rise time (RT) which is defined as the time between the first threshold crossing (FTC) and the point of peak
amplitude, as well as other acoustic parameters. AE signals were acquired and analyzed using the AE WIN software
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package by Enviroacoustics [20]. Acoustic emission signals were detected through 6-8 miniature piezoelectric sensors
(PICO sensors, 200 kHz-1 MHz, MISTRAS Group, SA) mounted on the surface of each specimen and recorded through
an integrated multi-channel system of Physical Acoustics Corporation. The positions of the sensors on each side of the
CCNBD specimens for the determination of the mode 1 (60=0°) and mode II (0=23°) fracture toughness are shown in Fig.
8 and Fig. 9, respectively. Usage of such sensors was dictated due to the small size of the specimens. Their high sensitivity
over a broad bandwidth ensures the accurate detection of the AE signals. It should be noted that in the case of the
specimens subjected to mode I loading, the positions of the AE sensors were symmetrically located with respect to the
tips, while in the case of the mode II loading the positions were somewhat arbitrary positioned on the surface of the
specimens. In both cases, however, the accurate determination of the events’ location is mainly limited by the size of the
sensors and to a lesser extent by their positions, as discussed in the next section.

The source location of the AE events on a planar projection was determined by using the arrival times of the hits detected
by at least three sensors. This procedure is described in details elsewhere [21].

P P

P P
FRONT VIEW REAR VIEW
Figure 8: The positions of the sensors for the mode I (0=0°) loading CCNBD specimens.

FRONT VIEW REAR VIEW
Figure 9: The positions of the sensors for the mode II (0=23°) loading CCNBD specimens.

EXPERIMENTAL RESULTS ANS DISCUSSION

Rock fracture toughness for pure mode 1
ix CCNBD tests were performed for the determination of mode I fracture toughness (Fig 8). The fracture load was
S identified using AE records and the specimen fracture toughness was calculated using Eq. (10). The average fracture
toughness of these specimens was (0.73%£0.08) MPa m!/2 (Tab. 1).

The minimum dimensionless stress intensity factor Y, , is an important calculation parameter which greatly affects the

accuracy of toughness tests. It is calculated using Eq. (11) and the values of parameters u, v, as suggested by the ISRM [6].
In order to improve the fracture toughness tests using CCNBD, recent research [8, 9, 16], based on the slice synthesis
method [22] and other numerical methods, presented updated values of the two parameters of the exponential function
(Eq. (11)) that cover a wide range of specimen geomettries.
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Tab. 2 presents the rock fracture toughness calculated by Eq. (11) using parameter values u and v from the original tables
of the ISRM [6] and three other publications. It is noteworthy that the difference between the average fracture toughness
calculated by the ISRM and the three other publications is about 12%. Note that the K;- values presented in Tab. 2, are
calculated using the u and v values proposed by ISRM [6] and those proposed by other researchers [8, 16, 9], while the

K¢ value for [5] is calculated using a:; =0.4915.

S Thickness Diameter 0‘0 Fracture S . Kic 1/2
(mm) (mm) load (kN) min (Mpa -m )
2.1 21.00 52.30 0.229 4.35 0.83 0.75
2.2 20.75 52.20 0.234 3.63 0.83 0.64
2.3 20.75 52.20 0.241 4.33 0.83 0.76
33 20.80 52.17 0.230 3.72 0.83 0.65
42 20.75 52.17 0.264 4.95 0.84 0.88
4.3 20.50 52.23 0.302 3.81 0.85 0.69
Average 4.13 0.83 0.73
St. Dev. 0.46 0.01 0.08

Table 1: Geometrical parameters, fracture loads and fracture toughness of CCNBD specimens under pure mode I loading (the value

for Y:;in was calculated based on eq. (11) using the values for u and v given by ISRM [6] in table form).

Specimen ISRM [6] Wang et al. [8] Wang [16] Wang et al. [9] Shetty et al. [5]
2.1 0.75 0.85 0.84 0.86 0.91
2.2 0.04 0.72 0.72 0.73 0.77
2.3 0.76 0.86 0.85 0.87 0.91
33 0.65 0.73 0.73 0.75 0.78
4.2 0.88 0.99 0.99 1.00 1.05
4.3 0.69 0.78 0.78 0.80 0.81
Average 0.73 0.82 0.82 0.84 0.87
St. Dev. 0.08 0.10 0.10 0.10 0.10

Table 2: Comparison of rock fracture toughness K¢ (MPa -mY 2) for the CCNBD specimens.
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6,= 6.88K ¢
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A Wang (2010)

9 & Wang et al. (2013)
m Shetty et al. (1985)

Tensile strength (MPa)
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0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Mode I fracture toughness K; (MPa-m'?)

Figure 10: Correlation between the tensile strength and mode I fracture toughness based on different methodologies.
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Furthermore, Zhang [23] correlates the mode I fracture toughness and tensile strength of different rock types through the
following equation:

o, =688 K, (12)

For comparison, the average values of mode I fracture toughness obtained for Nestos marble as shown in Tab. 2 were
plotted together with Eq. (12). A tensile strength for the Nestos Marble equal to 6.07 MPa (determined experimentally
using a traditional Brazilian test) was used for all data points. Experimental results correlate well with the values generated
by Eq. (12) except for the value obtained via the ISRM (Fig 10).

Rock fracture toughness for pure mode 11

The orientation of the chevron notch crack of the CCNBD specimen, for the determination of the fracture toughness for
pure mode II loading was 6=23¢ from the loading direction. The fracture toughness Ky values were calculated using Eq.
(6a) with the aid of relationship (9) (Tab. 3). Two sets of Kyc values are provided in Tab. 3, calculated for different critical

crack lengths. In the first case, Kuc was calculated using a critical crack length calculated by minimizing Y, while in the

n

second case the critical crack length was set equal to 0.36 [10].

Kc K

Spadimen Th(g:)ess Dgrjn;)ter a a, 15;?8;;\% Ny (MPa o ml/ 2 ) (MPa 5 ml/ 2 )

(e, =0.4915) (a7, = 036)

CCNBD 1 20.90 52.30 0.262 0.679 5.10 1.64 1.84
CCNBD 2 20.85 52.35 0.263 0.685 4.89 1.58 1.77
CCNBD 3 21.20 52.30 0.229 0.672 5.90 1.87 2.10
CCNBD 6 21.25 52.25 0.270 0.684 5.98 1.8013 1.89 2.13
CCNBD 7 19.50 52.30 0.350 0.677 4.73 1.63 1.83
CCNBD 8 21.00 52.30 0.281 0.673 4.89 1.57 1.76
CCNBD 9 21.60 52.30 0.242 0.675 4.95 1.54 1.73
Average 5.21 1.67 1.88
St. Dev. 0.51 0.15 0.16

Table 3: Geometrical parameters, fracture loads and fracture toughness of CCNBD specimens under pure mode II loading.

Crack growth and mode of fracture

The crack growth for mode I specimens was along the chevron notch plane and the tensile splitting was the dominant
failure mode. Fig. 11 shows a typical CCNBD specimen fractured under pure mode I loading. For mode II loading where
the angle between the applied stress and the chevron node direction is 23¢, a typical fractured specimen is illustrated in

Fig. 12.

Figure 11: A typical CCNBD specimen fractured under mode I loading.
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Figure 12: A typical CCNBD specimen fractured under mode II loading.

At this point it should be mentioned that investigation of the closed vicinity of the ‘crack tip’, particulatly in the case of
mode-II loading, reveals that crack growth seems to start from the inner edge of the chevron slit and then propagates
towards the corner points of the slit that are nearer to the points of application of the externally applied load (Fig 12).That
seems to be the case even for mode-I loading (Fig.11), due, however, to reasonable imperfections detected in the final
shape of the chevron slit.

That phenomenon may, in a first approximation, be attributed to the fact that the corner points nearer to the points of
application of the externally applied load are under a combined tensile and shearing stress field probably enhancing
fracture, while the opposite ones are under a combined compressive and shearing stress field [13], probably not enchasing
fracture.

In this context, the SIF concept referring to mathematical cracks, should be considered with extra care, when it comes to
slits.

In addition, it should also be mentioned that the fracture patterns detected in the vicinity of the disc-jaw contact region
(visible at the bottom areas of contact in Figs. 11, 12) and the possibility of premature fracture in these areas (even in the
present case of the pre-CCNBD specimen), are probably attributed to frictional stresses developed at the contact areas to
counterbalance the rotation tendency of the disc as a whole due to the presence of the slope slit [24]. This may be an area
to be closely monitored in subsequent experiments by potentially using additional piezoelectric sensors at these regions of
the specimen.

Aconstic emission results

The time evolution of various acoustic emission parameters during the CCNBD test of a representative specimen
(specimen 2.3) subjected to mode I fracture (see Fig. 11) is shown in Fig. 13a-d. Observable AE activity starts at the time
t=30 s of the test, i.e., just before the occurrence of the first macroscopic crack at the load of 4.3 kN. The final rupture of
the specimen occurs at around 54 s, as it is evident from the corresponding drop in the load which is also accompanied
with relatively high amplitudes of the recorded signals in all channels (see Fig. 13a).

It is noteworthy that the first macro-crack is cleatly distinguished in the recorded parameters since it is associated with an
abrupt increase of recorded hits with high amplitudes (see Fig. 13a, c¢) and the corresponding observed peak of high hit
rate at around 33 s (see Fig. 13b). In contrast, the recorded relatively high mean hit rate and the corresponding uniform
increase of cumulative hits after 52 s are not sufficient to correlate them with the final rupture of the specimen. An
important AE parameter which has also to be considered is the rise time (RT) of the recorded waveforms that gives us
information about the fracture process [25]. It is evident from Fig. 13d that high values of RT are observed at around
t = 32.5 s due to the formation of the first macroscopic crack and afterwards during the stage of the final rupture (53 -
54 s). In the intermediate region, the mean value of RT remains almost constant (RT < 250 us), while the AE activity
increases continuously. These low values of RT are related to the formation of tensile micro-cracks while, the high
recorded values are due to the formation of mixed mode cracks (tensile and shear) observed either solely during the
formation of the macroscopic crack at the initial stage of loading (around 32.5 s), or at the final stage where the
coalescence of the existent cracks takes place, leading to the ultimate rupture of the specimen [25]. Notably, during the
final rupture of the specimen (at 53-54 s), the load does not decrease abruptly as it could be expected, while, large values
of amplitudes are still observed afterwards. This is attributed to the fact that although the specimen was separated into
two patts (see Fig. 11), it retained its stability, while considerable AE activity is produced due to the friction between,
either the two separated parts of the fractured specimen, or the mounting jaws and the surface of the specimen.

11
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Figure 13: Time evolution of acoustic emission parameters during the CCNBD test of the specimen 2.3 (mode I fracture). (a) The
distribution of amplitudes of the 4 sensors located to the front face of the specimen, in conjunction with the applied load. (b) The
mean hit rate of all sensors. (c) The cumulative distribution of hits and (d) the rise time of hits recorded in channel 4.

Two-dimensional AE source localization was also conducted in order to gain additional information for the formation of
the first macroscopic crack in specimens with mode I fracture.

We have to note here that the small size of the specimens as compared to the size of the sensors (5mm diameter) and the
size effect to the acoustic wave velocities result to inevitable large uncertainties to the estimation of the events location,
leading to the scattering of the estimated positions. However, the rejection by filtering, of the events with low amplitudes
close to the threshold (Amp<44 dB) may improve the overall pattern although it reduces their total number.

A 2D location pattern derived from the signals recorded from the 4 sensors positioned at the front side of specimen 2.3 is
illustrated in Fig. 14. From the first snapshot (t = 26 s) we may conclude that the AE activity initiates at the bottom tip of
the chevron notch. Afterwards, events with higher amplitudes are observed to the upper tip suggesting that the stress
concentration is higher in this region. However, during the formation of the macroscopic crack (t = 34 s) the events are
randomly distributed around the two tips of the notch without any preferential orientation or position. Similar patterns
were also estimated for the other specimens subjected to mode I fracture.

In the case of the CCNBD tests of the specimens fractured under pure mode II loading, the AE activity exhibits some
similar characteristics with the mode I loading, regarding the correlation of the AE parameters with the fracture process.
The AE parameters during the test of a representative specimen (specimen 3.23) are shown in Fig. 15a-d. Considerable
AE activity starts at around 57% of the fracture load (5.9 kN) as it is indicated from the uniform increase of the mean hit
rate in Fig. 15b. However, a small number of hits with relative high amplitudes are also recorded from the beginning of
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the test, suggesting a limited formation of isolated micro-cracks. High values of RT are observed at the final stage of the
rupture (after t=72 s), as in the case of the specimen 2.3, but there is no indication of any macroscopic crack before the
final rupture of the specimen.
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Figure 14: 2D pattern of the location of cumulative events at different selected times, during the CCNBD test of the specimen 2.3
(mode I loading). The positions of the 4 sensors at the front side of the specimen that were used in the location algorithm and the
chevron notch are also indicated. The color scale denotes the highest amplitude of the recorded hits in each event and thus is an
estimation of the magnitude of the events.
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Figure 15: Time evolution of acoustic emission parameters during the CCNBD test of the specimen 3.23 (mode II fracture). (a) The
distribution of amplitudes of all sensors located to the surface of the specimen, in conjunction with the applied load (b) The mean hit
rate of all sensors. (c) The cumulative distribution of hits from sensors 1, 2 and 6 and (d) the rise time of hits recorded in channel 8.
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Finally, a planar projection pattern of the 3D location derived from the signals recorded from all the sensors positioned at
the sides of specimen 3.23 is illustrated in Fig. 16. As it is evident from the first snapshot at the early stages of the loading
(t=65 s), the stress concentration should be uniform in each side of the specimen during the applied load. At the final
rupture of the specimen (t=77.5 s), a rather diffused distribution of the events is observed, while their concentration at the
upper tip of the chevron notch is more pronounced. The latter is consistent with the created final macroscopic crack at
the upper side of the specimen (see Fig. 12). However, it should be noted that, although the location has been improved
considerably by taking into account the filtered hits (Amp >46 dB) as in the case of the specimen 2.3 (Fig. 14), the
discontinuity of the specimen due to the chevron notch, in conjunction with the small size of the samples, sufficiently
restrict the quality of the location results.

T ™
30 | specimen 3.23 t=65s

E Amplitude
76.00
68.00
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52.00
45.00

event Y location (mm)
(=1

. . . L
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Figure 16: The projection of the 3D location of cumulative events on the circular side of the specimen 3.23 (mode II loading) at
different selected times, during the CCNBD test. The positions of the sensors and the chevron notch at 23° are also indicated.

A well-established parameter that is used to determine the stages of fracture has been introduced from the field of
seismology and has been modified in order to describe the amplitude distribution in AE analysis. This so-called improved
b-value is defined by utilizing statistical values of the amplitude distribution, such as the mean value # and the standard
deviation g, according to the following relation [206]:

B logN(,u - alo') - /ogN(,u + a20')

b (a0, +ay)0 )

where N ( ,u—alo') represents the cumulative number of events with amplitudes greater than u—oyo and

N ( U+ 0{20') is the cumulative number of events with amplitudes greater than g + a,0 . The empirical constants 21 and

ap are user-defined and usually take values equal to unity [20].

Low values of I, are associated with the generation and propagation of micro-cracks and thus, the characteristic trend of
its variation may serve as a qualitative index of damage in the material under investigation. In practice, a window of
successive events is predetermined (usually between 50 and 100 events) and then it is shifted in order to calculate the I,
value in each window during the evolution of the experiment. The overlap between successive windows
ensures the correlation of the estimated values during the time evolution of the test.

The variation of the calculated I, values during the CCNBD tests of the specimens 2.3 (mode I loading) and 3.23 (mode 11
loading) are illustrated in Fig. 17 and Fig. 18, respectively. In each case, values lower than unity are associated with the
formation of macroscopic cracks or/and the final failure of the specimens, as it has already been mentioned previously.
Thus, in the case of the specimen 2.3, the initially observed macro-crack at around 32.5 s, as well as its final rupture at 54
s, is related with I, values lower than 0.8 (see Fig. 17). In the case of specimen 3.23 (see Fig. 18), high values of I, are
observed up to the 90% of the failure load but after that, I, decreases considerable reaching values below unit just before
the final rupture.

Furthermore, the results obtained for mode I fracture toughness are similar to experimental results available for a different
Greek marble (Dionysos marble) [27, 28, 29]. The interpretation of acoustic data for the later tests [28, 29] shows a higher
damage level prior to localization.
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Figure 17: The variation of the improved b-value during the CCNBD test of the specimen 2.3 for each of the 4 sensors positioned in
the front face (Number of successive events = 90, 50% overlapping, &1 = a2 = 1).
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Figure 18: The variation of the improved b-value during the CCNBD test of the specimen 3.23 for 4 selected sensors (Number of
successive events = 50, 50% overlapping, a1 = 2 = 1).

CONCLUSIONS

Specimens were also instrumented with acoustic sensors in an effort to better determine stress evolution during
loading.
The available methodologies for calculating the mode I fracture toughness Kic from CCNBD tests were critically

ﬁ number of CCNBD tests were carried out in order to determine the fracture toughness of Nestos marble.

evaluated and compated. In addition, the dimensional stress intensity factor of the CCNBD specimen, Y , is calculated
with respect to the dimensionless crack length 4" using the dimensionless crack lengths (¢, and ;) proposed in the

ISRM suggested methods [6]. The calculated minimum SIF value for the CCNBD specimen Y:;in =1.2578 corresponds

to the critical crack length a; =0.4915 and is comparable to published critical length values.

In addition, experimental results from the acoustic emissions monitored during the CCNBD tests are evaluated with
respect to the load applied to each sample. The localization of the generated events is plotted at different time intervals
during the test. Results indicate that during the early loading stages the stress concentration is uniform on both crack
edges. As the load increases and the specimen is ready to fail, a rather diffused distribution of the events is observed, while
their concentration at the upper tip of the chevron notch is more pronounced. Overall, using acoustic emission signals a
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better determination of the failure load can be achieved, as shown in Fig 13 and 15. This failure load can then be used for
the fracture toughness calculations.

Using the same experimental data, the mode I fracture toughness is calculated for each one of the different
methodologies. Again, these values are compatable to each other and also correlate well with the equation proposed by
Zhang [23] relating the tensile strength of rocks to their mode I fracture toughness. The mode II fracture toughness value
was only calculated using the methodology proposed by Shetty et al. [5].

Future work could involve the use of an array of several sensors which will be properly positioned on the entire surface of
the disc in conjunction with appropriate filtering of AE results, and an investigation of potential correlations with some of
the more sophisticated analytic solutions that are available for the entire planar disc, in order to accomplish an overall
analysis of the failure mechanism.
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ABSTRACT. This paper focuses on the experimental investigation of the
mechanical properties of the Alfas natural building stone. Two series of
uniaxial compression tests and indirect tensile tests (Brazilian tests) were
performed in order to determine the uniaxial compressive strength and the
indirect tensile strength respectively. Different sets of cylindrical specimens
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was investigated with respect to the calculated intact rock modulus and
Poisson’s ratio. All specimens were prepared by following the ISRM
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INTRODUCTION

caling is a major issue for the analysis of large structures made of geomaterials (including rock and soil masses)
studied and tested at a smaller scale. In laboratories the researchers are capable to measure the strength of a small

specimen and need a scaling law to deduce the strength of a large structure.
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The size effect analysis can be dated back to the 15% century when Leonardo da Vinci stated that among cords of equal
thickness, the longest is the least strong and that a cord is so much stronger ... as it is shorfer. That is the first statement of size effect
even though the proportionality between structural size and strength was a bit exaggerated.

In 1638, Galileo when founding the material strength theory rejected da Vinci’s rule, but pointed out that large animals
have relatively bulkier bones than small ones. He called this statement the weakness of giants.

In 1686, Mariotte conducted several experiments with ropes and deduced that a long rope and a short one always support
the same weight unless a long rope happens to have a fault, whereas it will break sooner than in a shorter one. He
proposed that this is a consequence of the principle of the inequality of the matter whose absolute resistance may be less
in one place than another [1]. At that time, mathematics were not developed enough to properly state the statistical
explanation of size effect. This was accomplished two centuries later by Weibull [2].

In rock mechanics and engineering geology, the uniaxial compression and the indirect tension test (Brazilian test) are
considered to be the most widely spread methods to obtain rock strength properties and parameters such as the intact
rock modulus and Poisson’s ratio.

Tensile strength may be measured using the direct tension test. However, this test presents experimental difficulties and is
not commonly conducted in rock mechanics laboratories. This is due to both the bending stresses and/or torsion
moment caused by the eccentricity of imposed axial loads and the localized concentrated stresses caused by improper
gripping of specimens [3,4].

Because of these experimental difficulties, alternative techniques have been developed to determine the tensile strength of
rock. In the Brazilian test, a circular solid disc is compressed to failure across the loading diameter. Hondros [5] has
analytically solved the Brazilian test configuration in the case of isotropic rocks, while Pinto [6] extended Hondros’
method to anisotropic rocks and checked the validity of his methodology on schisteous rock formation. Recent
investigations have led to a closed form solution for an anisotropic disc |7,8], a series of charts for the determination of
the stress concentration factors at the center of an anisotropic disc [9], and explicit representations of stresses and strains
at any point of an anisotropic circular disc compressed diametrically [10].

It should be noted that the so-called “scale effect” is split up into two categories: shape and size effect. The shape effect
describes the impact of the height/diameter ratio of a cylindrical specimen on rock strength propetties. The size effect is
defined by the influence of the absolute size (i.e., volume) of geometrically self-similar specimens. In case of cylindrical
specimens this reduces the changes in diameter where the height/diameter ratio remains constant [11].

The scale effect is well known for both the compressive and tensile tests as there are numerous studies in the literature
[12,13,14,15] that have investigated the effect of various factors such as size, shape, porosity, density on the uniaxial
compressive strength (UCS) and the indirect tensile strength.

This paper presents the effect of the size on UCS, indirect tensile strength, intact rock modulus and Poisson’s ratio for the
Alfas building stone. The term “intact rock modulus™ is used here instead of elastic modulus, in order to differentiate the
modulus of intact rock with respect to the deformation modulus of the rock mass.

TESTING MATERIAL

of Alfas building stone were tested. The Alfas stone is a micritic (microcrystalline) homogeneous limestone. X-ray
diffraction (XRD) and Rietveld quantitative method [16] results, indicate that it is composed by 91% of calcite
(CaCO:s), 2% of quartz (SiO2) and 7% aragonite (CaCOs).
The determination of water absorption at atmospheric pressure is based on standard BS EN 13755 (2008) [17], while the
determination of open (effective) porosity and bulk (apparent) density is based on standard BS EN 1936 (2000) [18]. The
average results for Alfas stone are shown in Tab. 1.

I n order to experimentally examine the size effect on the uniaxial compressive and indirect tensile strength, specimens

Water Absorption (%) Open Porosity (%) Bulk Density (kg/m?)

12.19 (x£0.61) 31.48 (£3.20) 2870 (£355)

Table 1: Physical properties of the Alfas stone.
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THEORETICAL CONSIDERATIONS

Uniaxial compression test
n uniaxial compression test a cylindrical specimen of diameter D and height 4 is subjected to a uniformly applied
stress oy, acting on the ends of the specimen (Fig. 1a), following the ISRM suggested method [19]. In addition to the

peak stress value, the complete stress-strain curve is recorded in order to calculate the tangent intact rock modulus
Es (Fig. 1b).
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Figure 1: (a) Uniaxial compression test and calculation of axial and lateral strains and Poisson’s ratio. (b) Stress-strain curve and the
calculation of the tangent intact rock modulus.

Indirect tensile test (Brazilian test)

In the Brazilian test a cylindrical specimen of diameter D and thickness #is subjected to a uniform radial pressure -p, acting
along an arc of length 4 at each end of the diameter (Fig. 2a). The angle subtended at the center of the disc by the loaded
section of the rim is equal to 2a. If the material behavior is assumed to be linear elastic, this geometry and loading
procedure ensures a nearly uniform tensile stress state in the center plane of the specimen (Fig. 2b). According to this
distribution, the expected failure mode is the splitting of the specimen in two halves across the plane of loading. For
brittle elastic materials, the maximum tensile stress (f;) is a material property called splitting tensile strength and is lineatly
related to the failure load (P):

_ 2Pf
D¢

o ©)

Using measurements from electrical strain gages (e«, &y) that are attached to the center of a specimen, the elastic
parameters can be calculated for an isotropic material using the following relationships [20]:

E= @
7Dt &,
£, 34+
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Figure 2: (a) Load configuration of the Brazilian test, (b) Distribution of the hotizontal Stress Concentration factor g..=o../(pa/m)
calculated according to the theory of elasticity [21].

EXPERIMENTAL PROCEDURE

Rethymnon, Crete, Greece, and subsequently carefully checked to ensure the homogeneity of the materials. The
size of these blocks was 25x30x30 cm. Specimens were prepared for uniaxial compression and indirect tension
testing as detailed below. In all testing, load was applied by a stiff 1600 kN MTS-815 hydraulic testing frame and a 500 kN

load cell using a load control mode.

ﬁ sufficient number of block samples for the Alfas stone was collected from the quarry near the Alfas village in

Uniaxial compression test

Using the freshly quarried Alfas stone, three sets of cylindrical specimens were prepared according to the ISRM
specifications [19] for the uniaxial compression test (Fig. 3a). In order to investigate the size effect, specimens were
prepared with diameters D=54, 75 and 100 mm. The height 4 to diameter D ratio for the uniaxial compression test
remained constant and equal to 2. Special care was taken to ensure that the two bases of the cylinders were parallel to each
other and perpendicular to the longitudinal axis of the specimens. All experiments were cartied out using a very thin film
of vaseline jelly as lubrication between the bases of the specimens and the loading platens. The loading rate was 3 kN/s.
In order to measure the axial and lateral strain during the UCS test, three biaxial 0/90 strain gages wete approptiately
attached at 120° to each other on the curved surface of the cylindrical specimens, midway between the cylinder bases (Fig.
3b). The use of three strain gages per specimen was deemed appropriate (especially for the larger specimens) in order to
check the symmetry of the generated surface strains on the specimen during loading.

Indirect tensile test

Three sets of circular discs were prepared according to the ISRM specifications [22] for the Brazilian test (Fig. 4a). The
ratio of the diameter D to thickness # for the Brazilian test remained constant and equal to 2. In order to investigate the
size effect, specimens were prepared with diameters D=>54, 75 and 100 mm. Subsequently, two strain gages were attached
on the center of each flat surface of the circular discs used for the Brazilian tests (Fig. 4b).

The specimens were placed between two steel loading jaws designed to contact diametrically opposed surfaces over an arc
of approximately 0.1 radians, (as suggested by ISRM [22]), and the test was conducted with a loading rate of 200 N/s.
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@
Figure 3: (a) A series of cylindrical specimens with different diameters and constant ratio 4/D = 2 for Alfas stone. (b) The position of
the strain gages for cylindrical specimens.

@)

Figure 4: (a) A series of circular discs with different diameters and constant ratio D/# = 2 for Alfas stone. (b) The position of the strain
gages attached to the circular discs.

EXPERIMENTAL RESULTS AND DISCUSSION

Uniaxial compression tests
y processing the experimental data, the basic mechanical properties of the material were determined. The uniaxial
compressive strength, intact rock modulus and Poisson’s ratio are presented in Tab. 2 for the three different sizes
of the cylindrical specimens. Note that the intact rock modulus and Poisson’s ratio for each specimen was
calculated at 50% of the UCS of that specimen. Furthermore, the lateral and axial peak strains and the strain energy
density up to the peak load were calculated.
Results from a typical cylindrical specimen with diameter D=100 mm are presented in Fig. 5a, b. It is observed that the
strain values measured by the three strain gages are similar (Fig. 5a). It can also be observed that for small strains the
constitutive law is almost lineatly elastic.
Fig. 5c, d present the variation with the uniaxial stress of the intact rock modulus and Poisson’s ratio respectively, for
three specimens with diameter D=54 mm. The similarity of these results with respect to the trend and repeatability of the
intact rock modulus is evident, at a region where stresses are about 50% of the strength. The variation of Poisson’s ratio
with stress is consistent along the full stress path for all three specimens.
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110 54 35.56 0.51 13575 193 0.221 0.007
150 75 33.81 0.73 13318 733 0.238 0.022
200 100 6 32.09 1.82 13735 1272 0.242 0.015

Table 2: The experimental results of the uniaxial compression tests for Alfas stone.
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Figure 5: Typical diagrams for uniaxial compression tests. (a) Stress-strain curves from the three biaxial strain-gages, (b) Mean value
stress-strain curves, (¢) Intact rock modulus and (d) Poisson’s ratio in correlation with the uniaxial stress.

Three different failure modes were observed during the uniaxial compression tests of Alfas stone. Some specimens failed
along single shear planes (Fig. 6a), others failed in axial splitting (Fig. 6b) and a third group failed along conjugate shear
planes (Fig. 6¢). It should be noted that in all cases specimens exhibit extensive spalling before failure.

Size effect for uniaxial compression tests

A total of 18 uniaxial compression tests were completed in order to investigate the size effect for the Alfas natural
building stone under uniaxial compression. Initially, the mean curves of intact rock modulus and Poisson’s ratio, for each
set of cylindrical specimens, are plotted in correlation with the uniaxial stress (Fig. 7). For the case of Poisson’s ratio
(Fig.7b) the trend of these curves is similar for all diameters, while for the intact rock modulus (Fig.7a) this similarity is
only observed for stresses greater than 50% of specimen strength.
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Figure 6: Typical crack patterns in Alfas cylindrical —specimens. (a) Shear plane failure (D=75 mm); (b) Axial splitting failure
(D=100 mm); (c) Failure on conjugates shear planes (D=54 mm).
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Figure 7: The mean curves of (a) Intact rock modulus and (b) Poisson’s ratio of Alfas stone for each of the three diameters in
correlation with the uniaxial stress.

Mean values of rock properties are plotted against the diameter together with their standard deviation values (Fig. 8). Fig.
8a clearly shows that UCS decreases as the diameter increases for a constant height to diameter ratio. A difference
between the UCS for specimens with D=54 mm and D=100 mm is observed, which is up to 11%. Also, the same trend is
observed for the strain energy density (Fig. 8d). Fig. 8b and Fig. 8c present the variation of the intact rock modulus and
Poisson’s ratio, as derived from the uniaxial compression test using strain gages. Experimental results show that these
parameters remain almost constant for different specimen diameters, with mean values of E=13543 MPa and v=0.234,
respectively. The dependence of the lateral and axial peak strains on the diameter of specimens is presented in Fig. 8e and
Fig. 8f respectively. The variation of the peak strains is not a monotonic function versus the diameter. A clear maximum
exists and corresponds to the specimens with D=75 mm. The high standard deviation values calculated for some
experiments series can be attributed to the small number of specimens used for this analysis.

Indirect tensile tests

The results obtained from the diametral compression tests for the three different circular disc specimen sizes are
presented in Tab. 3. Results include values for the splitting tensile strength, the intact rock modulus, Poisson’s ratio and
the shear modulus. Note that the intact rock modulus, Poisson’s ratio and shear modulus for each specimen was
calculated at 50% of the indirect tensile strength of that specimen. Furthermore, the lateral and axial peak strains up to the
peak load were calculated. Note that the intact rock modulus, Poisson’s ratio and shear modulus values calculated for the
circular discs with D=54 mm, correspond to only one specimen, because strain gage measurements failed in other
specimens of this series.
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Figure 8: (a) Uniaxial compression strength, (b) Intact rock modulus, (c) Poisson’s ratio, (d) Strain energy density, (¢) Lateral peak
strain and (f) Axial peak strain with respect to the diameters of the specimens.

Results from a typical circular disc specimen with diameter D=100 mm are presented in Fig. 9a-e. The difference between
the strain values measured by the strain rosettes on opposite sides of the specimen is shown in Fig. 9b. This has also been
observed in other experimental unpublished data by the authors and, currently, it is attributed to a number of
experimental difficulties such as: material inhomogeneity, imperfections in the geometry of the disc specimens, which may
result in eccentric loading of the discs through the steel jaws, as well as minute differences in the orientation and location
of the strain gages with respect to the vertical axis and the center of the specimen respectively. Fig. 9c presents the curves
constructed by averaging the respective curves in Fig. 9a; these are the values used in subsequent calculations. Fig. 9 d, e
present the variation of the intact rock modulus and Poisson’s ratio respectively (as calculated by eq. 2 and 3) with respect
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to the indirect tensile stress for the same specimen. Experimental values represented by these curves remain almost
constant at about 50% of the indirect tensile strength.
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Figure 9: Typical diagrams for Brazilian tests. (a) Stress-strain curves from the two biaxial strain-gages, (b) Stress-difference strain
cutves from the two biaxial strain-gages, (c) Mean values stress-strain curves, (d) Intact rock modulus and (e¢) Poisson’s ratio in
correlation with the indirect tensile stress.

The issue of the different strain values measured on the opposite sides of the disc specimens is intriguing and a number of
experimental options ate currently being studied / explored by the authors in order to investigation this discrepancy. One
way to reduce experimental errors due to utilization of strain gages is to use optical techniques such as the procedure of
Digital Image Correlation (DIC) [23, 24| which does not depend on the accurate placement of measuring devices on each
specimen. In order to investigate this issue, both sides of a specimen need to be monitored at the same time. An approach
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that would reduce specimen seating errors would be to conduct Brazilian tests where the disc specimens will be directly
loaded by the loading platens of the compression testing frame (as specified by ASTM — DD3967) where eccentric loading
can be directly alleviated by the spherical seating of the upper compression platen.

= Pt G0 Intact rock modulus ) ) Shear modulus G
. S 5 strength f., Poisson’s ratio v
B N, E[MPa) [MPa]
— £ 3F [MPa]
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> [MPa] [MPa] [MPa]
54 27 8 1 2.88 0.38 19100 - 0.333 - 7163 -
75 37.5 7 3 3.34 0.13 21300 7938 0.293 0.019 8269 3179
100 50 6 3 2.28 0.35 14422 713 0.290 0.033 5588 245

Table 3: The experimental results of the Brazilian tests for Alfas stone specimens loaded diametrically.

All specimens, for the Alfas stone, subjected to the Brazilian test, failed as expected by the undetlying theory, i.e. by
developing an extension fracture along the loaded diametral plane which is assumed to be the result of the induced tensile
stress normal to the loaded plane (Fig. 10a). Furthermore, it was observed that in addition to the central primary crack,
two symmetrical secondary cracks were developed (Fig. 10b). This behavior is in full agreement with the ideal fracture
propagation according to Colback [25].

Figure 10: (a) Center primary fracture plane. (b) Center primary fracture plane with typical secondary fractures.

Size effect for indirect tensile tests

A total of 21 Brazilian tests were completed in order to investigate the size effect for the Alfas natural building stone
under diametral compression. The mean values of rock properties are plotted against the diameter together with their
standard deviation values (Fig. 11).

The variation of the splitting tensile strength with respect to specimen diameter is not a monotonic function. A clear
maximum exists and corresponds to the specimens with D=75 mm (Fig.11a). A similar non-monotonic behavior has been
observed by Kourkoulis [12] for the UCS of “Conchyliates” shell-stone, where the maximum value appears for the
specimens with diameter D=100 mm. The author attributed this anomaly to the fact that “the specimen starts behaving as
a structure rather than as a homogeneous material, since the size of the conches becomes well comparable to the
characteristic size of the specimen”. This non monotonic dependence of the UCS and the splitting tensile strength with
respect to the diameter of the specimens is also mentioned by Vardoulakis et al. [26, 27] and Kaklis and Vardoulakis [21]
for a more homogeneous stone, the Dionysos marble.

Although, both the Alfas building stone (investigated in this study) and Dionysos marble (investigated in previous studies)
can be considered almost homogeneous materials and their typical grain size cannot be compared to the size of the
specimens, nevertheless, they present this non-monotonic behavior. It is clear that additional research needs to be
performed to reach definite conclusions regarding this non-monotonic behavior.
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Figure 11: The dependence of (a) the splitting tensile strength, (b) the intact rock modulus, (c) Poisson’s ratio, (d) the shear modulus,
(e) the lateral peak strain and (f) the axial peak strain on the diameter of the specimens.

Discussion and Additional Considerations
As previously mentioned the so called “size effect” must depend on the bulk material (volume) of the specimen and its
limits (external surface) that are exposed to different stress/strain states (plane-stress, plane-strain or triaxial) as well as
other factors such as environmental, specimen machining factors, etc. It implies that comparisons must be performed in
classes of geometrically self-similar specimens. Consequently, different “shapes” of specimens cannot be compared. This
is demonstrated from Fig. 8a and 11a where a qualitatively different behavior of strength is obtained. At the same time, it
seems that the size effect may not a material property, but a specimen characteristic and the “law of 3/2”, i.e. the ratio
(volume)/(external sutface), which in the present case reduces to specimen diameter D, may be an over-simplification.
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This issue requires a long discussion which is outside the scope of this paper.

For comparison, the obtained Alfas stone UCS data were plotted on the diagram published by Hoek and Brown [28] as
shown in Fig. 12. Although the range of specimen diameters does not cover a very wide range, the selected core diameters
represent typical core sizes using in geotechnical testing practice.

0 50 100 150 200

Diameter (mm)
Figure 12: Relationship between UCS and specimen size plotted as dimensionless values [28].
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The values of UCS for the Alfas stone that were determined experimentally, are in full agreement with the following
formula published by Hoek and Brown [28]:

0.18
z-(3 @

(N D

where ¢, is the calculated UCS measured on the specimen and o5 is the calculated UCS of a 50 mm diameter specimen.
Furthermore, Kaklis and Vardoulakis [21] suggest that for Dionysos marble the dependence of the splitting tensile
strength to specimen size, seems to follow Carpinteri’s fractal law [29] which advocates the formation of a fractal fracture
manifold.

By observing typical crack patterns generated during specimen failure in the cutrrent investigation (see examples in Fig. 6)
it is evident that specimen spalling and axial splitting rather than specimen shearing may be the predominant failure modes
for the Alfas stone. Both axial splitting and spalling failure modes are related to indirect tensile failure. Fig. 13 presents
the variation of the uniaxial compressive strength with the specimen diameter of Alfas stone in a double logarithmic plot.
The correlation coefficient of the trend line presented in Fig. 13 is almost 100% which suggests that a similar fractal law
may apply for uniaxial compression, when splitting can be considered a predominant failure mechanism. The exponent n
in the scaling law for the case of Alfas stone is 7 =2.668 , based on the procedure detailed in [21]. A similar correlation
for the Brazilian tests is not attempted since the variation of the indirect tensile strength with specimen diameter exhibits a
non-monotonic behaviot.

CONCLUSIONS

of uniaxial compression and indirect tension tests. A total of 18 cylindrical specimens and 21 Brazilian disc

specimens were tested for three different diameters (D=54, 75 and 100 mm). Many specimens where fully
instrumented with strain gages to fully capture the deformational characteristics of each test. In addition, the dependence
of the mechanical parameters on the size of the specimens was investigated.

T his paper presents experimental results and correlations on the mechanical behavior of the Alfas stone for a range
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Figure 13: Variation of the UCS with the specimen diameter.

Results show that almost all the mechanical parameters used to describe the behavior of the building stone depend on the
size of the specimens, with the exception of the intact rock modulus and Poisson’s ratio which appear to be constant with
varying specimen diameters. The values of UCS for the Alfas stone that were experimentally determined are in full
agreement with the formula published by Hoek and Brown [28]. In addition, an almost perfect linear correlation between
UCS and diameters in a double logarithmic chart was developed, which indicates that when specimen spalling and axial
splitting rather than specimen shearing is the predominant failure mode, the dependence of UCS to specimen size may
follow Carpinteri’s fractal law [29].

Furthermore, experimental results indicate that the splitting tensile strength of Alfas stone is not a linear function of the
specimen diameter, but it exhibits a non-monotonic pattern. Although this non-monotonic behavior has also been
previously presented in the literature [12], it is clear that additional research needs to be performed to reach definite
conclusions regarding the dependence of the splitting tensile strength to specimen diameter.
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ABSTRACT. The damage development due to externally applied mechanical
stress is a hot topic of interest involving several applications of everyday life,
like civil engineering, monument restoration, construction evaluation and giaion: Stavrakas, L, Acoustic emissions and
health monitoring. Repetitive loadings of brittle materials cause internal pressure stimulated currents experimental
d th duall <l lerch . olblle Gl h techniques used to verify Kaiser effect during
amages that gradually extend, leading to inevitable failures. Such processes . npression tests of Dionysos marble.
are studied under the concept of the materials’ mechanical memory effect that Frattura ed Integrita Strutturale, 40 (2017) 32-
o . : 40,
is widely known as Kaiser effect. The Kaiser effect states that a structure will
only suffer further internal damaging when exposed to applied stresses higher Received: 05.01.2017
. 5 5.5 . . Accepted: 06.02.2017
than previously encountered. Certain conditions lead to a violation of the pupiped: 01042017
Kaiser effect, known as the Felicity effect, quantitatively measured using the
Felicitv Ratio. Thi Kk th : 1 ul h .. Copyright: © 2017 This is an open access
elicity Ratio. This work presents the experimental results when repetitive i under the terms of the CCBY 4.0,
mechanical load loops are applied on marble specimens, while concurrent wh;ch pergﬂts unrestricted use, distribuqsr:i,
. . . . anda repro uction 1n any medium, provide
Acoustic Emission (AE) and Pressure Stimulated Currents (PSC) measure- ¢ original author and source are credited.
ments are conducted. The collected AE and PSC data are studied in
combination with the mechanical data, like mechanical stress and strain, under
the frame of the Kaiser effect. It is clearly seen that the Felicity ratio strongly
depends on the stress range the material is subjected to, with regard to the

elastic or plastic deformation region.

KEYWORDS. Acoustic Emissions; Pressure Stimulated Currents; Dionysos
marble; Kaiser effect; Felicity Ratio.

INTRODUCTION

he scientific literature reports several studies and recordings of AE that are attributed to mechanical stresses
adequate to cause microcracking phenomena in rocks [1]. Towards this direction, the experimental technique of
AE detection has been evaluated and developed in order to constitute a valuable tool for the monitoring and
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interpretation of the underlying physical mechanisms of mechanical dynamic processes and the detection of an upcoming
event of mechanical failure [2]. Further than the AE, the detection and recording of low-level electric signals provide
reliable information, regarding the development of damage processes. Such electric signals are detected due to fracture
processes in quasi-brittle materials following microcracks formation and growth. It is known that transient electric
phenomena are often appearing when solid materials are subjected to stress and mechanical effects are taking place [3, 4].
Since 2000, the detection of the electric signals that are related to weak electric current emissions is conducted through an
innovative experimental technique rendered under the term Pressure Stimulated Currents technique, while the recorded
electrical currents are known as Pressure Stimulated Currents (PSC) [5]. The PSC are detected through the recording of a
weak (low-level) electric current using a sensitive electrometer, when a pair of electrodes is attached propetly on the
specimen that is subjected to mechanical tests. The above-described experimental technique was initially applied when
marble materials were subjected to axial compressive mechanical stress [0, 7].

The Kaiser effect is an AE phenomenon briefly defined as the absence of detectable acoustic emissions until the
previously applied stress level is exceeded. This effect is based on the experimental discovery by Kaiser (1950), that
metallic materials had the capability to remember the previous maximum stress level. The existence and the experimental
verification of the Kaiser effect was also discovered in rocks and described in other works [8-10] and since then, the
Kaiser effect is used to detect and assess the amount of damage that has been developed in rocks [11, 12].

The breakdown of the Kaiser effect can be represented quantitatively by the felicity ratio (FR) that is defined as the ratio
of the AE-onset stress to the maximum stress of the previous cycle. It may be taken as a measure of the quality of the
rock [13]. A high felicity ratio means that the rock is of good quality.

Regarding the PSC emissions, several works in the past demonstrate the ability of a marble specimen to “remember”
previous mechanical loadings [5, 6, 14-16]. Specifically, the main properties of the PSC signal, which are affected by the
existence of memory, converge to an inertial attitude of the material to the same stimuli and they are quite common with
the properties of other fracture induced signals (i.e. AE). Namely, they are the following: (a) The PSC peak evolution over
loading cycles is a changing signal property, with respect to the time interval between loadings, (b) The decrease of the
dissipated electric energy during cyclic loading tests, (c) The PSC slower relaxation in each loading, quantified by the
relaxation process parameters evolution, (d) The PSC signal initiates to show up at higher stress level after each next
loading cycle.

The aim of this work is to conduct a laboratory experimental investigation and verification of the Kaiser effect on
Dionysos marble specimens combining the AE and PSC recordings. The specimens are subjected to compressive loading
loops where the first loading is in the region where the material leaves the elastic region and enters the plastic deformation
i.e., the stress-strain curve deviates from linearity.

TEST FACILITIES AND ARRANGEMENT

during the 1st and the 2nd loading was approximately 60 MPa, a value that corresponds to the 70% of the ultimate

compressive strength of the material and leads to a Young’s modulus of 72 GPa (see Fig. 2). This stress level,
according to preliminary tests on similar specimens, corresponds to the region that the material gradually enters the non-
linear region regarding its stress-strain behaviour and initial plasticity effects take place, which is in accordance, also, to
previously published data [17-19]. During the unloading processes the stress level was maintained at a value of 15 MPa,
approximately. A third loading was attempted during which the specimen failed at a stress level of 82.7 MPa. The
compressive stress was applied following load control at a rate of 320 kPa/s.
Fig. 1 shows the temporal variation of the loading path until the failure of the specimen and Fig. 2 shows the stress-strain
curve during the complete cyclic loading. It must be noted that during the 1st loading the linear region was estimated to
last up to a stress level of 58 MPa approximately.
The specimens (i.e. Dionysos marble) were prismatic with dimensions 35mmX35mmX75mm. The physical and chemical
properties of this kind of marble have already been presented in bibliography [6, 20, 21]. The strain was measured using
Kyowa strain gauges attached on the Microlink-770, 120€2 resistor bridge (see Fig. 3).
During the tests the AE events were monitored using a Physical Acoustic Corporation (PAC) Mistras Systems. The AEs
transducer was the model R6 sensor provided from the Mistras S.A. that obtains a wide frequency range and was attached
in the middle of the specimen’s height (see Fig. 3). The AE threshold for detecting acoustic events was set at 40 dB.
Concerning the PSC technique, the measuring system consisted of an ultra-sensitive programmable electrometer
(Keithley, 6517A) resolving currents ranging from 0.1 fA to 20 mA in 11 ranges. The data of the electrometer were stored

T he marble specimens were subjected to three loading-unloading loops (see Fig. 1). The maximum stress level
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in a computer using a GPIB interface. The sensing system consisted of a pair of gold plated electrodes, installed in the
middle of the specimen’s height (see Fig. 3), enabling the collection of electric emissions as close as possible to any
potential source of electric current (or equivalently to any point where damage occurs). Further details on the monitoring
of the AE and PSC are described in earlier papers [22, 23].
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Figure 1: Temporal variation of the mechanical stress (black line), and the corresponding behaviour of the mechanical strain (gray line)
during the complete cyclic loading.
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Figure 2: The stress-strain behaviour during the two loading / unloading loops as well as the final loading during which the specimen
failed.
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Figure 3: The schematic diagram of the experimental setup showing the physical locations of the sensors on the specimen, the
geometry as well as the data communication intetrfaces.

VERIFICATION OF THE KAISER EFFECT

Aconstic Emission (AE) recordings

he AE activity during the complete experimental procedure is illustrated in Fig. 4. Specifically, the AE events per

second are shown with respect to time. In the same figure, the temporal variation of the normalized applied

mechanical stress is also presented. It may be cleatly seen that AE were continuously detected during the entire
process. Specifically, high AE rate is observed during the loading procedures while low AE rate is observed during the
unloadings. It must be noted that despite the fact that the experimental apparatus is well isolated from external AE noise
and the configuration of the AE hardware system significantly reduces the probability to record noise as AE events (i.
preamplifier filters were applied and ii. background noise was continuously recorded and subtracted) the low values of AE
rate may be attributed to such an external influence. During the first loading loop, a total number of 978 AE events is
recorded while a significantly smaller number of AE events (289 AE events) were recorded during the second loading
loop. It is noticeable that during the second loading of the specimen, practically no AE events were recorded until the
load reached the 68% of the compressive strength (i.e. only 24 low amplitude AE events were recorded). The most of the
AE events (i.e. 90% of the detected AE events) were recorded in the region between 68% and 73% of the compressive
strength. This region corresponds to the upper limit of the linear behaviour of the material regarding its stress-strain
curve. During the 3rd loading and before the stress reached the level of the previously applied stress, only 45 AE events
were recorded while the 36 of them were recorded when the applied stress was in the region between 71% and 73% of the
compressive strength. When the stress exceeded these values, 1237 AE events were recorded until the failure of the
specimen. The AE records of the entire experimental procedure are plotted in a cumulative form, as shown in Fig. 5.
These experimental results are in good agreement with the existing literature and specifically works published in [8-12].
During the 2nd and the 3rd loading-unloading loops the Felicity Ratio (FR) can be calculated to be equal to 0.66 and 0.8
approximately, correspondingly (see Fig. 5). The FR values were calculated according to the following formula:

FR— load at onset of significant AE event

previous maximumload




¢
f;;’
L. Stavrakas, Frattura ed Integrita Strutturale, 40 (2017) 32-40; DOI: 10.3221/IGF-ESIS.40.03 /

The deviation from the optimum value of FR=1, may be justified due to the fact that the maximum stress values of the
1st and 2nd loading loops was selected to lay in the limits of the linear and non-linear region, regarding the stress-strain
behaviour of the marble, and additionally to the quality of the used marble. It must be noted that during each loading loop
the FR clearly depends on the maximum stress of the previous loop and decreases as the value of the maximum stress
increases [13]. This fact clearly is not the case for the described loading protocol of this work since the FR seems to
increase rather than decrease duting each next loading. Such a behaviour may be attributed to two main reasons. Firstly,
the two initial loadings were performed up to the same stress value, a fact that is not typical for the FR development and
secondly the selected stress value of 60 MP lays in the limits between the linear and non-linear region of the stress-strain
curve, so no further damages may be caused during the second loading leading, as expected at a higher FR value.
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Figure 4: The mechanical stress temporal development during the complete experimental procedure (gray line) and the corresponding
per second AE event rate (black bars).
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Figure 5: The behaviour of the cumulative number of the AE events with respect to the normalized value of the mechanical stress
applied on a typical specimen.

Pressure Stimulated Current (PSC) recordings

Concurrently to the above described observations, PSC emission recordings were conducted. Fig. 6 shows the temporal
variation of the recorded PSC with respect to the temporal variation of the mechanical stress. Observing the behavioutr of
the PSC, it may be clearly seen that during the first loading, where the mechanical stress reached a maximum value of
60MPa approximately, a strong PSC emission was recorded reaching a maximum value of 40pA approximately, while a
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gradual decay back to the background level occurs when the mechanical stress is relieved. It must be noted that the
maximum value of the applied stress (i.e. 70% of the maximum stress) enters the specimen into the early nonlinear region
regarding its stress-strain behaviour. During the second loading the applied mechanical stress reached approximately the
level of the mechanical stress of the 15t loading (i.e. 60MPa) while the recorded PSC reached a maximum of 10pA which is
significantly lower than the recorded PSC of the first loading. Such a behaviour may be attributed to the undetlying
physical mechanisms of the PSC generation and specifically the Moving Charged Dislocations model [4]. Since the PSC
variation is attributed to the damage generation and extension it is expected that when a brittle specimen, like marble, is
subjected to a mechanical stress in sequential loading cycles new damages occur only during the initial application of the
stress. During each following stress application only minor extension of the already created damages is produced and
consequently only weak PSC emissions are expected. The third loading was scheduled to lead the specimens to failure, and
the mechanical stress was applied at the same rate of the two initial loadings. During this third loading a strong PSC
emission was detected reaching a peak PSC value of the order of 100pA. It is worth noticing that a short time (i.e. 5
seconds) before the stress drop (due to the specimen’s failure) the characteristic PSC decrease [5, 6] was observed cleatly
indicating the upcoming failure. The above experimental results are in good agreement with the corresponding results
presented in other works [5, 6, 14-16].
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Figure 6: The temporal variation of the mechanical stress during the complete experimental procedure and the corresponding
behaviour of the PSC emission. The inset figure constitutes a zoom in at the final stage before fracture making clear the characteristic
PSC drop before the failure of the specimen.

Fig. 7 demonstrates the behaviour of the PSC emission in logarithmic scale with respect to the mechanical stress during
each loading cycle. Specifically, the blue, the green and the light grey lines correspond to the load increase from 0 MPa to
60 MPa of the first, the second and the third loading, respectively. The black line shows the behaviour of the PSC with
respect to the mechanical load during the third loading, when the applied stress becomes higher than 60 MPa exceeding
this way any previously applied level of stress. Observing Fig. 7 it is clear that during the three loadings and while the
stress is below 60 MPa, the recorded PSC becomes significantly lower for each next loading. When the mechanical stress
exceeded 60 MPa during the third loading, the PSC emission significantly increases reaching a peak of 100 pA, few
seconds before fracture. The black line in Fig. 7 supports the dominance of the Kaiser effect during the experimental
procedure and in addition that PSC may also be used to detect that a sample has suffered significant mechanical stress at
earlier times and it “remembers” such a fact. Another observation is that during the second and the third loading the
detected PSC and the corresponding PSC energy are both at the same low levels up to a stress value of 45 MPa. Beyond
that point of stress and during the third loading the recorded PSC is maintained at a very low level. During the third
loading and when stress becomes higher than 60 MPa strong PSC emissions and rapid increase is detected.
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Figure 7: The behaviour of the PSC, shown in logarithmic scale, with respect to the value of the mechanical stress.
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Figure 8: The behaviour of the PSC cumulative energy, shown in logarithmic scale, with respect to the value of the mechanical stress.

Fig. 8 shows the behaviour of the released cumulative energy of the PSC in logarithmic scale with respect to the

mechanical loading during the experimental procedure.
The square of PSC adjusted amplitude PSC(t), expresses an energy quantity [24] and may be calculated according to:

Epsc ()= PSC? (1)

where ¢ corresponds to the time instance of each PSC recorded sample.
The cumulative PSC energy CEpg- during each loading is calculated according to the following formula:
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CEpsc = ZEPSC ()

i=1

where n corresponds to the number of the recorded PSC values in the examined mechanical stress region.

It may be clearly seen that during the first loading a significant amount of energy is released (blue line). Additionally it is
clear that the PSC emission initiated from early mechanical stress levels which means that the PSC is emitted even in low
stress levels. During the second and the third loadings (green and gray lines respectively) the PSC energy initiates only
when stress becomes higher than 15MPa approximately, while their cumulative energy levels are significantly lower than
the corresponding of the first loading. Finally, during the third loading and when the mechanical stress became higher
than the 60 MPa a significant increase of the released cumulative energy is recorded. This fact that also manifests Kaiser
effect dominates the PSC emissions and the corresponding PSC cumulative energy.

CONCLUDING REMARKS

marble prismatic specimens up to a stress level that corresponds to early non-linear region regarding the stress-

strain behaviour. During the third loading, the stress was not relieved but instead it was further increased until
the sample mechanically failed. Concurrently to the loading AE and PSC emissions were recorded. The aim was to
investigate and correlate the fingerprint of the Kaiser effect on the AE recordings and the PSC emissions as well as the
corresponding cumulative energy. The tests were performed on series of marble prismatic specimens and representative
experimental results of the catried out tests are presented herein.
Additionally, regarding the AE recordings, it is experimentally verified that for marble specimens the Felicity Ratio (FR)
obtains high values (i.e. 0.66 and 0.8 approximately) duting the two loading/unlading cycles when the applied stress lays in
the region where the material is still near the limits of lineat region regarding its stress-strain behaviour.
Regarding the behaviour of the AE events the number recorded is significantly large during the first loading while the
number of AE events becomes fewer during the second load. AE events practically disappear during the third loading and
more specific when the applied stress is in the range of the two previous loadings. When the stress was further increased
significant AE events are recorded until the fracture of the sample.
Regarding the PSC emissions it is observed that the maximum value of the PSC emission becomes significantly lower
during each next loading while the applied mechanical stress vaties in the same stress limits. It is also important to notice
that detectable PSC emissions show up at higher stress levels duting the second and the third loading. During the third
loading and while the applied mechanical stress becomes higher than the corresponding values of the previous loadings,
intense PSC emissions are detected. The characteristic drop of the PSC is detected when the sample approaches failure.
All the above manifest that both AE and PSC emissions may be used to detect and qualitatively approach the Kaiser
effect phenomena when Dionysos marble samples are subjected to mechanical stress.
Combining the experimental findings after applying the AE and the PSC experimental techniques when marble specimens
are subjected to compressive mechanical stress it is observed that both experimental techniques may be used in order to
detect an upcoming specimen failure. Further on qualitative comparison shows that the use of PSC and AE provide
similar information regarding the existence of the Kaiser effect. Specifically, it was seen that when applying sequential
loadings and unloadings on marble specimens the emitted PSC becomes lower during each loading cycle and the recorded
AE events rate start to increase only when the applied mechanical stress gets values higher than the corresponding stress
values during the previous loadings. Quantitative comparison is not yet possible and further experimental work is required
in order to attempt such an approach.

D uring the present experimental protocol two sequential compressive loadings and unloadings were applied on
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INTRODUCTION

onitoring the mechanical response of various brittle materials under compressive loading is of great interest in a

range of application fields. Especially, monitoring their damage evolution is crucial since actions can be taken in

time in order to preserve the integrity of structures. In this context, a series of diagnostic methods have been
developed in order to assess damage and also to detect impending failure of the materials.
Acoustic emission (AE) technique is among the as above techniques [1]. When a material is loaded, transient elastic waves
are generated within the material (which are mainly depended on the material’s irreversible deformations) and travel along
the specimen. These waves are called acoustic emissions and they are recorded by sensors which are attached on the
specimen. The first studies of acoustic emissions in geomatetials were carried out in 1938. Monitoring a specimen/
structure during its whole loading history is one of the advantages of this technique since in general the increase of
acoustic activity, which is obsetved as the specimen approaches failure, is strongly correlated to the decay of the
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mechanical properties of the material. The improved b-value (Ib-value) is one of the acoustic characteristics which is
related to the impending failure [1-2] since its value changes during the failure process. Ib-value, firstly introduced by
Shiotani et al. [3], is defined as:

_ logN(,u - ala)—logN(,u + aZO')

b
(0‘1 +a2)-0'

M

where p is the mean amplitude, o the standard deviation and a1, a2 constants (which are usually equal to 1 [1]).

Damage process is also well detected by the Pressure Stimulated Currents (PSC) technique [4] and more specific by the
weak electric signals emitted during the generation of micro-cracks in brittle materials when they are subjected to
mechanical loading [5-6]. More than ten years ago, electric signals were recorded by Stavrakas et al. [6] during mechanical
loading of marble. A few years later, electric signals were also recorded when specimens of rock materials and cement
based materials were tested [7-10]. The signal was captured by a pair of gold plated electrodes and it was recorded using a
sensitive electrometer. In all cases, when the applied stress was above 80% of the maximum stress, PSC increased rapidly
reaching a maximum value just before the specimen’s fracture [4, 10]. PSC technique is also used by other researchers [11-
14] while similar techniques are used [15-16] to detect cracking of rocks and concrete specimens. Some of the advantages
of the PSC technique are the low cost of the sensors and the easiness of sensors’ production as well as the fact that
electrodes don’t affect the specimens’ structure or the stress and strain fields.

The qualitative correlation of the aforementioned techniques has already been mentioned in previous studies during trivial
tests [17-18] as well as in more complex specimens (i.e. made of more than one material [19]). In the present experimental
protocol, specimens of three brittle materials (marble, mortar and glass) are subjected to uniaxial compression tests in
otder to confirm and quantify the correlation of PSC and AE techniques.

MATERIALS AND EXPERIMENTAL SET UP

Materials
ionysos marble is the stone exclusively used for the restoration of the monuments of the Athenian Acropolis. Its
D chemical composition is 98% of calcite, 0.5% of muscovite, 0.3% of sericite, 0.2% of quartz and 0.1% of
chlorite. Its grain size varies from 100 pm to 400 pm and its specific and apparent densities are equal to 2730
kg/m3 and 2717 kg/m?3, respectively. The absorption coefficient by weight of Dionysos marble is about 0.11% and its
thermal expansion coefficient is 9x10-6 /°C between 15 °C and 100 °C. Its very low porosity varies between 0.3% (virgin
state) to 0.7% (superficial porosity) [20].
The mechanical properties of Dionysos marble vary between broad limits [21]. The specific marble is of rather orthotro-
pic nature, i.e. it is characterized by three different anisotropy directions. However, it can be approximately considered as
a transversely isotropic material described adequately with the aid of five elastic constants as it was definitely concluded by
detailed experimental protocols including direct tension and compression tests as well as three-point bending and
Brazilian Disc tests [22-29]. The as above experimental protocols revealed also that Dionysos marble is slightly non-linear
(both in the tension and in the compression regime) and slightly bimodular, i.e. the elastic modulus in compression is
about 15% higher than the respective one in tension [24, 25].
Three marble specimens were used in the present study of prismatic shape with dimensions 40 mm x 40 mm x 100 mm.
The load was applied normal to the material layers, i.e. along the strong direction of Dionysos marble’s anisotropy.
The second material tested was a mortar which consisted of three parts of fine sand, one part of ordinary Portland cement
and half part of water. The grain size of the sand varied between 3 mm to 6 mm and its fineness modulus was equal to
2.8. In addition, its specific gravity was found equal to 2.6, its density was 2200 kg/m? and its porosity was evaluated at ap-
proximately 8% [10].
The constituents of the mortar were mixed at a low speed to enable better moisturizing of the cement grains while at the
end of the production process the mixture was agitated very fast for 1 min. Mortar was formed in three prismatic blocks
using metallic moulds of dimensions 50 mm x 50 mm x 70 mm the inner surfaces of which were oiled. The moulds were
mounted on a desktop vibrator in order to enable compaction. The mortar prismatic blocks were demoulded after 24 h
and they were cured in a room with constant ambient temperature of 22 °C and 75-80% humidity. The specimens were
stored for 100 days to reach 90-95% of their strength [30].
The third material studied in the present experimental protocol was one of the most common types of glass produced, i.e.
the soda-lime-silica one (or simply soda glass). One of its most important advantages is that it is nearly chemically inert,
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therefore it doesn’t react with other chemicals when they come into contact with it. Soda glass in usually used to make
windows, bottles, jars, vials and other laboratory equipment. The chemical composition of this type of glass is presented
in Tab. 1. In the present experimental protocol three prismatic blocks (30 mm x 30 mm x 80 mm) were used.

Components SlOz A1203 NaZO I(zo CaO MgO F6203 TlOz P205 ZIOQ
% 72.4 1.26 13.4 024 853 395 0.16 0.063 0.018  0.05

Table 1: Chemical composition of soda-lime-silica glass [31].

Experimental set up

Before testing, one Kyowa strain gauge (of 5 mm gauge length and of 120 € gauge resistance) was glued on the front
surface of the specimen (at the middle of its height and of its width as it is seen in Fig.1a) in order to measure the axial
strain during the tests. In addition, one acoustic sensor R15a (denoted by number 3 in Fig.1b) was coupled on the
opposite surface of the specimen by means of silicone and one preamplifier with 40 dB gain was also used (the equipment
and the softwatre used were by Mistras Group, Inc.). Finally, a pair of electrodes was attached on the two side opposite
surfaces of each specimen (orange ellipses in Fig.1a and numbers 1,2 in Fig.1b) in such a way so as the imaginary line
connecting them to be perpendicular to the loading axis. A sensitive programmable electrometer (Keithley, 6517A),
capable of resolving currents as low as 0.1 fA and as high as 20 mA in 11 ranges, was used to record the electric signals. It
should be underlined that thin teflon plates were placed between the specimen and the loading platens for the specimen’s
electrical isolation. All specimens were subjected to compressive loading under load control conditions (do/dt=0.3
MPa/s) simulating quasi-static loading.

T
, Pair of
i electrodes
Teflon ! l\ N—
plates i
! \\ Strain
i gauge
/)I _______ -
@ L=

Figure 1: (a) A sketch of the experimental set up, (b) A typical marble specimen. The pair of electrodes (1, 2) and the acoustic sensor
(3) are also presented.

RESULTS AND DISCUSSION

Mechanical bebavionr
T ypical stress-strain cutves of each material are presented in Fig.2. The commonly observed “bedding error” during
compressive tests is obvious in all three materials. Ignoring this initial part, the curves of both marble and cement
mortar are mainly characterized by linearity up to about 80% of their maximum stress (points A and B in Fig.2a,b).
The mean value of the fracture stress is ~95 MPa for marble and ~50 MPa for cement mortar. The modulus of elasticity
obtained was equal to ~70 GPa and ~20 GPa for marble and mortar, respectively, which are very close to the respective
ones from literature [10, 22]. Afterwards both curves deviate from linearity. On the other hand, the stress-strain curve of
soda glass is linear almost up to 90% of the maximum stress of the specimens (point C in Fig.2c). Its modulus of elasticity
was calculated equal to ~70 GPa as it is also mentioned in [31, 32] and its maximum stress was found to be equal to ~20
MPa. It is also to be noted that ductility of soda glass specimens is one order of magnitude lower than the respective ones
of both marble and mortar. The mechanical characteristics obtained from all specimens are recapitulated in Tab. 2.
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Figure 2: Typical stress-axial strain curves for (a) marble, (b) mortar and (c) glass specimens. (d) The three aforementioned curves together

for comparison reasons.

Material Specimen Modulus of elasticity Fracture stress Peak axial strain
(GPa] [MPal [-]

M1 68.8 98.7 1.7-10°

Dionysos M2 71.2 92.5 1.9:103

marble M3 70.7 94.7 2.2:103
Mean value * standard deviation 702 + 0.2 953 + 0.5 1.9-103 + 0.3

C1 19.8 50.1 3.5:10°

Cement c2 18.1 46.4 2,410

mortar C3 233 51.7 31-103
Mean value * standard deviation 204+ 08 494+ 05 3.0-103 + 0.5

Gl 68.7 18.8 2.7-104

Soda G2 70.5 20.5 3.3-10+

glass G3 70.0 19.4 3.1-104
Mean value * standard deviation 69.7 + 0.2 19.6 3.0-104 + 0.3

Table 2: The mechanical characteristics of all specimens.

Electric signals
The electric signal produced during a typical compressive test of a marble specimen and the axial strain obtained

(normalized over its maximum value) versus the normalized stress are presented in Fig.3. A weak current (from 0.5 pA in-
creases slightly to 2 pA) is initially observed until point A in Fig.3(al) where the stress level equals ~75% of the maximum
stress and strain is ~55% of the fracture strain. This point almost corresponds to point A where the stress-strain cutve
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deviates from linearity. Afterwards, the electric current starts increasing with higher rate, indicating the onset of micro-
cracking. When stress equals about 97% of the maximum applied stress (point A"y in Fig.3(a2) where the stress-strain
curve tends to become horizontal) and strain equals about 80% of the maximum strain the increase of PSC is remarkable,
severe cracking takes place (not yet visible with naked eyes) and the specimen is just before collapse.

In case of mortar specimens, the first noticeable change of the PSC values is observed when strain equals ~55% of the
maximum strain and stress is ~60% of the maximum stress, point By in Fig.3b) although the material is still below its pro-
portional limit. The increase of the electric signal starts becoming significantly larger (point B’y in Fig.3b) when the
respective stress-strain curve deviates from linearity (~75% of the maximum stress and ~70% of the fracture strain, point
B in Fig.2b). PSC gets its maximum value slightly before the final fracture (~90% of the maximum strain and ~95% of
the maximum stress) indicating the impending failure.

Concerning soda glass, the variation of PSC could be clearly divided in three stages. In the beginning of the test, a weak
electric signal is detected until point Cy in Fig.3c where strain is equal to ~60% of the maximum strain and stress is ~60%
of the maximum stress. During the second stage (between points Ci and C'y in Fig.3c), the increase of PSC is considerable
while the increase rate becomes even higher during the last stage where the applied stress is ~85% of the maximum stress
and strain equals ~80% of the maximum strain. The maximum value of PSC is attained ~96% of both the maximum

stress and the maximum strain.
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Figure 3: The electric current and the normalized axial strain versus the normalized stress for a typical specimen of (a) marble, (b) mortar
and (c) glass.

PCS values in comparison with 1b-values

In all cases, groups of 70 hits were used for the calculation of the Ib-value. The first group included the first 70 hits while
each successive group contained 35 hits of the previous one and the next 35 hits. Each Ib-value corresponds to the instant
which was calculated as the mean time of the respective hits.

The vatiation of Ib-value in conjunction with the electric current is shown versus the normalized stress in Fig.4(al) for a
typical marble specimen. In the beginning of the test, until ~30% of the maximum strain and ~35% of the maximum
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stress, Ib has high values decreasing from ~2.4 to 1.7. This can be related to the closure of pre-existing micro-cracks of
the specimen ot/and to rubbing/friction [1]. Afterwards, Ib-value is almost constant with vatiance around ~2.0 indicating
the slow generation of new micro-cracks (until point A, in Fig.4(al) which corresponds to stress level ~80% of the maxi-
mum stress and strain ~60% of the maximum strain). This point coincides with the deviation of the stress-strain curve
from linearity. Slightly earlier, the first noticeable increase of the electric current was observed. Finally, Ib decreases sys-
tematically attaining at the end of the test values close to 1.0 (point A"z in Fig.4(a2)). This happens at ~95% of the maxi-
mum applied stress and ~75% of the maximum strain and it is related to a large number of cracks. During the decrease of
Ib-value, PSC increases further. At the final stage (after point A'»), Ib slightly decreases further due to the coalescence of
cracks which leads the specimen to the final fracture while the electric current increases dramatically reaching its highest

value.
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Figure 4: The electric current and the Ib-value against the normalized stress for a typical specimen of (a) marble, (b) mortar and
(c) glass.

In case of mortar, Ib-value (Fig.4b) is relatively high from the beginning of the test until ~35% of both the maximum
strain and the maximum stress while a period with almost constant Ib-value (~1.8) follows (until point Bz, ~60% of the
maximum strain and ~70% of the maximum applied stress). Afterwards, Ib-value decreases (while the increase of PSC
becomes significant) reaching the value of 1.0 (point B'2) when the respective stress-strain cutve ceases to be linear (~70%
of the maximum strain and ~75% of the maximum stress). Subsequently, the values of Ib become slightly lower than 1.0
remaining almost constant until the fracture of the specimen. During this stage, the electric current attains its peak value
indicating the impending failure.

The variation of the Ib-values for a typical soda glass specimen is presented in Fig.4c. Ib-value continuously decreases
until point Cz (~80% of both the maximum strain and the maximum stress), i.e. almost during the first two stages of the
PSC variation. The rate of Ib-value decrease is higher between ~40% and ~80% of both the maximum strain and the
maximum stress. Afterwards, Ib-value remains almost constant until ~90% of the maximum stress. From this point on
and up to the end of the test, Ib-value decreases further. It is worth noticing that in case of soda glass, Ib-value attains the
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value of 1.0 when strain is ~65% of the maximum strain and stress is ~65% of the maximum stress, i.e. relatively lower
compared to the other two materials.

It should be mentioned at this point that b-value is related, among others, to the heterogeneity of the material. As the
degree of nonuniformity of the material increases, b-value also increases [33]. This is consistent with the results of the
present study. The material layers of marble and the existence of sand in mortar make these structures quite heterogen-
eous compared to glass specimens and as a result the Ib-values obtained for marble and mortar are larger than the respect-
ive values of glass. In addition, the heterogeneity of both marble and mortar results to the generation of low acoustic
activity during the initial load levels leading to an almost constant Ib-value in these first stages of loading. The absence of
this constant segment in case of glass makes the variation of the respective Ib-value to be monotonic in contrast to the re-
spective variations of both marble and mortar.

Approach based on energies

Despite the fact that the correlation of PSC and AE techniques became clear in the previous section, an alternative
approach based on the released energy was decided to be used in order to quantitatively verify the correlation of the two
experimental techniques.

The absolute energy (measured in af) produced and recorded by the acoustic sensors charactetizes each acoustic hit and it
is calculated by the software as the integral of the signal voltage at a power of two over the reference resistance (10 kQ2).
In the present study, the sum of the energy released during each second of the tests, Ear, was calculated since it is a
measure of the size distribution of micro-cracks in such materials [34]. In case of PSC technique, the energy released was
calculated by the familiar expression:

1At
Epsc= J'PSCZ(;)df ey
t/
where At=1 s and t;= 0, 1, ..., n-1 (n is the duration of the experiment). Since PSC is measured in pA, the units of Epsc

are (pA)Zs. Finally, the strain energy density, SED, was calculated as the area below the stress-strain curves of the tests.

All three quantities were normalized over the respective maximum value and the results are presented in logarithmic scale
in Fig.5. For all three materials of the present experimental protocol both curves are formed by two almost straight
segments with different slope and a knee point is cleatly seen corresponding probably to the formation of more severe
cracks. In case of marble (Fig.5a), it is quite interesting that PSC technique seems to detect the internal damage of the
specimen earlier than AE technique. In case of marble, the PSCyncc poine and the AEince point correspond to about 70% and
80% of the maximum stress, respectively (i.e. about 50% and 60% of the maximum strain, respectively). The same is true
for mortar specimens (Fig.5b). The knee point from PSC technique is observed when stress equals about 60% of the
maximum stress (~55% of the maximum strain) while AEknce point cOrresponds to ~65% of the maximum stress and ~60%
of the maximum strain. In case of glass specimens (Fig.5c), the knee points formed by the two techniques are observed
almost simultaneously (~60% of both the maximum stress and strain).
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Figure 5: The energy calculated by both PSC and AE techniques versus the strain energy density for a typical specimen of (a) marble.

47



Zy

{4
(
E. D. Pasion et alii, Frattura ed Integrita Strutturale, 40 (2017) 41-51; DOI: 10.3221/1GF-ESI1S.40.04 ‘
1E+0
/|
1E-1 2
knee AE[
1E-2
. -
&0 1E-3 i
— P
2 - //k)néeépsc
M 1E-4 Py
1E-5 Kl //
e | ”f //
1E-7
1E-5 1E-4 1E-3 1E-2 1E-1 1E+0
(b) Strain Energy Density
1E+0
[
[l
]
1E-1 kneess. /)
4
4
& ’
S 1E2 ¢J
s . -~ knee,
1E-3 : i =
1E-4
1E-3 1E-2 1E-1 1E+0
(c)

Strain Energy Density

Figure 5 (con’t): The energy calculated by both PSC and AE techniques versus the strain energy density for a typical specimen of
(b) mortar and (c) glass.

As a next step, an effort was made to investigate any correlation which might exist between the quantities Epsc and Eag
calculated by the two experimental techniques. In Figs.6(a-c) both energies ate presented in logarithmic scale for a typical
specimen for each material studied here. The solid dark blue circles represents the period where the electric current
produced is very weak without noticeable changes while the empty symbols corresponds to the increase of the PSC until it
reaches its maximum value. It is clear that the correlation is much better when the energy emitted increases considerably
(empty dark blue circles). Therefore, ignoring the period where PSC is almost constant or increases very smoothly, it was
found that the correlation of the energies calculated based on both experimental techniques obeys a power law, ie.

E ;o (E psC )’” , where m~0.8 for both marble and glass specimens while m~0.7 for mortar specimens (Figs.6(a-c)).
CONCLUSIONS

specific, it was found that when the Ib-value decreases, the electric signal detected by the PSC technique starts
increasing considerably indicating the formation of cracks. All three materials (marble, mortar and glass) enter a
critical state (i.e. Ib-value tends to 1.0) when strain is equal to about 65-75% of the maximum strain (stress level equals to
about 95% for marble, about 75% for mortar and about 65% for glass). The same stress level, at which the damage state
of Dionysos matble becomes critical, is also obtained by other researchers based on the variation of the b-value [35].
The alternative approach which was based on the energy released during loading of the specimens, although it makes very

T he correlation of both experimental techniques used in the present experimental protocol is highlighted. More
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(c) glass.
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clear the point where cracking becomes more severe, it seems to be more conservative. The knee points are observed
when strain equals about 50-60% of the fracture strain for all three materials studied here (while the stress level equals
about 70-80% for marble specimens and about 55-65% for mortar and soda glass specimens).

AE technique has already been mentioned as a valuable tool for detecting the impending failure paying attention either to
the general acoustic activity or to specific acoustic characteristics in accordance mainly to the stress induced on the
specimens [18-19, 35-30].

PSC technique is more recently developed compared to the AE technique and it is not yet fully standardized. It should be
mentioned that the specific technique cannot be applied in heavily distorted electromagnetic environments since very low
electrical currents (in the order of pA) are measured and the external electrical noise acts as additive electrical noise on the
actual signal. In order to minimize such effects special care must be given to the shielding of the experimental apparatus,
electrical ground and low noise cabling. Despite the aforementioned limitations, the electric current recorded using the
PSC technique has already been related to the mechanical behaviour of the tested material [4, 7.

Concluding, taking into account that strains are much easier to be measured, compared to the stress field developed, the
fact that the critical state is detected by both techniques and it is determined at almost the same strain level for all three
materials is an interesting finding which could be very useful for monitoring and assessing the integrity of structures.

In addition, in the direction of quantifying the correlation of the AE and the PSC techniques, a successful attempt is made
for the very first time in the present paper. Indeed a very good correlation exists between the energies measured by both
techniques, which obeys a power law with exponent equal to 0.7-0.8 for the materials studied here.
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ABSTRACT. Two experimental techniques are used study the response of —
cement mortar beams subjected to three-point bending under various loading
protocols. The techniques used are the detection of weak electric current Citation: Kyriazopoulos, A. Acoustic

emissions known as Pressure Stimulated Currents and the Acoustic Emissions — emissions and electric signal recordings, when
cement mortar beams are subjected to three
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INTRODUCTION

he mechanical behavior and the evolution of damage in heterogeneous materials under compressive loading are of

great interest in a wide range of application fields. Particularly, the Service Life of cement-based structures

deteriorates due to heavy loads, fatigue, aging and natural disasters. Accordingly, diagnostic methods for damage
assessment have been developed and implemented, aiming to assess the impending failure. To this end, the Acoustic
Emissions (AE) technique was developed and is being improved continuously in order to provide a useful tool for
monitoring and understanding the mechanisms of dynamic processes, but also for warning of upcoming failure [1].
Acoustic Emission events occur due to sudden release of mechanical energy in the form of short mechanical vibrations
due to the fact that a material is under mechanical loading. This mechanical vibration travels in the form of spherical
waveforms through the material’s bulk. The AE event analysis is used to estimate the damage degree when brittle
materials such as concrete and rocks are subjected to mechanical loading [2-5].
Acoustic Emission (AE) due to crack growth in brittle materials is usually observed in the high frequency range, typically
between 50 kHz and 800 kHz. AE are recorded even from the early stages of the damage process. During the fracture
process in quasi-brittle materials, the micro cracks formation and growth are manifested by a number of AE events
released at different amplitudes. It has been shown that as a specimen under mechanical loading approaches failure, there is
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an increase in the AE activity rate, as a result of the deterioration of the mechanical properties. Particularly in cement based
materials and concrete structures the AR testing is one of the most widely used methods for monitoring crack growth [1].
Another phenomenon related to the micro-crack growth in quasi-brittle nonmetallic materials is the production of electric
charges that shape electric dipoles forming a rather complicated charge system [6-8]. Such electric dipoles produce an
electric potential across a crack resulting in the appearance of an electric current [9]. Such currents have been measured in
both laboratory |7, 10] and at a geodynamic scale [11] and their detection may be useful as a precursor of a fracture.

These electrical signals (weak electrical current emissions) are detected using a novel experimental technique, called
Pressure-Stimulated Currents Technique, and the recorded electrical currents are described by the term Pressure
Stimulated Cutrents (PSC) [12]. The PSC’s are weak electric currents detected with sensitive electrometers when a pair of
electrodes is attached at proper locations on the specimen that is subjected to mechanical stress. Initially, the PSC
technique was applied when rock specimens like marble [6, 13] and amphibolite [14] were subjected to compressive axial
stress increasing up to failure. Consequently, it was successfully applied to cement-based materials [15, 16]. The PSC
technique was also tested during laboratory experiments of three-point bending (3PB) tests on marble [17] and cement-
based specimens [5]. The PSC technique has been adopted by several researchers [9, 18], while others use similar
techniques [19-21].

Both AE and PSC signals provide important information about the damage processes occurring in specimens under
compression or under bending tests. In particular, the PSCs show a considerable increase when the applied load reaches
the vicinity of failure and attain their peak value shortly before failure [12, 13, 15, 106].

In Acoustic Emissions one of the statistical parameters, which is often used to estimate a critical situation, is the b-value
[1, 22, 23], which exhibits systematic variations during the different stages of fracture processes. The AE based b-value
analysis and the variation of the b-value, have attracted researchers working in the engineering field [23, 24]. Other AE
statistical parameters that have been used include the event and energy release rates, the cumulative energy and the ring
down counts.

In this paper attention is focused on the parallel presentation of AE and PSC detected during 3PB of cement mortar
specimens. The main difference between the three experiments is the loading mode. Specifically, one test was conducted
under a constant loading rate (i.e. linear load increase) up to fracture while at the other two experiments the load was
increasing according to a non-linear mode.

EXPERIMENTAL DETAILS

Their bending strength (Lg) varied from 3.5kN to 4.0kN. Details regarding the specimens, the preparation process

and the experimental apparatus can be found in a previous work [25].
Contrary to previous publications [25], the electrodes that were used to capture the PSC emissions were placed as shown
in Fig. 1, i.e. on the lower side of the beam (tension zone) and at the left and right sides, symmetrically with respect to the
specimen’s central cross section where the load is applied. This topology was decided after several experiments conducted
in order to estimate the best installation process that ensures the recording of strong PSCs and limits the influence of
electric noise. The best electrode distance (£) was also investigated and it was empirically found that for the specific type
of experiments it should be {~a /5, where « is the distance between the two rigid metallic cylindrical rods used to
support the cement beam. The PSC was captured by the electrodes and measured using a high sensitivity electrometer
(Keithley, model 6517). The data were recorded in real time and stored on a hard disk through a GPIB interface. The
mechanical load applied was recorded with the use of an analog-to-digital (A/D DAQ) data acquisition device (Keithley
model KUSB-3108). The whole setup was placed in a Faraday shield in order to avoid interference from external electrical
noise.
The system that was used to detect and record the AE is the 2-channel PCI-2 AE acquisition system (Physical Acoustics
Cotp). The R15a sensor (manufactured by PAC, resonant at 75 kHz) was placed in the middle of the beam (see Fig. 1) in
order to focus on the region of the crack development processes that take place due to the externally applied bending
load. The sensor was coupled to the test specimen using vacuum grease. Preamplifier was used along with the sensor with
gain set at 40dB. The signals were band-pass filtered between 20-400 kHz using the software control of the data
acquisition system. To set the threshold value for recording and to ensure that sensors were correctly performing, pencil
lead breaks (5mm, HB leads) were carried out near the crack tip and the recorded signals were observed. The value of
40dB was selected since it was found to prevent the recording of lower amplitude reflected signals from the pencil lead
break tests. For the detected AE data processing the Physical Acoustics Corp. Noesis software was used.

T he specimens used for the experiments were prismatic cement mortar beams with dimensions 250x50x50 mm?.
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Figure 1: The experimental installation and the location of the AE and PSC sensors.

right PSC electrode

RESULTS AND DISCUSSION

ab. 1 includes all the details regarding the loading protocol of each specimen for the three experiments
implemented, i.e. load (L) vs. time (t), considering that the function is best described as:

L(1)=C - +Cy-t @

where C; and C, are constants. During the first experiment (i.e. specimen CBO1) a linear increase of the load was

conducted at a rate of 100N /s while the two following experiments were conducted following a non-linear increase of the
mechanical load (see Tab. 1).

Specimen L (#)=C, 2 4+Cyt L (kIN) PSCpeax (pA) Qr pC)  AEhits  Cum. Energy AE

CBO1  €,=0, C,=+100N/s 3.6 28.8 294 1062 5.17x107 a
C,=-7.3N/s2, .

CBO2 Ny 3.8 27.2 298 543 4.50x107 a
C,=+0.7N/s2, .

CBO3 ' uNs 3.5 29.9 291 893 4.98x107 a

Table 1. The characteristics of the loading protocol followed during each of the three experiments conducted and the main quantities
studied regarding the PSC and AE recordings.

Fig. 2 shows the temporal variation of the emitted PSC from the three experiments, as well as the corresponding behavior
of the mechanical load. Shortly before failure of the specimens the emitted PSC tends to show a peak. The recorded peak
value (PSCpeak) is similar in all three experimental loading protocols (see Tab. 1). The fact that the PSC is maximized
before the failure of the cement mortar beam has been systematically observed during compressive stress tests on both
cement based [15] and rock [26, 27] materials. This behavior is best demonstrated by the specimen CB02. This is
attributed to the fact that the specimen approaches failure at the lowest load rate (see blue lines in Fig. 2). The level of the
bending load, for which the PSC signal begins to show an intense and continuous increase, irrespectively of the loading
mode, is estimated to be at approximately 60% of the ultimate 3PB strength (L) (see Fig. 3), in all three experiments.

As a next step, it is interesting to consider the total electric charge ( Oy ), released during the three experiments up to

failure. The O was calculated using the relation (7 is the failure time).
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It is worth mentioning that the total electric charge for the three different loading modes reaches almost the same value
(see Tab. 1). In a previous work [13], during compressive stress application on marble specimens it was theoretically
supported and experimentally proven [28] that the total electric charge value does not depend on the applied mechanical
stress rate. This behavior is verified experimentally herein when cement mortar specimens are subjected to 3PB loading.

4 30
—— CB01 L
1 —CB02 - 25
31 —CBO03 -
] - 20
g ] 3
2 -15 o
3] g
- 10
1 ] r
5
0 ; ; ; ; ; ; ; ; ; 0
0 10 20 30 time(s) 40 50

Figure 2: The time variation of the applied 3PB load and the corresponding time variation of the PSC, during all three experiments
conducted.

— CB01
— CB02
20 — CBO03

PSC (pA)

0 0.2 0.4 0.6 0.8 1
L/Lf

Figure 3: PSC versus normalized load (L/Ly) for all three experiments conducted.

Regarding the AE recordings, during the three experiments, a different number of AE hits was recorded (see Tab. 1). The
micro-cracks generated during loading are of different sizes and therefore different AE amplitudes are recorded. A
common way of obtaining quantitative information from the above statements is by computing the b-value of AE using
the methods adopted in seismology [29, 30]. The b-value is defined as the log-linear slope of the frequency—magnitude
distribution of AE [31]. In the present study, the b-values were calculated by applying a method that is known as
improved b-value (I,) analysis after Shiotani et al. [32]. The Ip-value is defined as:

I < logN(,u—ala)—logN(,u+a20')
)=

C)

(1 +ay)-0

Ul
wu
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where, o is the standard deviation of the magnitude distribution in one group of events, u is the mean value of the
magnitude distribution in the same group of events, and ¢, as well as @, are constants, for which usually a value equal to
1 is adopted [1].

In order to highlight the variability of the I, -value, during the three experiments, the b-value analysis of AE is, in general,
applied to a certain number of events, as follows: from event 1 to n, then from event 2 to n+1, and so on. The determina-
tion of the value of n has been considered by Shiotani et al. [32] and Colombo et al. [22], since it constitutes a parameter
that can influence the results. A value exceeding n=>50 is assumed to be a satisfactory one. In the present study, n=70 has
been selected. Each value of I, was calculated from a group of the events 1 to 70, consequently from 2 to 71, and so on.
Each calculated I, value is associated to the time of the 70th event of each group and to that of the corresponding value
of normalized (I./L¢) load. The vatiability of the I,-value during the three experiments with respect to the normalized
(L/Ly) load is shown in Fig. 4. In the same figure the corresponding variation of PSC signals is also presented.

0 0.2 0.4 0.6 0.8 1
L/Lf

PSC (pA)
Ib - value

~ PSC (pA) w
Ib - value

10

0 0.2 0.4 0.6 L/Lf 0.8 1

Figure 4: Variation of I, -values and PSC signals vs. normalized load (L./Ls) for the three conducted experiments.
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It is obvious that during the early stages (L<0.6L¢ approximately), the [,-values show an almost constant increase
indicating the prevalence of micro-cracking [33]. In these stages the PSC signal is low, showing a slight increase (see Fig.
4). Then, at the following stages (L>0.6L¢) Ip-values show an intense reduction combined with a sharp increase of the
PSC. This behavioral change in the variability of the Ij,-value is obsetrved at a ctitical normalized load value [L/Lgc = 0.6,
for all three experiments. As it is marked in Fig. 4 (dotted arrows), the exact value [L/Lgc is 0.55, 0.62 and 0.70 for
specimens CB01, CB02 and CBO3, respectively. It seems that increasing the rate of the applied bending load the increase
of the PSC signal and the corresponding reduction of I,-values are recorded eatlier. It should be pointed out that the Ij,-
value fluctuation, which is observed in all three experiments at the early stage, is related to the fact that the micro-cracks
begin to form randomly. Moreover, in all three experiments, I}, attains values around 1 during the last seconds before the
failure of the specimens, which is indicative of the final formation of a localized macro-crack.

1.E+04
— CB02
= CBO01
_ 8.E+03 CBO3
(8]
e
P
6.E+03 1
4.E+03
2.E+03
0.E+00
0 0.2 0.4 0.6 0.8 1
L/Lf

Figutre 5: The cumulative ring down count of AE hits vs. normalized load (I./Ly) for the three conducted experiments.

The ring down count (rdc) data was also used, since it is a measure of the number of AE waveform oscillations through a
preset voltage threshold [1]. In order to highlight the identification and assessment of important stages of micro-crack
damage in a cement mortar material, a common practice has been followed to examine the cumulative ring down count
Y(trdc) and energy (XE). These results are illustrated in Figs. 5 and 6 with respect to the normalized load (L/Lg). In all
three experiments an almost constant increase in 2(rdc) was initially observed, related to the initiation of new micro-
cracks. For L/L¢ > [L/Lic the X(tdc) increases at a rate indicating the development of severe damage in the specimen.
Concurrently, an abrupt increase of the PSC signal is observed.
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Figure 6: (a) The cumulative AE energy vs. normalized load (I./Ly) for the three experiments and (b) a detailed view close to the
fracture load.
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Finally, the cumulative energy of the AE hits up to the fracture of the specimens for all three experiments versus the
normalized load level (I/Ly) is plotted in Fig. 6a. A significant step-up increase of the cumulative AE energy is observed
slightly before the failure of the specimens (see the detailed view in Fig. 6b). The corresponding values of the cumulative
energy practically start to converge (see Tab. 1).

CONCLUDING REMARKS

causes the emission of electric currents (PSC) that show a cleatly deterministic behavior. The total electric charge

recorded during each experimental procedure is practically of similar value for all three experiments. It may be
concluded that the corresponding behavior of the studied AE parameters is also similar.
Micro-cracks generate a sufficient number of weak acoustic emissions leading to a relatively high b-value. When increasing
load levels, the fracture process moves from micro- to macro-cracking and the In-value decreases.
A distinct correlation between the PSC and the calculated Iy values is observed. Specifically, when Iy-values are relatively
high and tend to increase, the PSC signals also exhibit a smooth increase. When Ip-values progressively decrease, the PSC
signals show intense increase, indicating that PSC emissions are mainly attributed to crack formation and propagation.
The peak of the PSC signals is another clear indication of the upcoming failure. Finally, the damage initiation is also
verified by the study of the cumulative ring down count. The qualitative similarity of the results of the present protocol
with recently published ones for natural stones and especially for Dionysos marble [17], which is the material extensively
used for the restoration of marble monuments in Greece [34-38], supports further the potential use of the PSC technique
for in-situ monitoring the response of restored structural elements of masterpieces of Cultural Heritage.

T he application of 3PB loading under various protocols regarding the bending load rate on cement mortar beams
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ABSTRACT. This article investigates the possibility of exploiting innovative
polyvinyl alcohol fibers reinforced with carbon nanotubes (PVA-CNT fiber)
as a strain sensor in cement mortars used in the restoration of Cultural Heritage
Monuments. Two types of PVA-CNT fibers were embedded in the matrix at a
short distance from the bottom of the beam and their readings were
correlated with traditional sensors, e.g. strain gauges and Fiber Optic Bragg
Gratings. The Electrical Resistance Change (ERC) of the embedded PVA-
CNT fiber was in-situ monitored during four-point bending mechanical tests.
For the case of coated PVA-CNT fiber, a linear correlation of the applied
strain at the bottom surface of the specimen along with ERC values of the
fiber was noticed for the low strain regime. For the case of incremental
increasing loading — unloading loops, the coated and annealed PVA-CNT
fiber gave the best results either as embedded or as ‘surface attached’ sensor
that exhibited linear correlation of ERC with applied strain for the low applied
strain regime as well as hysteresis loops during unloading. The article discusses
their high potential to be exploited as strain/damage sensor in applications of
civil engineering as well as in restoration of Monuments of Cultural Heritage.
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INTRODUCTION

restoration of Cultural Heritage Monuments is fundamental for the protection of their structural integrity.

However, most of the traditional techniques used in the laboratory and in the field, such as strain-gauges, dial-
gauges, extensometers, and Linear Variable Differential Transformers (LVDTs), provide data drawn from the materials’
external surface. Therefore, gathering information about the internal events, for example local failures and micro-fracture,
which precede those detected on the materials’ surface, is challenging. The technological need to mine data from the
interior of the restored joints and specimens were reported by Kourkoulis et al [1]. In a series of articles, e.g. [2-4] the
important role of the interphases of the connecting materials used in the interior of the restored joints are noted.
Additionally, several researchers underlined the important aspects of straining of the connecting members of the joint that
are well in the interior of the restored Monument of Cultural Heritage, e.g. [5-7]. To cope with this problem, innovative
measuring techniques should be used in parallel with the traditional ones for calibrating purposes.
An already mature technique for damage monitoring of cement-based materials is the embedded glass fiber optical
sensors. In the areas of local strain change, loss of the transmitted light signal [8] occurs that corresponds to damage
within the monitoring region [9]. The detection can be performed with small embedded Bragg grating sensors with
nominal diameter of approximate 120 pm, e.g. [10-12]. Nevertheless, this technique has several limitations, e.g. monitoring
of the matrix transverse cracking. In addition, a dense network of optical fibers would be needed to fully monitor the
complete structure that is economically not sustainable.
Acoustic emission is another technique to monitor damage development in cement-based materials. Initiation of damage
mechanisms (tension or shear) induce different crack tip motions, resulting in quite different AE characteristics. These
distinct acoustic events can therefore be directly linked to a specific type of failure or can be evaluated in a cumulative
manner to characterize the state of damage of the matrix, e.g. [13, 14]. Despite the numerous atticles in this scientific field,
the provided AE data are usually not sufficient to solely characterize the structural health of the matrix and another
technique is required to cross-plot the necessary information [15, 16].
In this study, the exploitation of different types of advanced fibers made from polyvinyl alcohol (PVA) reinforced with
carbon nanotubes (CNTs) for sensing the mechanical performance of the cement mortar used for the restoration of
Acropolis’ Parthenon will be investigated. These new innovative PVA-CNT fibers have small dimensions (d = 40 to 60
um) and exhibit excellent piezoresistive characteristics and ductility that exceeds 100 % elongation [17]. Manufacturing of
the specific fibers can be done by a potentially scalable process already reported [18]. Previous research on epoxy resin
composites reinforced with glass fibers showed that the aforementioned PVA-CNT microfibers can be successfully
embedded in the composite [19] and can be used for strain/damage monitoting purposes of non-conductive composites
under tensile and bending loading tests [20, 21].

T he ad-hoc accurate and thorough knowledge of the mechanical behaviour of building materials used in the

EXPERIMENTAL PROCEDURE

Manufacturing of prismatic cement mortar specimens

‘ ) : ] hite cement, Portland type, with the code name AALBORG WHITE and class CEM I 52,5R was used in the
present study. The specific cement is manufactured from exceptional pure limestone and fine-grain quartz
sand. The mineralogical phases of the white cement used as well as several characteristics of the cement can be

seen in Tabs. 1 and 2, respectively. Two different sand types were used: (a) coarse grained quartz sand from 1 to 2 mm as

well as (b) fine-grain quartz sand M32 with average grain size of 260 mm. The selection of the above materials has been

performed according to several criteria, extensively discussed in [4].

C3S C2S C3A C4AF

77 (wth) 16 (wt¥%) 5 (wt%) 1 (wt%)

Table 1: Mineralogical phases of white cement.

In the present work, the following kinds of sensors were used: (a) 2 different types of CNT reinforced PVA fibers (PVA-
CNT fibers). The first type will be called in the following as “coated PVA-CNT” fiber, while the second one as “coated
and annealed PVA-CNT” fiber, that had different process parameters as discussed in the following. This kind of sensors
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utilizes the electrical resistance change method for the damaged areas of the matrix. The second type of sensor used was
(b) Fiber Optical Bragg Gratings (FOBG) in order to detect damage on the surrounding medium through the
transmission of light within the fiber.

Density (kg/m?) 3130
Phenomenological density (kg/m?) 1100
Curing time of cement according EN 196-3 120 min

Table 2: Physical characteristics of white cement.

The PVA-CNT fibers were fabricated at the facilities of University of Bordeaux (CNRS-CRPP). Multi-wall carbon
nanotubes (MWCNTSs) with 98 % purity were used from Arkema, Lacq in Aquitaine province of France. Typical the
fibers have a concentration of approximate 13 wt% MWCNTs. For specific applications, the manufactured fibers can be
coated with MWCNTSs in order to increase their surface conductivity [18]. In the present case, the coated PVA-CNT
fibers had been coated with an immersion technique in an aqueous solution with dispersed MWCNTSs. The solution
contained 0.5 wt% MWCNTSs and 0.7 wt% SDS; the latter is a common surfactant, widely used to stabilize MWCNTS in
aqueous solutions. The fibers were dried before use and several images (macro photos as well as cross-sectional) can be
seen in [19].

The coated and annealed PVA-CNT fibers were also coated fibers according to the already described procedure that had
an additional heat treatment stage. The annealing of the polymer (approximately around 150 °C) well above the glass
temperature transition (Ty) temperature, makes the polymer softer, thus enabling the more efficient attachment of the
MWCNTs on the surface of the fiber. Additionally, it improves the crystallinity as well as the mechanical properties of the
manufactured fibers.

Two types of cement-based prismatic specimens were manufactured: Type I specimen deals with sensors that were em-
bedded during manufacturing. Type 1I deals with surface-attached sensors; they were attached on the specimens when the
curing process of the cement-based specimens ended and just before mechanical testing.

The same mixing procedure was followed for all the cement-based specimens according to ASTM C305 [22]. Mixing was
performed using a standard 5 1 mixer made from TECHNOTEST®. Initially, cement and water were placed into the
mixing bowl. Mixing started immediately at a slow speed of (140 * 5 r/min) and lasted for 30 s. Following, both types of
sand (course and fine), that were premixed, were slowly added to the paste over a 30 s period, while mixing at slow speed.
Next, the materials were mixed for 30 s at medium speed (285 * 10 r/min). The mixer was stopped for 90 s to let the
mortar stand, during the first 30 s of this interval; any mortar that had collected on the side of the bowl was scraped down
into the batch. To certify the homogeneity of the mortar, as a final step, the materials were mixed at medium speed for
90 s.

Figure 1: (a) Mold for the manufacturing of the prismatic specimens with already installed PVA-CNT fiber and specific oil and
(b) casted mixture in the mold for two specimen’s preparation.

Customized prismatic molds made from aluminum having a length of 80 mm and a cross-section of 20 mm X 20 mm,
wete used. Very thin holes of approximately 1 mm dimeter, suitable for the placement of PVA-CNT fibers / FOBGs,
were drilled at both sides of the molds. Before casting, suitable concrete demolding oil was used to facilitate the speci-
mens’ removal. Then the fibers were placed in the molds as shown in Fig. 1a and casting was performed (Fig. 1b).

Immediately after casting, the specimens were covered with plastic wrap and were left to cure for 24 h at room
temperature. After demolding, the saturated wet covering method was adopted for further curing of the samples. This was
to make sure that specimens wete kept in a wet condition duting the cuting period without damaging/affecting the fibers.
The specimens were covered with wet cloths (water saturated with calcium hydroxide) and were sealed with plastic wrap.
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According to Nahata et al. [23] mortars cured using the aforementioned procedure demonstrate a slightly lower
compressive strength compared to specimens cured in water immersion (specimens cured in water tank at room
temperature) demonstrating that the curing procedure adopted in this study does not compromise the mechanical
performance of the material. At the age of 28 days the specimens with the embedded sensors were uncovered and were
ready for mechanical testing (Fig. 2a and b), while for several specimens the sensor was externally attached (Fig. 2c) before
testing.

Mechanical testing

For the execution of the mechanical tests, a number of experimental devices were used (Fig. 3) that will be explained in
the following. An MTS Insight loading frame was used to record the changes in crosshead displacement and mechanical
load, a multimeter for the electrical resistance of the embedded PVA-CNT fiber, an interrogator for the respective
measurements of the FOBG sensor and finally a data logger for the measurements of the strain gauges.

@ ©

Figure 2: (a) Prismatic specimen with embedded PVA — CNT fiber (Type I), (b) specimen with embedded PVA — CNT fiber and
FOBG fiber and (c) specimen with externally attached PVA — CNT fiber (Type II).
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Figure 3: Flow diagram of the experimental procedure.

Two types of prismatic specimens were evaluated. The first one (Type I) has embedded sensors and the second one (Type
II) has surface attached sensors. The geometrical dimensions of all specimens can be seen in Fig. 4a (Type I specimen is
shown), while the loading supports (four point bending) can be seen in Fig. 4b. The three-point bending tests had been
performed on specimens with embedded PVA-CNT fiber on the tensile region (fiber close on bottom surface of the
specimen). The correctly adjusted / placed specimen at the jigs of the testing machine can be seen in Fig. 5a, where
surface-attached strain gauges were also used to monitor the strain changes at the bottom surface of the prismatic
specimens (Fig. 5b). As the incremental loading steps have been made to specific levels of fracture stress of the material,
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the testing machine was load-controlled with a crosshead speed of 0.1 mm/min. Evaluation of the four point bending
(4pb) mechanical tests have been performed according to ASTM D6272 [24]. During testing, crosshead displacement,
load and the strain gauges measurements wete continuously recorded and stored in a P/C.

An Agilent multimeter was used to record in situ the electrical resistance data of the specimen’s embedded PVA-CNT
fiber during mechanical loading. A DC voltage of 10 V was applied to cables connected to the PVA-CNT fiber of the
specimens (Fig. 3), the current was measured and the resistance was calculated from these values. The resistance
measurements were performed in a two-point measurement set-up in the longitudinal direction. Data acquisition of 1 Hz
was also used for the resistance measurements and stored simultaneously in the P/C of the testing machine. Electrical
resistance change (ERC) values were post-calculated form the initial resistance values.

The optical fiber sensors used were Bragg gratings of 2 mm nominal length. The reflectivity of these sensors was of the
order of 20 %, in order to ensure adequate spectrum reflection and at least 50 cm of free optical fiber should be available
at each side for adaptation of connectors. Selected center wavelength was 1540 = 1 nm, while A1 was approximate ~ 0.7
nm. An interrogation system was used to measure the wavelength changes due to the mechanical field loading and
evaluate the equivalent strain values. The wavelength data were afterwards converted to axial strains measured in the
vicinity of the Bragg grating sensors, based on the fundamental equation for constant temperature for mechanically and
optically isotropic optical fibers:

Adg=2g-(1-p,)-Ae+Ag-(a+&)-AT 1)

that relates the wavelength changes to the axial strain of the fiber at the sensor area through the sensitivity coefficient Ag.
Term AJp is the change in Bragg wavelength, g,, @ and &are respectively the photoelastic, thermal expansion and thermo-
optic coefficients of the fibre, A¢ is the strain and AT is the temperature change, respectively. In the present work, s was
measured via calibration and for the specific sensor it was found to be equal to 0.89 pe / pm or inversely 1.12 pm / pe.
Using Eq. (1), all wavelength shifts were collected from the interrogator device and the respected axial strains were
calculated.

=
(=]
3 F

80 mm

@)

@) ()

Figure 5: (a) Installed specimen with embedded PVA-CNT fiber and (b) magnification of the bottom side of the specimen with
surface attached strain gauge.

For the Type I specimens (with embedded sensors), the following tests have been performed: (a) monotonic loading till
fracture and (b) incrementally increasing loadings - unloadings till fracture. For the Type II specimens (with attached
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sensors) constant amplitude loadings - unloadings have been performed to assess the screening of the sensors. In total 11
different test categories were performed that can be seen in Tab. 3.

Coated PVA-CNT Coated and annealed
Reference

fiber PVA-CNT fiber
0 P : :
Attached surface strain gauge P M, P M, P
FOBG and attached surface M. P P P

>

strain gauge

NOMENCLATURE: M: Monotonic four point bending (4pb) till fracture
P: Progressive damage accumulation in 4pb (incremental loading-unloadings till fracture)

Table 3: List of the experimental tests.

RESULTS AND DISCUSSION

he experimental bending test results will be presented and discussed in this section in order to establish a useful
cotrelation of the readings of the embedded / attached sensors with the mechanical deformation of the specimen.

Monotonic bending tests

Monotonic tests have been performed on different specimens for the three investigated embedded sensors, (a) coated
PVA-CNT fiber, (b) coated and annealed PVA-CNT fiber and (c) FOBG. Fig. 6 shows the comparison of the mechanical
response of the each specimen during four-point bending testing. The specimens with the embedded PVA-CNT fiber
seem to resolve identical maximum stress values along with axial deformation at the bottom level of the specimen. All
four different cases seem to have approximately the same mechanical response and the average fracture stress is around 3

MPa.

Four point bending tests on prismatic
mortar samples with embedded:

o no fiber

= coated PVA-CNT fiber

e coated and annealed PVA-CNT fiber

o FOBG fiber

] ] ]

T T 1 T 1 T 1 T
0 50 100 150 200 250
Lower surface axial strain [ug]

Maximum bending stress [MPa]

Figure 6: Comparison of the monotonic mechanical response of the specimens with embedded sensors.

Fig. 7 shows the mechanical response of the material along with the simultaneous electrical resistance response of the
embedded PVA-CNT fiber for the monotonic loading of the specimen till the macroscopic fracture. Fig. 7a corresponds
to the coated PVA-CNT fiber, while the respective results of the coated and annealed PVA-CNT fiber can be seen in Fig.
7b. By comparing the two diagrams, it can be cleatly seen that linearity is evident in both types of fibers for the low
applied loadings that corresponds to the elastic loading regime. This linearity is no longer evident with increasing the
applied bending stresses. Additionally, for the case of the coated PVA-CNT fiber this linear stage ends at higher ERC
values that allows for better screening of the results. This loss in linearity is probably due to the partial fracture of the
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interphase between the embedded fiber and surrounding matrix [19] that gives a sudden drop in ERC values as the fiber is
partially unloaded. This pattern of sudden drops in ERC values can be noticed for even higher stress level and can be
additionally due to micro-cracking [20] that approximately starts at the 30 % of the maximum bending stress (around 1
MPa) and fracture for higher applied stresses.
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Figure 7: (a) Mechanical response of the prismatic specimens and electrical resistance response of the different embedded PVA-CNT
fiber type (a) coated and (b) coated and annealed.

Constant amplitude loading - unloading loops

The test results for the constant amplitude tests will be described in this section. Ten (10) loading — unloading loops were
performed with maximum bending load being 80 N that corresponds to approximately 0.5 MPa that is definitely within
the elastic loading regime without the presence of micro-cracking. Fig. 8 shows the mechanical response of the type 1
specimen (stress in red color while strain in black color) as well as the ERC values of the embedded fiber (in blue color)
over testing time. Despite the low maximum loading stress, residual strain values can be noticed after several cycles that
can be attributed to developed damage inside the specimen. The strain loops seems to take low amplitude values; after the
tenth loading loop strain amplitude goes from 1 to 2.5 % axial strain that is almost half when compared with the first
loading loop. ERC values show increased scatter values that might be a problem of the high sampling frequency. The peak
and valleys of the ERC values can be hardly distinguished in the diagram; however, the trend shows that ERC is
continuously increasing with the constant amplitude loadings. Such a trend was also noticed for the case of monitoring
glass fiber reinforced plastic with embedded PVA-CNT fiber and ERC was directly compared with the residual strain of
the composites that is clearly evidence of induced damage in the matrix of the material [20]. This is obviously the case
with the existing test results.
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Figure 8: Mechanical response of the type I specimen with embedded coated PVA-CNT fiber under constant amplitude loading —
unloading loops and electrical response of the embedded fiber.
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Fig. 9 shows the respective test results for the type II specimen with the surface attached fiber. Strain measurements also
show a small reduction on the amplitude after some test cycles; ERC measurements seems to be vague and definitely
lower sampling rate should have been used. Though the surface-attached fiber gives readings during mechanical testing,
optimization will be performed in the near future regarding the preparation of the surface, medium for the proper
attachment of the fiber [19], as several vague recordings might be due to local loss of coherency of the interphase of the
connecting medium (glue) with the substrate and therefore loading transfer of the specimen to the sensor is not optimal.
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Figure 9: Mechanical response of the Type II specimen with surface attached coated PVA-CNT fiber under constant amplitude
loading — unloading loops and electrical response of the attached fiber.

Incrementally increasing loading - unloading loops

In this section the test results of continuous increasing loading — unloading loops will be reported. Tests were performed
with continuous increasing maximum load of 40 N after every unloading and hereafter will be called as progressive
damage accumulation tests. Typical applied bending force protocol over testing time can be seen in Fig. 10a, while Fig.
10b shows the typical mechanical response (stress-strain) of a specimen for the fourteen cycles till fracture. Residual strain

values are noticed every single unloading and the higher the loading value is, the higher the residual axial strain is.
Additionally, hysteresis loops are evident for the latest loading cycles.
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Figure 10: (a) Applied increasing loading — unloading protocol and (b) mechanical response per different loading loop under four
point bending test.

Fig. 11 shows the comparison of the mechanical response from readings of the embedded FOBG (red curves) as well as
form the attached surface strain gauge (black curves). For the extremely low loading values (Figs. 11a to c), actually no
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discrepancies are noticed when compared the embedded sensor with the traditional, attached strain gauge. With increasing
loading loop (Figs. 11d and e), higher discrepancy between the two types of sensors is observed. Similar results were
noticed for the same fibers embedded in GFRP under bending loads [20]. Finally, loss in contact of transmitted light was
observed in loading branch of the ninth loop (Fig. 11f) and the recording phase of FOBG was terminated after this loop.
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Figure 11: Increasing loading — unloading loops in type I specimen with embedded optical fiber and attached strain gauge for
maximum loadings up to: (2) 40 N, (b) 80 N, (c) 160 N, (d) 240 N, (e) 320 N and (f) 360 N.

The same experimental protocol was applied on prismatic cementitious specimens with embedded coated PVA-CNT fiber
as well as coated and annealed PVA-CNT fiber, where the test results can be seen in Figs. 12 and 13, respectively. For the
case of the embedded coated PVA-CNT fiber, Fig. 12 shows the mechanical response (black curves) as well as the ERC
response of the embedded fiber. Regarding the mechanical response of the specimen, it is evident that a linear correlation
between stress—strain is observed up till maximum load up till 200 N (Figs. 12a to ¢). This is actually the elastic limit of the
prismatic specimen under bending loads as for increasing applied load (Fig. 12d) hysteresis loop is formulated during
unloading branch. Hysteresis loop is even higher noticeable at higher load (Fig. 12¢) and finally fracture occurs at 520 N
applied load (Fig. 12f). Hysteresis loops are evidence of inelastic mechanical response of the specimen and damage in the
matrix (probably matrix cracking) of the specimen. On the contrary, the ERC readings of the embedded fiber seems not
to follow the applied loading protocol, losing cohesion with the applied stress / strain variance with the very start
mechanical response. This might be due to the insufficient bonding of the fiber with the surrounding matrix [21], as
previously documented with the respective monotonic tests. Bonding loss of the specific interphase is probably the best
answer to explain the inaccurate ERC values at high applied stress / strain levels.

Fig. 13 shows the respective results of the embedded coated and annealed PVA-CNT fiber in the prismatic specimen
under the same experimental loading protocol. Similar to the previous fiber, ERC measurements trend is also noticed for
this case. Linearity between stress-strain is noticed for the low applied loadings, while hysteresis loops till fracture is
evident as also noticed in [20]. Regarding the ERC measurements, this type of fiber seems to be more promising as it
gives not ambiguous, scattered data as noticed for the previous type of fiber. Coated and annealed PVA-CNT fiber gives a
linear increase in ERC with the increased stress / strain for the low loading range; loss in coherency for higher applied
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loads gives measurements that can be hardly be quantified and processed. To this end, this fiber seems to be more
favorable for future research in case that proper interphase will be created with the surrounding matrix.
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Figure 12: Incremental loading — unloading loops in type I specimen with embedded coated PVA-CNT fiber for applied loadings up
till: (a) 40 N, (b) 160 N, (c) 200N, (d) 280 N, (¢) 360 N and (f) 520 N (fracture).

Fig. 14 shows the respective test results for the type II specimen with the surface attached fiber. Test results are more
encouraging when compared with the respective constant amplitude results, as the screening of the ERC measurements is
evident. Linearity between strain and ERC measurements can be justified for low strain values, while hysteresis loops are
formed when unloading the specimens, e.g. [20, 21]. Definitely this kind of fiber can be used for sensing applications,
provided that optimization on the attaching procedure and loading transfer methodology should be applied.

CONCLUSIONS

An experimental work has been performed to successfully accomplish the embedding procedure of the sensing fiber
without damaging the sensor or the hosting medium.

Monotonic bending tests with in-situ electrical resistance change of the embedded fiber showed encouraging results.
Linearity between bending strain at the bottom of the specimen and electrical resistance change of the embedded
fiber for the low applied loading regime was evident. For higher applied monotonic stress, a sudden drop in ERC
was noticed that was attributed to the loss of the interphase between the fiber and the specimen as well as micro-
cracking formation at the sequence of the test up till fracture.

The embedded coated PVA-CNT fiber gave satisfactory tesults on the monotonic bending tests when compared
against the coated and annealed PVA-CNT fiber. It enabled the linearity between applied strain and ERC at the low
loading regime and generally gave higher ERC values when mechanically stressed that enables for the better
screening of the test results.

For the case of constant amplitude tests, the embedded coated PVA-CNT fiber gave the best results, showing a trend
of continuous increasing ERC measurements that can be justified with continuously increasing damage in the
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material. On the contrary, the surface attached version of the same fiber gave unsatisfactory results due to possible
debonding / loss of cohetency with the attaching medium.
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Figure 13: Incremental loading — unloading loops in type I specimen with embedded coated PVA-CNT fiber for applied loadings up
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*  Por the case of incremental increasing loading-unloading loops, the FOBGs seems to be the more mature technology
for strain sensing of cementitious material for low straining regime. For large displacements/strains damage on the
brittle fiber might occur that might terminate the measurements of the sensor. The embedded coated and annealed
PVA-CNT fiber gave the best sensing response in the incremental loading — unloading loops, especially at the high
loading regime. Linearity between applied strain and ERC measutrements was noticed for the low applied loadings
while hysteresis loops were formed after every unloading branch.

. Coated and annealed PVA-CNT fiber also gave satisfactory results when surface attached at the bottom surface of
the prismatic specimens, showing that annealing plays a significant role on the sensing ability of the fiber, despite
lower the screening ability of the fiber itself.
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ABSTRACT. Acoustic Emission (AE) is the technique most widely used now-
adays for Structural Health Monitoring (SHM). Application of this technique
for continuous SHM of restored elements of stone monuments is a challenging
task. The co-existence of different materials creates interfaces rendering “identi-
fication” of the signals recorded very complicated. To overcome this difficulty
one should have a clear overview of the nature of AE signals recorded when
each one of the constituent materials is loaded mechanically. In this direction,
an attempt is here described to enlighten the signals recorded, in case a series
of structural materials (natural and artificial), extensively used for restoration
projects of classic monuments in Greece, are subjected to 3-point bending. It
is hoped that obtaining a clear understanding of the nature of AE signals re-
corded during these elementary tests will provide a valuable tool permitting
“identification” and ““classification” of signals emitted in case of structural tests.
The results appear encouraging. In addition, it is concluded that for all materials
tested (in spite their differences in microstructure and composition) clear pre-
failure indicators are detected, in good accordance to similar indicators pro-
vided by other techniques like the Pressure Stimulated Currents (PSC) one.

KEYWORDS. Alfas stone; Mortar; Cement paste; Three-point bending test;
Pre-failure indicators; Acoustic Emission.
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INTRODUCTION

or the restoration of fragmented structural elements of stone monuments a pioneering technique has been developed
by the scientists working for the restoration of the Acropolis of Athens. According to this technique, the
fragmented structural members are rejoined together by inserting threaded titanium bars into pre-drilled holes,
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which are then filled by a proper white cement paste [1]. However it has been observed that under specific loading
conditions the adhesion between the cement paste and marble is sometimes not adequate permitting gradual or abrupt
slip of the reinforcing bar from the body of the restored element, a phenomenon known as “pull-out”. Taking into
account that the construction of specimens in the form of structural elements of classical monuments is a difficult and costly
task, an alternative experimental protocol was recently designed |2, 3|, permitting laboratory investigation of the pull-out
phenomenon (Fig.1). The specimens were made of Dionysos marble blocks drilled centrally throughout their length. The
hole was filled with a cementitious material and a threaded titanium bar was driven into the hole while the filling material
was still liquid. The experiments were implemented after a 28-day curing period. Using a properly designed metallic
supporting system the marble was fully restricted (Fig.1c) and the bar was pulled-out under displacement-control mode

(Fig.1d).

Figure 1: (a), (b) Typical pull out specimens; (c), (d) The experimental set up [2, 3].

The data obtained by the AE sensors during a typical pull-out experiment are somehow “chaotic” as it is seen in Fig. 2,
where the AE recordings’ duration is plotted (in conjunction to the marble-bar relative slip and also the force imposed by
the frame) versus time. A direct interpretation of these data is difficult, especially concerning the sources of the emissions.
In the direction of gaining a better insight it was considered that the AE technique should be first applied on specimens of
simple geometry made of a single material. The protocol described here has proven that classifying the acoustic sources in
such elementary tests is indeed a useful tool for the identification of the sources of acoustic signals in complex structures.
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Figure 2: Time variation of the duration of AE recordings, the LVDT (in touch with the bat’s lowest end) indications and the load [3].

THE EXPERIMENTAL PROTOCOL

The materials
he Alfas stone is a natural building material, quarried near the village of Alfas in the island of Crete. It was used as
I building material for quite a few monuments in Crete, both classical and modern, like for example the primary
school at Scordilo village, built in 1884 (Fig.3a). Recently, during the construction of the Rethymnon-Ancient
Eleutherna road, 128 ancient graves were discovered, all of them sculpted by Alfas stone. Nowadays Alfas stone is
extensively used for the restoration of several monuments of great historical and cultural significance such as the
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Monastery of Arkadi and the Fortezza fortress in Rethymno. It is also considered as a potential substitute stone for the
restoration of the Epidaurus monuments.

When Alfas stone is mined it is relatively soft; however a short while after it is exposed to the sunlight it hardens. It is a
compact sub-white stone of low porosity and rather homogeneous structure (Fig.3b). It is composed by 99% of calcite,
0.5% of quartz and 0.5% of aragonite [4]. Its main mechanical properties are recapitulated in Tab. 1 [4-7].

- .

Figure 3: (a) Primary school at Scordilo village made of Alfas stone; (b) The compact texture of Alfas stone.

Modulus of elasticity 2.5-10.0 GPa
Uniaxial Compression Strength 15.0 - 36.8 MPa
Bending strength 7.4 -10.4 MPa
Absolute density 245 ¢g/cm?
Bulk density 1.73 g/cm?
Porosity ~30.0 (%)

Table 1: Mechanical properties of Alfas stone [4-7] (The values strongly depend on the point and depth of quarrying).

Two more materials were tested in the present protocol, i.e. a cement-mortar and a cement-paste. The specific materials
are used as filling materials of the holes drilled and the grooves sculptured in the marble structural elements of the
Acropolis of Athens monuments for the placement of metallic elements which either connect the epistyles to each other
or restore the monolithic nature of fragmented structural members. These materials ensure the adhesion between marble
and metal while in addition they protect the authentic building stone in case of overload [8]. According to the practice
followed by the scientists working for the Parthenon’s restoration project these filling materials are composed by coarse
quartz sand (grain size: Imm-2mm), fine quartz sand (grain size: 0.1-0.4 mm) and white Aalborg cement. The ratio for the
mortar mix is 2 coarse quartz sand : 1 fine quartz sand : 1 cement. The quartz (silica) sand must be perfectly dry, clean and
well graded. The sand’s proportion of the containing SiO is a factor of its quality. Quartz is known for its piezoelectric
properties. The grains of the sand extracted from rivers are of perfectly spherical shape due to natural friction. Products
composed by this sand exhibit excellent workability and elegant finished surfaces. The proper ratio of grain size ratio can
provide several advantages to the final product such as the reduction of the gap between the grains, the reduction of the
water absorption resulting to high water resistance, increased strength of the mortar and minimized cracking. In addition,
quartz sand provides protection against corrosion due to poor environmental conditions. The Aalborg cement is a rapid
hardening Portland cement with high early (2 days) and standard (28 days) strengths. It is produced of extremely pure
limestone and fine-ground sand. It is characterized by its white color, high consistency, extraordinarily low content of
alkali (Na2O) and high sulphate resistance [9]. The composition for the cement-paste mix is 2.5 cement : 1 water, however
it varies according to the needs of its specific application.

Aconstic Emission technique

Fracture is combined with release of stored elastic strain energy, consumed for the generation of new cracks. The elastic
waves generated propagate in the material and can be detected by piezoelectric transducers mounted to the structure’s
surface by means of proper viscous materials [10]. The sensors’ output is amplified through a low-noise preamplifier,
filtered to remove any extraneous noise and further processed by proper electronic equipment. The AE method includes a
wide range of applications such as laboratory experimental studies, field inspections, structural integrity evaluation,
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production quality control etc. The major difference between AE and other non-destructive techniques is that AE records
signals due to the external application of load to the material. AE relies on energy produced by the material only under
stress. The acoustic emission frequencies are in the range of 150-300 kHz, which is above the frequency of audible sound.
Usually the sensors used for monitoring the response of structural materials have a recording ability in the 20 kHz -1 MHz
range [7]. The basic advantages of the AE method are its high sensitivity, the early detection of defects and cracks and the
real time monitoring at a relatively low cost. Several models are proposed to analyze acoustic emissions signals, such as the
b-value and the improved b-value, the intensity analysis [11], the Ledeczi et. al. method, etc. Nowadays an alternative
approach is widely used for the classification of the acoustic emissions’ source based on the relation between the signals’
average frequency with the RA (Rise Time/Amplitude) parameter (Fig.4). The results have proven very encouraging [12,
13]. The latter analysis model is adopted in the present study.

RT

Average Frequency, AF= counts/DUR
|~
RA=RT/A
i . s—Ihreshold
\/ U \V o Threshold crossings
Mode | (counts)
(tensile) < Dumtion,DUR

Figure 4: Cracking modes and typical acoustic emission signals [12].

The specimens and the experimental procedure

The specimens made of Alfas stone were of orthogonal parallelepiped shape of dimensions equal 22.5x10x2.2 cm?. The
artificial specimens made of mortar and cement paste were also of orthogonal parallelepiped shape and their dimensions
were equal to 4 cm x 4 cm x 16 cm according to the ASTM C348 standard. The specimens were subjected to 3-point
bending (3PB), under displacement-control mode and quasi-static loading conditions, using an INSTRON (300 kN) servo-
hydraulic loading frame, with a 50 kN calibrated load cell. The load was applied monotonically up to the fracture of the spe-
cimens. A long series of preliminary experiments highlighted the crucial role of the loading rate on the results and indicated
that for the specific materials a rate equal to 0.02 mm/s was the one allowing optimum sampling of the AE data.

For the Alfas stone specimens four acoustic sensors (R15a) were propetly arranged around the critical region (Fig.5). For
the mortar and cement paste specimens a single acoustic sensor (R15«) was attached in the middle of the specimens’ span
at their lowest side. The sensors were mounted on the specimen by means of proper silicone paste (Figs.5, 6 and 7).

Figure 5: (a)-(d) Experimental set up for the Alfas stone specimens and the position of the AE sensors; (¢) typical fractured specimens.
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Figure 6: (a) The position of the acoustic sensor; (b) the experimental set up- and the initiation of the crack for a typical test with
specimen made of mortar.

Figure 7: A typical test with a cement paste specimen (a) before and (b) after fracture.
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EXPERIMENTAL RESULTS

he time variation of the load imposed in conjunction with the respective variation of the cumulative number of

hits/s recorded by the AE sensors are plotted in Fig.8 for three characteristic specimens made of Alfas stone. It is

worth noticing that at about 65% and 95% of the maximum load abrupt increases of the hits/s appear
systematically, in very good correlation with changes (either slope changes or slope discontinuities) of the respective load-
time curve.

10 5 1250 90
—load .
e hits/s sensor 01 T . 80 o
g -
1000 F70 o
&=
z 60
[ =
3 750 $s50
= T T © 0-1571s
B 2 fa0
5 Pk e ¢ 1572s-end
230 5
2 20
250 < [® . )
* o
10 Purusepore o 4 0 .
0 0
0 500 1000 1500 2000 2500 0 50000 100000 150000 200000 250000 300000
Time [s] alfas_3pb_D RA [us/ V] alfas_D_sensor 01
(@) ©)
104 © 0- 1350s 400 © 0-1100s
90 o ® 1351s- 1850s 350 1101s- 19195 (end)
— 80 S © 1851s- end ¢ after fracture
z ‘e — 300
37 ¢ :
[} =
é 60 $EIE 5250 : °°<> <>
=] ° < ° oo ° 8 9,
& 50 $200 ¢ &
el o o ° 00%
< 40 DR e ° o
9 55000(9 8% » o © & 150 M.‘
© 30 'S g °p © 0o Iﬁ
2 o 100 & - en &
< 20 g Les )
10 < 50
0 0
0 5000 10000 15000 20000 0 1000 2000 3000 4000 5000 6000
RA [ps/ V] alfas_01 RA [ps/ V] alfas_04
© G)

Figure 9: (a) The time vatiation of the hits/s and the load applied; (b) Average frequency versus the RA parameter (c) and (d) Average
frequency versus the RA parameter for two additional characteristic experiments with Alfas stone specimens.

In an attempt to gain a deeper insight of the damage mechanisms activated within the mass of the Alfas stone specimens
during loading, the data of sensor 01 (i.e., the one attached at the mid-section of the specimens’ supporting length, or in
other words the one closest to the critical area where the onset of macroscopic cracking is expected) are here analyzed
further: The hits/s recorded by this sensor, are considered for two time intervals, i.e., before and after a critical time instant
which, for example, for the specimen studied in Fig.9a is selected equal to t.=1570s, for obvious reasons. For these two
time intervals average values of the frequency and the RA parameter (Rise Time/Amplitude (us/V)) are calculated. The
mutual dependence of these two quantities is plotted in Fig.9b. A clear qualitative distinction of the acoustic signals re-
corded before and after the critical time instant is clearly visible. The signals recorded during the first time interval (0<t<
ter) are characterized by very high frequency and relatively low RA, while the signals recorded during the second time
interval (ter<t<tfucure) are characterized by much lower frequency and extremely higher RA values. This classification of
the recorded signals has been a concern of the scientific community for a long time and it is nowadays attributed to different
modes of cracking producing elastic waves of different characteristics. According to the dominant explanation, AE with
higher frequency and lower RA values are attributed to tensile cracking, while signals with lower frequency and higher RA
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are attributed to shear- or mixed-mode cracking [12, 14]. According to this approach, it is concluded that for Alfas stone
under 3-point bending the cracks produced before the critical time instant are of tensile nature and are followed by shear-
or mixed-mode cracking, which leads eventually to catastrophic macroscopic fracture of the specimen.
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Figure 10: (a), (), (¢) Time vatiation of the hits/s and the load applied for three charactetistic mottar specimens under 3-point bend-ing
and (b), (d), (f) the respective average frequency versus the RA parameter.

For the specimens made of mortar and cement paste, the load-displacement curves did not provide any sign at all that the
material approaches its critical stage and that catastrophic fracture is impending. In this context the acoustic activity
appears to be an extremely valuable tool that can potentially provide clear “warning” of upcoming fracture or that the speci-
men has entered its critical stage. Along this ditection the temporal dependence of the hits/s for three characteristic expe-
riments with mortar specimens are plotted in Figs.10(a,c,e), in juxtaposition to the respective variation of the load applied.
It is noticed that in all cases a critical time instant exists after which the number of hits/s starts increasing abruptly, indicating
increased internal activity (micro-cracking). Following the procedure described for Alfas stone specimens the average
values of the RA parameter and the average frequency of the signals recorded are calculated and plotted in Figs.10(b,d,f)
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for the time intervals before and after the respective critical time instant. In all cases considered, the eatlier signals
(0<t< t) are characterized by lower frequency and higher RA values (shear or mixed-mode cracking) while the signals
recorded after the critical time instant (te<t<tfacrure) are characterized by higher frequency and lower RA values.

The respective diagrams for a typical cement paste specimen are given in Figs.11(a,b). The RA values decrease as the load
applied approaches its maximum value while the frequency does not exhibit noticeable changes. What is now much differ-
ent, however, is that for some specimens (like the one considered in Figs.11(c,d)), after the maximum load is attained the
specimen does not disintegrated abruptly but rather a post-peak region follows during which the load decreases gradually
and the specimen collapses somehow “smoothly”. The overall duration of the experiments of this class of cement paste
specimens is divided into three intervals (instead of two). The respective diagram of the average frequency versus RA is
plotted in Fig.11d. It can be seen from this figure that the signals recorded during the last time interval (i.e. after the peak
load) have the same qualitative characteristics with those before the peak load.
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Figure 11: (a) Time variation of the hits /s and the load applied for a cement paste specimen and (b) the respective average frequency
versus RA; (c) Time variation of the hits /s and the load applied for a cement paste specimen with a clearly distinguishable post-peak
regime and (d) the respective average frequency versus RA.

Di1SCUSSION AND CONCLUDING REMARKS

pecimens made of either a natural building stone (Alfas stone) or mortar or cement paste were tested under 3-point
bending. The main target of the study was to assess the AE signs recorded during the experiments and attempt to
classify them according to the nature of the source from which they were emitted. Considering as critical threshold the
time instant at which the number of hits/s exhibits an abrupt increase, the duration of the experiments was in general
divided into two intervals (excluding the specimens with clear post-peak regime). For each interval the average frequency was
plotted against the RA value, in order to apply the classification criterion for the source of the AE emissions [12-14]
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according to which the emissions are due to microcracking or friction depending on the combination of frequency and
RA values.

It was concluded that a clear difference between specimens made from artificial materials and specimens made from
natural stone exists: Indeed, for Alfas stone specimens the failure mechanisms during the primary loading stages atre
governed by tensile micro-cracking while the last stages before macroscopic fracture are governed by shear- or mixed-
mode cracking. On the contrary, for the specimens made of artificial materials the succession of mechanisms is inverted:
Shear- or mixed-mode cracking prevails during the primary loading stages and it is then followed by tensile micro-cracking
at the loading stages before the final disintegration of the specimens. Differences appear, also, between the mortar and the
cement paste specimens concerning mainly the existence or not of a clearly distinguishable post-peak regime which
characterized some specimens made of cement paste. This difference can be attributed to their different microstructure,
which is cleatly visible in Fig.12.

()

Figure 12: Cross section of typical specimens made of (a) mortar and (b) cement paste.
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Figure 13: (a) A typical prismatic specimen made of Alfas stone subjected to uniaxial compression and (b) the respective time variation
of load, cumulative hits/s and Pressure Stimulated Currents [15].

Another critical conclusion that can be drawn from the present experimental protocol is that the signals recorded by the AE
sensors are characterized by some indicators that can be considered as warnings that the specimens change their state and
enter critical stage, well before the peak load is attained. Due to its significance the specific conclusions must be further
studied with specimens made of different materials and subjected to other loading modes. In this direction, an
experimental protocol is in progress, with Alfas stone specimens subjected to uniaxial compression (Fig.13a) [15]. The
results of this protocol are very encouraging. In Fig.13b the data concerning the cumulative hits/s for a typical compres-
sion experiment of that protocol are plotted versus time in juxtaposition to the respective variation of the load imposed. It
is seen from this figure that at about 85% of the peak-load finally attained the cumulative hits/s exhibit an abrupt jump
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equal to about 40% of its value before the sudden jump. This discontinuity can be again considered as a clear indicator
that the specimen enters its critical stage and macroscopic fracture is impending.

Another interesting conclusion drawn from Fig.13b is that the pre-failure indicators provided by the AE technique are in
very good agreement with similar ones obtained by another sensing technique known as Pressure Stimulated Currents (PSC)
[16-20]. Indeed it is seen from Fig.13b that just before the “jump” of the graph of the cumulative hits/s the PSC recorded
by a pair of electric contacts starts increasing gradually. The same signal (PSC) exhibits a very steep “jump” just before the
macroscopic fracture of the specimens. Considering the data of these two protocols it can be concluded that a combined
use of the AE and PSC techniques may be proven valuable in the direction of further enlightening the internal damage
process of specimens made of building materials as well as in the direction of providing safe pre-failure indicators.
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ABSTRACT. The aim of this study is to investigate whether exercise can
reverse some of the adverse effects of high-fat-diet-induced obesity on lipid
metabolism and bone biomechanical properties. A total of 26 adult male
C57bl/6] mice were randomly assigned into three groups: (A) Control group
(n=0), (B) High-fat diet group (n=10), (C) High-fat diet and exercise group
(n=10). Body mass and relevant biochemical parameters were measured for
the duration of the experimental protocol (37 weeks). Mechanical strength of
both femurs of each animal was assessed in-vitro based on three point bending
tests. It was revealed that exposure to high-fat diet led to significant increase
of body mass and cholesterol levels and also to substantial changes in bone
morphology and strength. Ultimate stress for the animals exposed to high-fat
diet and those exposed to high-fat-diet and exercise was 25% and 24% lower
compared to control, respectively. Exercise increased bone thickness by 15%
compared to animals that were not exposed to exercise. It was concluded that
high-fat-diet appears to have a detrimental effect on bone biomechanics and
strength. Exercise reversed the reduction in bone thickness that appears to be
induced by high-fat diet. However no statistically significant increase in bone
strength was observed.
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INTRODUCTION

cancer [1] leading to poor quality of life and ultimately to reduced life expectancy [2]. The continuous rise in its
prevalence worldwide has highlighted obesity as one of the major epidemics of our time [3].
With regards to the risk for bone fracture, obesity has been traditionally believed to have a protective role [4,5]. Moreover
a significant number of studies reported a positive relation between Body Mass Index (BMI) and bone density [6]. How-
ever, the aforementioned classic view on the effect of obesity has been put into question from findings that link obesity to
the loss of bone mass and osteopenia |7, 8] and studies highlighting lean body mass as a stronger determinant of bone
density in men than BMI [9, 10].
Currently adipose tissue (i.e. body fat) is considered to be hormonally active with a pivotal role with regards to energy
homeostasis and metabolism and not just an organ for storing excess energy [11]. More specifically, adipose tissue has
been found to produce and secrete numerous substances including the hormone adiponectin. Adiponectin is exclusively
secreted by adipose tissue and appears to be linked to increased insulin sensitivity and to have anti-atherogenic and anti-
inflammatory properties [12]. The levels of plasma adiponectin are strongly associated with BMI and appear to be higher
in obese subjects compared to lean subjects [13, 14].
Animal models have been widely used for the investigation of the effect of obesity, nutrition and exercise. According to
these models obesity is induced by subjecting the animals (mainly rats or mice) to a high-fat diet (HFD) [15].
According to literature one of possible ways to prevent bone mass loss is exercise [16, 17]. Besides of its overall positive
effect on health, exercise is considered to positively influence bone microstructure [18] and improved strength [19, 20].
In this context the aim of this study is to assess the effect of HFD - induced obesity on bone biomechanics and
biochemical measurements and investigate whether exercise can reverse its potentially negative effects.

O besity's adverse effects on health include increased risk for diabetes (type-2), heart disease and certain types of

MATERIALS AND METHODS

Selection and description of animals

total of 26 male c57bl/6 mice, aged 10-11 weeks, were used. The mice were housed in groups of three in the
A Animal Housing Facility of the Laboratory of Experimental Surgery and Surgical Research “N.S. Christeas”,

National and Kapodistrian University of Athens, in a controlled environment. All conditions followed National
and European legislation and standards, including cages (Tecniplast S.p.a., Italy) and the environment with 55% relative
humidity, central ventilation (15 air changes/h), temperature of 20°C £ 2°C and artificial 12-h light-datk cycle. Access to
food and water was ad libitum. The experimental protocol was approved by the Ethics Committee of the local Veterinary
Directorate.
Following acclimatization, the rodents were randomized and allocated into three groups: Control group (Group A, n=0),
which received a standard chow diet for 37 weeks; High Fat Diet (HFD) group (group B, n=10), which received a high fat
diet (standard chow diet enriched with 45% fat) for 37 weeks; High Fat Diet and Exercise (HFDE) group (group C,
n=10), which received the same diet as group B for 37 weeks and ran on a treadmill three times a week for the last nine
weeks of the experimental protocol.

Treadmill exercise

The duration of the exercise of group C was nine weeks in total. A specially designed treadmill was used (Columbus
Instruments, USA, Model: Exer-3/6). An escalation of the vigorousness of exercise was followed. More specifically, the
first two weeks were characterized as the adjustment period. Meanwhile, the mice began to run at speed of 5 m/min and
gradually (additional 5 m/min per time) teached the speed of 30 m/min at the end of the second week. This was their
final running speed until the end of the study. Each exercise session lasted precisely 30 minutes.

Biochemical measurements

Blood samples were collected at baseline, at 12 weeks, at 28 weeks and at the end of the study (37 weeks) prior to eutha-
nasia following a 12-h fast of the animals. Animals were anesthetized with ether and a quantity of approximately 500 ul of
blood was collected from the ocular canthus of each mouse. Blood was collected in Vacutainer tubes (BD Diagnostics,
NJ, USA). Serum was separated by centrifugation at 3000 rpm for 10 minutes and was stored at -20°C until analysis.
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Total serum cholesterol (T-CHOL), high-density lipoprotein cholesterol (HDL-C) serum triglycerides (TG) and serum
glucose concentrations were determined enzymatically with commercially available kits (Biosis Biotechnological Applications,
Athens, Greece). Due to the nonconfirmed validity of the Friedewald formula for the calculation of low-density lipoprotein
(LDL) in rodents this parameter was not included in our study. Moreover, serum adiponectin levels (ADIPO) were
estimated with enzyme-linked immunosorbent assay (Mouse Adiponectin ELISA Kit, Intra-assay CV 5.3%, Inter-assay
CV 9.9% ABCAM, Cambridge CB4 OFL UK).
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Mechanical testing

After euthanasia, both left and right femur of each animal were resected and stored in gauze immersed into N/S 0.9%.
The mechanical behaviour and the strength of the specimens was assessed from three point bending tests. All biomechanical
tests were performed within four hours from the time the samples were harvested.

Mechanical testing was performed with the use of an electromechanical uniaxial load frame (INSTRON) which was
equipped with a high accuracy tension-only load cell (50 N, INSTRON). Because of the use of a tension-only load cell, a
custom device had to be used to transform tensional loading to three point bending (Fig. 1). This device comprises two
main parts: Part A which was fixed to the load frame's base and B which was attached to its movable crosshead. Part A in-
cluded the centrally placed cylindrical pin while Part B included the two support pins (Fig. 1). The diameter of all three
pins was 2 mm and the distance between the two support pins was 14 mm. To improve the reliability of the testing pro-
cedure the distance between the stationary central pin and the movable support pins was directly measured using a lased
micrometer (Keyence LS-3000) (Fig. 1). All samples wete loaded with a displacement rate of 5 mm/min until failure. The
sampling frequency for the distance between the central and the support pins as well as for the force was 3 Hz.

Figure 1: The custom device that was used to perform three point bending tests with a tension only load cell. The device comprises two
parts: (A) which was fixed to the load frame's base and (B) which was attached to its movable crosshead.

Before testing, the maximum and minimum external thickness of each sample was measured at the central part of their
diaphysis using a digital calliper. Assuming that the cross-section of the diaphysis is elliptical means that the aforementioned
maximum and minimum external thickness correspond to the major axis (a) and minor axis (b) of the ellipse respectively
(Fig. 2). After the end of the test the actual thickness of the bone cross-section was also measured on the surface of fract-
ure. The measurement of wall thickness was repeated four times for each sample: two at opposite sides of the sample’s major
axis (t1,t2 in Fig. 2) and two at opposite sides of the sample's minor axis (ts,t4 in Fig. 2). In the end, these four measure-
ments were used to calculate the average thickness of the sample (t) on the surface of failure.

The recorded data in terms of force were used to find the maximum force that was sustained by each sample, namely the
fracture force. The force data combined with the measurements of the distance between the central and support pins were
used to draw the force/deflection curve of each test and calculate the stiffness of each sample and also their energy to
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failure. Sample stiffness was calculated as the slope of the linear part of the force/deflection cutve while energy as the area
below the curve. Ultimate stress was also calculated based on the assumption of elliptical cross-section with constant
thickness (t) [21].

—— 14mm ——>,

M L
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y

Figure 2: A schematic representation of the three point bending test. The measurement sites for thickness (ti4) and lengths of the
major (right) and minor axis (left) of the samples are also presented.

Statistical analysis

The results for the three groups were compared to each other and the statistical significance of the differences that were
observed was evaluated following one way analysis of variance (ANOVA). The level of statistical significance was con-
sidered to be equal to 0.05.

The effect of exercise on the biochemical profile and body mass of group C was also investigated. For this purpose one
way repeated measures ANOVA (statistical significance level = 0.05) with Bonferroni confidence interval adjustment was
used to assess the statistical significance of differences between the measurements that were taken before the start and
after the end of the exercise protocol (i.e. week 28 vs 37).

In order to assess the relationship between biomechanical and biochemical parameters and the effect of HFD, the cor-
relation between the average biomechanical measures for each animal (i.e. average for left and right femur) and the bio-
chemical measurements was investigated for groups B and C using Pearson correlation analysis. The correlation between
biomechanical measutes and body mass was also assessed. All data were tested for linearity, normality and homosce-
dasticity. The statistical analyses were performed using IBM® SPSS®v.21.

RESULTS

Biochemical measurements

t the beginning of the protocol differences between the three groups were non-significant (Fig. 3), with the
A exception of TG levels, which were somehow higher in group A (an issue that should be considered further).

During week 12, the first changes that can be attributed to HFD are observed in the case of HDL-C, with groups
B and C having significantly higher HDL-C levels compared to control (group A). Differences in biochemical parameters
become clearer during week 28 when significant differences in terms of body mass are also observed. More specifically,
groups B and C appear to have significantly higher body mass and higher levels of HDL-C and T-CHOL compared to
control. Group C has significantly higher body mass than group B too (average (:STDEV) body mass for groups A, B
and C is equal to 29.3kg (£2.4kg) 35.0kg (*+4.2kg) and 39.2kg (£2.3kg), respectively). At the end of the experimental
protocol (i.e. week 37) the difference in terms of body mass between control and groups B and C appears to crystallise
(average (£STDEV) body mass for groups A, B and C is equal to 27.5kg (+1.4kg) 32.0kg (+3.0kg) and 31.8kg (+3.5kg)
respectively). Moreover, groups B and C also have significantly higher levels of T-CHOL compared to control. At the end
of the protocol, group C also appears to have significantly higher levels of TG compated to the other two groups (Fig. 3).
At this point it should be highlighted that group C was exposed to exercise only during the last nine weeks of the experi-
mental protocol (i.e. weeks 28-37). Therefore any difference between groups B and C that is observed during the 28®
week of the experimental protocol (or earlier than that) cannot be attributed to exercise (Fig. 3).
One way repeated measures ANOVA for group C before and after the introduction of exercise showed statistically signi-
ficant:
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e Decrease in body mass (Wilks’ Lambda=0.276, F(1,9)= 23.649, p=0.001)

e Decrease in the levels of T-CHOL (Wilks” Lambda=0.357, F(1,9)= 16.97, p=0.003)
e Decrease in the levels of HDL-C (Wilks” Lambda=0.135, F(1,9)= 57.193, p<0.0005)
e Increase in the level of TG (Wilks’ Lambda=0.068, F(1,9)= 124.149, p<0.0005)

e Decrease in the levels of ADIPO (Wilks” Lambda=0.244, F(1,9)= 27.816, p=0.001)
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Figure 3: The change in biochemical measures and body mass for the duration of the study. More specifically, biochemical results for
the levels of serum glucose, total serum cholesterol (T-CHOL), high-density lipoprotein cholesterol (HDL-C), serum triglycerides (T'G)
and serum adiponectin levels (ADIPO) are presented. Statistically significant differences (i.e. p<0.05) between groups A and B, A and
C and between groups B and C are noted using *, ¥* or *** respectively. The time period when group C was exposed to exercise (i.c.
weeks 28-37) is also highlighted.
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Mechanical testing

Some of the samples were damaged before testing during harvesting. In the end, the number of sample pairs (i.e. left and
right femurs) that were tested was 3, 6, and 10 for groups A, B and C respectively. The average values and standard de-
viations for all biomechanical parameters measured in the context of this study are presented in Tab. 1.

Group:
Max Force (N)

Stiffness
(N/mm)

Energy
(N*mm)

b (mm)
a (mm)
t (mm)

Stress (MPa)

A
16.4
(2.6)
77
(25)
3.16
(0.85)
1.42
(0.06)
2.05
(0.04)
0.24
(0.03)
58

(12)

B C
14.2 15.6
(2.6) (2.2)
90 89

(34) (28)
2.64 3.36
(0.92) (1.20)
1.59 1.53
(0.07) (0.11)
2.19 2.16
(0.10) (0.11)
0.22 0.25
(0.03) (0.04)
43 44

) (11)

Table 1: The average values for the biomechanical parameters measured. The respective standard deviations are shown in brackets.

One way ANOVA revealed statistically significant differences between the three groups in terms of minor axis length (b),
major axis length (a) and thickness of the cross-section (t) and also in terms of ultimate stress (Fig. 4). No statistically
significant difference was found in terms of force, stiffness or energy to failure.
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Figure 4: Comparative results in terms of bone morphology and mechanical strength. The lengths of the minor axis (b), of the major
axis (a), of cortical shell thickness and of ultimate stress are presented.

More specifically the average minor axis (b) of group A was smaller than group's B and C by 12% (p=0.040) and 7%
(p<0.001) respectively. The respective difference between groups B and C was 4% (p=0.041) with the minor axis of group
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C being the smallest of the two groups. The major axis of group A was also smaller that group B and C by 7% (p=0.026)
and 5% (p=0.004) respectively. The thickness of group C was bigger than group B by 15% (p=0.010). Finally the ultimate
stress of group A was higher than B and C by 25% (p=0.021) and 24% (p=0.001) respectively (Fig. 4).

Pearson correlation analysis revealed a strong positive correlation between serum glucose and fracture force (r=0.560,

N=18, p=0.016) and between glucose and energy (r=0.660, N=18, p=0.008) (Fig. 5a,b). Body mass was strongly and

positively correlated to fracture force (r=0.606, N=18, p=0.008) and negatively correlated to minor axis length (b) (r=-
0.644, N=18, p=0.004) (Fig. 5¢,d). T-CHOL was negatively correlated to minor axis length (r=-0.644, N=18, p=0.011)
(Fig. 5¢). The aforementioned correlations indicate that fracture force tends to be higher in animals with higher glucose
levels and in animals with higher body mass. Moreover, fracture energy tends also to be higher in animals with higher
glucose levels while the minor axis (b) appears to be smaller in animals with higher levels of T-CHOL and in animals with

higher body mass.
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Figure 5: Correlations between biomechanical parameters, body mass and biochemical measurements.
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DISCUSSION AND CONCLUSIONS

and investigate the potentially beneficial role of exercise. For this purpose, a well-established mouse model of

HFD-induced obesity was used [7, 15]. More specifically, mice were randomly assigned in three groups, namely
control (group A), HFD with no exercise (group B) and HFD with exercise (group C). Body mass and relevant
biochemical parameters were measured for the duration of the study (i.e. 37 weeks).
During the first 28 weeks of the experimental protocol groups B and C were exposed to exactly the same conditions.
Indeed, exercise was not introduced to the protocol until the end of the 28% week. This means that analysing the results
for the first 28 weeks enables only the assessment of the effect of HFD on body mass and the biochemical profile of the
animals. Any difference between groups B and C up to week 28 could be attributed to variations that are inherent in in-
vivo testing.
As expected HFD had a significant effect on body mass [15]. More specifically, the animals that received HFD gradually
increased their body mass relatively to control with statistically significant differences appearing during the 28®* week of
the study. With regards to the biochemical measurements, HFD appears to consistently lead to higher levels of cholesterol
(T-CHOL and HDL-C).
One way repeated measures ANOVA for group C indicates that the introduction of exercise is followed by some changes,
including a drop in body mass, increase in TG levels etc. However, in most cases these changes are not substantial enough
to make group C significantly different compared to group B (Fig. 3). The fact that the introduction of exercise didn’t
appear to lead to substantial changes in body mass and the biochemical profile of group C could be attributed to the
specific exercise protocol employed in this study and its relatively limited duration (i.e. 9 weeks). Indeed, there is evidence
in literature that exercise of different intensity, frequency and duration can lead to different results in animal HDL-
induced obesity models [20].
The levels of adiponectin were also not affected by HFD or exercise. Adiponectin has been reported in literature to have a
positive effect on bone properties by activating osteoblastogenesis and suppressing osteoclastogenesis, thus leading to
increased bone mass [22]. However, the fact that the results of the present study didn’t reveal any statistically significant
difference between groups with regards to adiponectin levels means that no relevant conclusion can be drawn.
So far, the effect of exercise and diet on bone strength has been either inferred based on non-invasive measurements
and/or computer modelling [23] or directly measured through in-vitro testing [19, 20, 24, 25]. The most commonly used
testing techniques are three point bending and torsion which are typically used to measure the maximum sustained force
[25] or moment [20], respectively as a measure of strength. These studies have indicated that obesity and exercise can
affect both the structure and also the mechanical characteristics of bones [19, 23, 24]. Assessing ultimate stress along with
the maximum sustained force enables separating the effect of changes in geometry from changes in the actual material
properties of bone tissue [19, 24].
In order to enable the calculation of ultimate stress from the measured fracture force, the cross-section of the specimens
was considered to be elliptical with constant thickness [21]. This simplification was deemed to be necessary considering the
small size of the samples. Indeed, the longest cross-sectional distance was smaller than 3 mm.
The results from biomechanical testing indicated that the morphology and mechanical strength of femurs was significantly
affected by diet and exercise. In terms of morphology, HFD appears to increase the external dimensions of femur regard-
less of the exposure to exercise. However, the group that received HFD but was not exposed to exercise (group B) also
appeared to have significantly lower bone thickness compared to the other two groups. These findings indicate that
exercise tends to limit the HFD-induced loss of bone mass by increasing the thickness of the femurs’ cortical shell. Inte-
restingly though, this positive effect of exercise was not translated into increased ultimate stress. Hence, both groups that
received HFD had significantly lower ultimate stress relatively to control. No statistically significant difference was found
in terms of fracture force or total energy.
The aforementioned findings are in agreement with observations linking obesity to the loss of bone mass and osteopenia
[7, 8]. High-fat diets in particular have been found to reduce the ability for calcium absorption with possible adverse
effects on bone mineralization in growing animals [8].
An investigation of correlations between biomechanical parameters, body mass and biochemical measurements that was
focused only on the mice that received HFD (i.e. groups B and C) revealed strong positive associations between fracture
force and serum glucose and body mass. More specifically, the femurs of mice that, at the end of the protocol, had higher
body mass or glucose levels were found to be stronger compared to mice with lower body mass or glucose levels.

T his study aimed to assess the effect of obesity and exercise on bone biomechanics and biochemical measurements
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One of the key limitations of the present study is the relatively small number of femurs that were included in the bio-
mechanical testing. Due to the small size of the samples a significant number was damaged during harvesting making it
impossible to use them for testing.

In conclusion, the results of this study suggest that exercise can partially reverse the detrimental effects of HFD on bone
biomechanics by increasing the thickness of the femurs’ cortical shell and thus limiting the HFD-induced loss of bone
mass. However, the aforementioned positive effect of exercise was not translated to increased bone strength. Further in
vitro/in vivo studies in experimental models and clinical trials are required to unveil the effect of HFD and exetcise on
bone metabolism and strength.
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ABSTRACT. The Acropolis monuments are globally recognized as a cultural
heritage and a value belonging not only to Greece but also to Humanity. From
2000 the most recent phase of restoration in their history began by the “Acro-
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polis Restoration Service” (YSMA), introducing new, pioneering methods, re-
cognized now worldwide. Especially the restoration of the Parthenon’s North
Colonnade is an enormous work-plan to be carried out (extended area of inter-
vention, great number of members to be restored and high degree of damages).
Moreover, the structural stability of the Parthenon’s north colonnade is among
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the most important challenges confronted by experts working in this sector.
The complexity of this effort (a combination of scientific research and direct
field application) makes the implementation of the restoration project difficult,
rendering its division into smaller projects (for similar structural members) a
necessity. In this direction, characteristic examples of the procedure followed
for the structural intervention on the drums are presented in this paper. Each
member’s report includes a short history of its restoration, the intervention
steps, pictures/sketches and the methodology chosen for its structural study,
focusing on the particularities of the member and the in-field realization [1].
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INTRODUCTION

he determination of the reinforcement required to join together multi-fragmented structural members is a prerequi-
site for propetly restoring the member’s structural stability and also for preventing further damages. For the
structural restoration of the monuments of the Acropolis of Athens a pioneer method has been developed, already
from the eatly seventies. According to this method fragments of authentic matble or/and supplements of new marble ate
joined together using titanium bars and suitable cement mortar [2].
The final target is to reach the capacity which corresponds to the maximum load expected to be exerted on the particular
member after the completion of the project (taking into account all possible future interventions). This approach is preferred
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because usually the reinforcing titanium bars required for reaching the initial carrying capacity can not be fitted due to the
shape of the sections of the members, the relatively small size of the remaining authentic parts of the member or the great
loss of authentic material [3].

The material used for the erection of the monuments of the Athenian Acropolis was Pentelic marble, well known as the
building material of the classical period’s masterpieces. The needs of the restoration project in progress (for the construction
of “patches” and a few new members) are covered nowadays using Dionysos marble (quarried from mountain Dionysos
in Attica), which has similar properties to the authentic one.

In general, the data reported in literature concerning Dionysos marble vary between very broad limits. This scattering can
be attributed to the different conditions under which the tests are performed but mainly to the anisotropy of Dionysos
marble. There are three different anisotropy directions (parallel to the layers, along the width of the web and along its
thickness). After a long series of direct tension and uniaxial compression tests, it was concluded that the mechanical pro-
perties along the two of the anisotropy directions are very similar to each other [4-6]. Thus, this marble can be considered
as a transversely isotropic material described with the aid of five elastic constants: two elastic moduli, in the plane of trans-
verse isotropy and normal to it, two Poisson’s ratios characterizing the lateral strain response in the plane of transverse
isotropy to a tensile stress acting parallel and normal to it, and the shear modulus in the planes normal to the plane of iso-
tropy. From these tests it was also concluded that the material appears to be slightly bimodular, i.e. its elastic moduli in
tension and in compression are not equal. The combination of these mechanical characteristics with the special internal
structure and composition of the material (mainly calcite with very small amounts of muscovite, sericite, quartz, chlorite
and areas with imperfections) is responsible for the complicated form of the cracks observed. The shape and extent of the
damages are also affected by the particular role of the drums as structural members [7].

In general, the damage of the monument is due to either natural phenomena or human interventions. Among the natural
phenomena one could mention aging (and, as already pointed out, the special nature and the impetfections of the material),
decay due to physico - chemical/biological actions, freezing, seismic action etc. Catastrophic human interventions include
fire, bombing, explosion, vandalism, the problems caused by previous restoration (in the eve of the 20% century) by engineer
N. Balanos (thoughtless use of iron elements, which after oxidization expand becoming the origin of a destructive process
for the marble surrounding iron elements) and finally the effects of pollution [8, 9].

The first serious damage in Parthenon was caused by the great earthquake of 426 B.C.. The most setrious destruction came
at 267 A.D., by a German tribe, the Erouli, who burned the place down. During the siege of the Acropolis by the Morosini’s
Venetians (1687 A.D.) an explosion blew up three of the four walls of the cella, six columns on the south, eight ones on
the north (the area of interest in the present paper) and the remains of Pronaos collapsed except one column [9].
Parthenon Temple is a structural system with special characteristics. The form and the stability of the structure are attained
by the perfect contact between the members (absence of connecting material) which leads to the development of friction
and the use of horizontal (clamps) and vertical (dowels) metallic connectors that resist tensile and shear forces. Thus a
complex construction is formed, the dynamic response of which is governed by the sliding and the rocking of the individual
stones, either independently or in groups [10].

The process followed to restore the structural integrity of each drum (in order to make it behaving again as an intact
member) is based on the principle of avoiding overturning of the fragment (that is to be joined) from the member (in case
friction forces are not sufficient) [11, 12]. The method is improved by taking also into account the critical stress state on
its surface. It has the advantage of flexibility and therefore it can be applied in many different cases. The reinforcement
required is calculated based on the fragment’s volume which sustains the load, its position relative to the drum and its
height. Therefore the stress field developed can be estimated taking into account the overturning lever arm and the load
applied [3].

Dynamic actions, in this case earthquake and explosion, can lead to drums’ raising and loss of their proper position, while
the rocking effect produces impact phenomena among adjacent members. This impact damages particularly the edges of the
contact area between them, which is linear and consists schematically an arc [13, 14]. As a result fragments are produced,
which usually form wedges and the presence of converging strata make it easier for fracture to start [7]. To cope with these
problems a special procedure was developed, in collaboration with late Pr. I. Vardoulakis, of the Department of Mechanics
(National Technical University of Athens) to determine the stress state and therefore the reinforcement required [1, 15].
The restored drums are usually classified with respect to the corresponding column (4% to 11%) with codes representing
their original position. Each drum is denoted by two numbers: The first one indicates the column on which they belong
(the columns counting starts from East to West; therefore the eight columns of the North’s Colonnade Restoration program
have codes 4 to 11) and the second number indicates their exact position on the specific column (the drums counting starts
from the lowest one, i.e. the one standing on the stylobate). For example the drum with the code “5.8” belongs to the 5%
column and stands on the 8t row.
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APPLICATION IN THE FIELD

t's very difficult to categorize the Parthenon’s North Colonnade’s drums failures because they were caused mainly

due to their fall after the Morosini’s explosion and as a result in many cases the traces of former fractures were covered.

The variety of fragments and remains (many of them were carved during N. Balanos’ restoration project) offers the
challenge to confront unusual structural problems [15]. It is mentioned characteristically that even in a single member, it is
possible to deal with one or more of the following cases:

e Join of fragments or supplements which form wedges on the upper or the lower area of the ancient remain.

e Repair a fracture which penetrates all over the height or the width of the drum and at the same time join supplements,
which extend all over the height or the width of the drum.

e Join small fragments to the remaining volume of the drum as well as to repair huge cracks by replacing the existing
“IT” and double “T” iron connectors (a short of clamps) which were placed during the previous restoration by N.
Balanos. The proper new ones are made of titanium.

e Create supplements, which include ancient remains.

e Implant ancient fragments in new volumes of marble.

e Join of almost horizontal ancient fragments standing the one above the other.

e Join supplements to the ancient remain core forming the upper or the lower area of the drum.

e Join fragments all-around to a new marble’s core.

e Join ancient volumes to a supplement which surrounds all over their height, while at the same time due to the lack of
parts of their upper and lower side of the drum, new supplements were also used in these areas.

Due to the irregular shape of the fragments a number of problems often arise during the intervention, which makes it extre-

mely difficult to join the new supplements with ancient sections of the member and to determine a certain direction of the

reinforcement bars. In these cases the theoretical approach has to be in situ redesigned.

Attention is paid to avoid crossing of the reinforcement bars coming from different directions, to maintain the proper

distance between them, as well as between reinforcement bars and the drum’s external surface or the various irregularities

/discontinuities in its mass. It is also very important to maintain the proper anchorage length of the reinforcement bars in

order for extrusion (or pull-out) to be avoided.

Figure 1: Joining together the ancient fragments A, B, I, with the new insert IT to keep them in the right position within the member’s
volume using cement mortar (left). The joining of this group and the main block of a new marble with “montage” reinforcement bars
is presented in the right photo. In the foreground view the opposite fractured surface and the points, where reinforcing bars will be
inserted during the next step of intervention, are presented. (Authot’s note: All pictures in this paper are from the archive of YSMA).

After the intervention, a continuous monitoring and control of the member’s response must follow since the work that
has been done must provide flexibility to permit future interventions if necessary.

The tactic, complexity and difficulty of the steps’ sequence for the intervention of the drums are presented here with a few
characteristic examples.
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Drum 4.4

The only remains of the member are three ancient pieces (see Figs. 1, 2 and 3).

Figure 2: The aforementioned complex is joined to a new supplement along the height of the drum (depicted in the foreground on
the left).

The final join was accomplished by inserting titanium bars which were parallel to the member’s upper side from the new
fractured area created (for the sake of the volume’s formation). This reinforcement is the proper one in order to avoid
overturning of each one of the two parts, before the overturning of the drum as a whole. The ancient fragments were
captured between the two supplements. Also some of the reinforcement bars penetrate the fragments.
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Figure 3: Sketch of the cross-section of the fractured surface of the drum between the two main supplements. The position of the
inserted reinforcing bars is fully documented. It is noteworthy that some of the bars determined from the structural study, were re-
placed by “TT” shape titanium connectors (highlighted by green colour) to avoid further loss of material. The combination of bars’
diameter (i.e. strength) and position provides the required stability moment.

Drum 5.11

Only a part of the drum, less than one quarter of the original volume was maintained (symbolized by the letter B, see Fig.4).
To restore the member and form the initial shape two supplements of mew marble were created (A and I, see Fig.4). The
procedure includes first the join of the supplement A to the ancient volume B (Fig.5 on the left) and afterwards the join of
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the unified complex of A+B to the supplement I" (Fig.5 on the right). During these steps the join of these parts was ac-
complished by inserting titanium bars parallel to the member’s upper side from the fractured - contact areas. This rein-
forcement is the proper one to avoid overturning of the supplements as well as of the ancient remains, before the over-
turning of the drum as a whole.
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Figure 4: Sketch of the upper (left sketch) and lower (right sketch) side’s plan of the drum where the place of the two supplements (A
highlighted by yellow and I" by orange color) and the direction of the required reinforcement are depicted. On the right sketch the
dotted lines correspond to the upper side of the ancient part.

Figure 5: Joining the supplement A to the ancient volume (on the left). The supplement I" with the proper reinforcement on it, is
ready to be joined to the rest of the drum (on the right).

Drum 6.3

The ancient member almost maintains its shape, although two parts are missing: one, which forms a gap of wedge’s shape
in the upper side of the drum and an adjacent one, which extends all over the drum’s height. In addition a crack runs
across its lower side, which produces, as it was found out, an inclined fracture level (Fig.6a). The supplement used to fill
the first mass loss is joined to the main volume by titanium bars which resist shear forces (one horizontal bar - Fig.6b and
the remaining ones in different directions after the fitting of the two volumes using suitable cement mortar, from the
upper side of the supplement - Fig.7a) to avoid sliding. The supplement used to fill the second gap is joined to the main
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volume with horizontal internal titanium bars (Fig.7b). This reinforcement is the proper one to avoid overturning of the
supplement. Finally titanium bars are also inserted from the bottom of the drum, vertical to the existent plane of fracture
to repair the crack (Fig.8). This reinforcement was determined by zeroing the internal moments from the equilibrium of
the fragment which probably will be created by the fracture’s completion.

(b)
Figure 6: (a) Sketch of the inclined fracture plane produced by the crack which runs across the lower side of the drum (Drawing: M.
Mentzini, YSMA Archive). (b) As a first step, the supplement used to fill the first mass loss is joined to the main volume by one

hotizontal titanium bar.

Figure 7: (a) Titanium bars are inserted from the upper side of the supplement used to fill the first mass loss after its fitting with the
main volume of the drum. The second fracture is discernible on the left. (b) The supplement used to fill the second mass loss is joined
to the main volume with hotizontal internal titanium bars.

Figure 8: Titanium bars are inserted to repair the crack. In this picture the drum is upside down.

Drum 7.8
The ancient member was broken in two main fragments (probably due to the Morosini’s explosion) which were joined
together through iron clamps during the previous restoration of N. Balanos. Nowadays, the two pieces ate joined together
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using horizontal titanium internal bars as reinforcement and suitable cement mortar to avoid their overturning (Fig.9a). In
addition the double “T” iron connectors were replaced by new titanium ones which contributes to the strength required
(Fig.9b). Furthermore three supplements of new marble are created to complete the drum’s shape. Two supplements fill
the gaps in the upper side of the drum and they are joined to the ancient volume only through montage reinforcement
because of their balance state due to their shape (Figs.10a,b), while the third supplement was used between the two main
fragments, forming a wedge. The reinforcement required for the latter one to resist shear stresses to be developed, was
inserted from the drum’s lower side, after its fitting with the rest drum’s volume using cement mortar (Fig.11). In this way
(easier to adjust the pieces) the holes are invisible after the drum will be placed on the column.

@) (b)

Figure 9: (a) The two main fragments of the drum are joined together using titanium bars. (b) Replacing the double “I” iron
connectors by new titanium ones on the upper side of the drum.

@) ()
Figure 10: (a) Titanium bars ware inserted from the upper side of the first supplement after its fitting with the rest volume of the
drum. (b) Titanium bars were inserted from the upper side of the second supplement after its fitting with the rest volume of the drum.

Figure 11: Titanium bars were inserted from the lower side of the third supplement after its fitting with the rest volume of the drum.
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Drum 8.8

The ancient member is characterized by two losses of material sited in opposite areas all over its height. To restore the
drum’s volume two supplements of new marble are created. Their join to the ancient remain core was accomplished by in-
serting titanium bars which were parallel to the member’s upper side from the fractured area (Figs.12a,b). This reinforce-
ment is the proper one to avoid overturning of the supplements, before the overturning of the drum as a whole.

Figure 12: (a) Joining the first supplement. (b) Joining the second supplement. On the left the first —raw- supplement is already joined.

Drum 9.5

Although the drum seems intact, a fracture plane runs across its upper side and through its mass —allover its height-
reaching the center of the lower side. Both upper and lower sides were carved during N. Balanos’ restoration and three
iron clamps -of double “I” shape- were inserted (two clamps on the upper side and one on the lower one). Nowadays the
restoration of the drum requires more reinforcement, therefore the iron clamps were substituted by new ones made of
titanium and some extra reinforcement was also added. The additional reinforcement (titanium bars) was inserted in
certain areas through both sides of the drum and their direction was 30° with respect to the horizontal level in order to
succeed the proper combination of bars’ strength and forces lever arm (Figs.13a,b,c). The required moment was calculated
so as to avoid the separation of the drum in two fragments i.e. to succeed the stability of each one.

(@) (b) ©
Figure 13: (a) Inserting reinforcement on the upper side. (b) Inserting reinforcement on the lower side. (c) Inserting reinforcement bar
to repair a small crack on the upper side through the Balanos’ mortise, before replacing the clamp.

Drum 10.9

Although the drum maintains its shape, a fracture plane runs across its upper side and through its mass - all over its height
- reaching the lower side of the drum all over its width (Fig.14a). Three iron clamps - of double “T” shape - were placed in
mortises carved on the surface of the drum, during N. Balanos’ restoration, to repair the crack only on the upper side.
Nowadays the restoration of the specific drum requires more reinforcement. The iron clamps were replaced by new titanium
ones and the additional reinforcement (titanium bars) was inserted normal to the fracture plane, from areas of the drum’s
view which exhibit matrks of decay and having lost their original ancient surface (Fig.14b, Fig.15), so as to achieve the
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proper combination of bars’ strength and forces lever arm in order to avoid the separation of the drum in two fragments
i.e. to ensure the stability of each part.

(b)

Figure 14: (a) View of the fracture plane. (b) Inserting the reinforcement on the lower side of the drum. In this picture the drum is
upside down.

Figure 15: Inserting the reinforcement on the upper side’s area. The red arrow in the left figure points out the crack’s tips.

Drum 11.6

Two areas of the ancient member have severe material losses. The first area, which forms a wedge of 45.50cm height, is

on the upper side of the drum (depicted schematically in Fig.16 and symbolized by the letters DF). The second one

extends all over the drum’s height and it is symbolized by the letters DiF; in Fig.16. In addition a crack appears on the

upper side, it is symbolized by the letters AF; in Fig.16, which runs between the aforementioned mass losses, creating a

fragment of 34.50cm height (AFF; top view on the upper side in Fig.16). Finally a severe crack extends allover the height

of the drum through the second loss’s surface creating a fault (symbolized by the letters df> in Fig.106).

The sequence of the actions taken is the following:

1. To restore the drum’s volume two supplements of new marble are created. The join of the supplement “DF” to the
ancient remain core was accomplished by inserting titanium bars (to resist tensile and compression forces and
subsequently to avoid overturning of the main volume or/and separation from the main volume) from its external
surface, after the two volumes came into contact using cement mortar and montage reinforcement (Fig.17). In the next
step the main reinforcement (titanium bars) was inserted from outside. In order to achieve the proper anchorage
length of the bars, because of the thin thickness of the new volume, the end of the bars has been specially threaded to
fit a screw nut through a titanium plate anchor (Fig.18 on the left).

2. The join of the fragment “AFF;” to the ancient remain core to avoid separation was accomplished by inserting inclined
titanium bars forming 38° to the horizontal level, through holes of the drum’s view (created from N. Balanos during
the intervention). One of the bars used for the join of the supplement “DF”, contributes to the strength required (Fig.17).

3. To repair the crack “df;” (avoid the separation of the possible resulting fragment from the rest of the drum’s volume,
prohibiting its overturning), titanium bars were inserted from the fracture plane of surface “D1F;” on the upper side of
the drum, while the extension of two of the bars used for the join of the supplement “DF”, contributes to the strength
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required. On the lower side of the drum the reinforcement was inserted from outside, from areas of the drum’s view,
which appeared marks of decay, loosing their original ancient surface (Fig.18 right).

4. Finally, the join of the supplement to the ancient marble to fill the loss “D1F;” was accomplished by inserting titanium
bars both on the upper and on the lower side of the drum through the fractured area with direction parallel to the
member’s upper side (Fig.19 left). This reinforcement is the proper one to avoid overturning of the supplement, before
the overturning of the drum as a whole. In order to achieve the proper anchorage length of the reinforcement on the
supplement’s lower area, because of the thin thickness of the new volume there, the end of these bars has also been
specially threaded to fit a screw nut through a titanium plate anchor (Fig.19 right).

Figure 16: Sketch of the failures of the drum (Drawing: M. Mentzini, YSMA Archive).

| L

AN

Figure 17: Adjusting a new marble (supplement “DF”) onto the upper side of the drum (left). Near by, the reinforcement required to
restore the fragment “AFF;” is presented (ellipse in the left figure). Drawing of the parts to be joined together and their geometry for the
calculation of the stress field and consequently the reinforcement required (right) (Drawing: M. Mentzini, YSMA Archive).

Figure 18: After joining the supplement “DF” to the main volume of the drum, the holes (in order to adjust the titanium plate anchor)
on its surface sealed with the pieces of the extruded new marble (on the left). Repairing the crack “df;” (on the right).
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Figure 19: Inserting titanium bars on the upper side’s area of the drum to join the supplement “D;F;” to the ancient marble (on the
left). After joining the supplement “D1F;” to the main volume of the drum, the holes on its surface (in order to adjust the titanium
plate anchor) sealed with the pieces of the extruded new marble (on the right).

FRACTURE DETECTION

uring the intervention of the Parthenon’s North Colonnade forty-seven (47) drums were structurally restored
while the study and the structural intervention for additional fourteen (14) ones have been supervised (in total
sixty-one (61) members).
It is noteworthy that although most of the damages were caused from the members’ fall due to Morosini’s explosion, and
many remains were worked out by N. Balanos, changing the shape of the fracture planes of the members as well as their
original exact position on the monument, the detailed observation and the data processing succeeded to identify and verify
the conclusions of previous research. For example an existing fracture and the consequent loss of mass at drums cause
similar failures to the adjacent ones, a kind of imprints. During rocking a severe stress field is developed in the edge of the
remaining part of the drum, leading to the creation of cracks at the adjacent members. As a result the bearing capacity and
behaviour under seismic loading of the entire structure are drastically deteriorating. Therefore it is necessary to repair the
damages and restore them even using new marble supplements [7].
In case of the drums of the Parthenon’s North Colonnade, fractures’ coincidence has been detected between the follow-
ing members:
e The upper side of 4.8 in correspondence to the lower side of 4.9
The upper side of 5.6 in correspondence to the lower side of 5.7
The upper side of 6.3 in correspondence to the lower side of 6.4
The upper side of 6.4 in correspondence to the lower side of 6.5

The upper side of 6.5 in correspondence to the lower side of 6.6

The upper side of 6.6 in correspondence to the lower side of 6.7

The upper side of 6.7 in correspondence to the lower side of 6.8
e The upper side of 9.7 in correspondence to the lower side of 9.8
e The upper side of 10.9 in correspondence to the lower side of 10.10

CONCLUSIONS

he structural interventions on ancient members during the extensive restoration program of the Parthenon
Temple on the Acropolis of Athens, offers to the scientists working in this field an in depth knowledge of the
stress and strain fields developed in the structural elements to be restored.
In addition the scientist has to face the challenge of redesigning and adapting the results of the already described theo-
retical process to achieve the structural integrity of ancient members in a way, which is flexible during its realization.
The shape of the remaining ancient volumes determines the exact geometry of the supplements since their contact areas
must be perfectly fitted. As a result the direction of the reinforcement needed is limited.
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The present paper reveals the special skill, imagination and creativity of the scientists in order to determine the sequence
of actions which must be undertaken to join the pieces forming the drum and to apply the proper reinforcement so as the
structural integrity of the drum as a whole to be achieved. In this way in many cases the same reinforcement expands to
cover the structural needs of another section.

Moreover, the problems arising due to the irregular shape of fracture’s planes or the discontinuities in marble mass, could
be solved by changing the numbet, the diameter or/and the place of the reinforcement bars and keeping in the same time
the produced stress field constant. If internal reinforcement bars can not be used (so as to be unseen) because of the
inability of the adjustment or the maintenance of the proper anchorage length, alternative solutions are invented, such as:
the insert from the sides (which will be covered when the drums will be placed back in their initial position on the
column) or from areas of the drum’s view, which exhibit marks of decay, having lost their original ancient surface. Even
the mortises of N. Balanos’ restoration are used to insert bars or to place “IT” and double “T” shape titanium connectors
to contribute to the stress required and also to minimize further loss of the authentic material.

As it was pointed out before, the previous restoration by the engineer N. Balanos changed in many cases the original exact
position of the drums. During the structural intervention of the dismantled pieces the access to their fractured areas and
the verification of coincidence between different members’ fractures, reveal their original position and identify whether
the certain drum belongs or not to a certain position on the column. Thus by these observations the original exact
position of the drums was also confirmed in perfect agreement with the findings of the Architectural study [16].
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The multi-layered ring under parabolic distribution of radial stresses
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Christos F. Markides, Ermioni D. Pasiou, Stavros K. Kourkoulis
National Technical University of Athens, School of Applied Mathematical and Physical Sciences, Department of Mechanics,
5 Heroes of Polytechnion Avenue, Theocaris Bld., Zografon Campus, 157 73 Athens, Greece

ABSTRACT. A recently introduced solution for the stress- and displacement-
fields, developed in a multi-layered circular ring, composed of a finite number

of linearly elastic concentric layers, subjected to a parabolic distribution of radial
stresses, is here extended to encompass a more general loading scheme, closer
to actual conditions. The loading scheme includes, besides the parabolic radial
stresses, a combination of uniform pressures acting along the outer- and inner-
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most boundaries of the layered ring. The analytic solution of the problem is '**'**

achieved by adopting Savin’s pioneering approach for an infinite plate with a
hole strengthened by rings. Taking advantage of the results provided by the
analytic solution, a numerical model, simulating the configuration of a three-
layered ring (quite commonly encountered in practical applications) is validated.
The numerical model is then used for a parametric analysis enlightening some
crucial aspects of the overall response of the ring.
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INTRODUCTION

n a recently published paper [1] the stress- and displacement-fields developed in a circular multi-layered ring were con-

sidered both analytically and numerically. The ring was composed by a finite number of concentric layers made of

different linearly elastic materials and it was loaded by a parabolic distribution of radial stresses acting along two finite
arcs of the outer boundary of the outer-most layer. In general, the configuration of multi-layered rings is common in quite
a few engineering applications of increased interest, ranging from Biomechanics (human aorta) to Fluid Mechanics
(insulated pipes). Such composite rings are usually loaded either by uniformly distributed internal or external pressure or by a
combination of them.
In the study by Markides et al. [1] a more complicated loading scheme was considered consisting of radial stresses acting
along two finite arcs of the external boundary of the outer-most layer (antisymmetric with respect to the geometric centre
of the ring) distributed according to a parabolic law. Such a loading scheme appears in case a circular ring is compressed
between either plane or curved jaws (as it is for example the jaws of the device introduced by the International Society for
Rock Mechanics (ISRM) [2] for the standardized implementation of the Brazilian-disc test).
The solution by Markides et al. [1] is here generalized to confront a more general loading scheme including, besides the
parabolic radial stresses, a combination of uniform pressures acting along the outer- and inner-most boundaries of the
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layered ring. For the analytic solution of the problem, the procedure proposed by Savin [3] for an infinite plate with a hole
strengthened by rings is adopted as it was done also in ref. [1]. The specific procedure is based on the complex potentials
technique introduced by Muskhelishvili [4]. The analytic solution achieved provides full-field closed-form expressions for
both the stresses and the displacements. However, the specific expressions, in spite of their “elegance” and their
numerous advantages (related mainly to their generality and the fact that they are expandable to rings that are made up of
any number of concentric layers), are somehow “lengthy” and cumbersome. As a result, detailed parametric analyses of
the (quite a few) factors influencing the final outcomes become rather difficult.

To overcome the above mentioned difficulty, the problem is revisited, also, numerically using the Finite Element method
and the commercially available software ANSYS. For the validation of the numerical model, the data obtained from the
analytic solution for the case of a ring made up of three concentric layers are used. Then the validated numerical model is
used for a parametric study of the role of some critical parameters (i.e., the elastic modulus and thickness of the inter-
mediate layer and also the length of the arcs loaded by the parabolic distribution of radial stresses) on the overall stress-
and displacement-fields developed in the ring.

THEORETICAL CONSIDERATIONS

The problem and the basic assumptions
( : onsider a multi-layered hollow cylinder of length » consisting of # concentric hollow cylinders of different
thicknesses, perfectly joined together without any gaps at all. The cylinders are assumed to be made of
homogeneous, isotropic and linearly elastic materials. The multi-layered cylinder as a whole is in equilibrium under
the simultaneous action of three different kinds of loading: inner and outer uniform pressure all along its inner and outer
lateral surfaces and a parabolic pressure acting along two finite parts of its outer periphery, antisymmetric with respect to
the section’s center. All three types of loading act in the body’s normal cross-section and remain constant along its length.
Ignoring its weight, stresses and displacements are to be determined at any point of the multi-layered cylinder. Cleatly, the
as above described configuration corresponds to a 1t fundamental problem of plane linear elasticity for the body’s cross-
section, i.e., the multi-layered circular ring. In this context, Muskhelishvili’s method of complex potentials [4] will be
employed for the analytic solution.

Mathematical formulation

Under the above assumptions, the multi-layered ring is considered lying in the =x-+iy=re’ complex plane, Fig.1. The origin
of the Cartesian reference coincides with the center of the ring. The # constituent concentric rings are numbered in such a
way so that they are encountered in the order 1, 2,..., # as one moves from the origin towards the outer perimeter of the
multi-layered ring. The arbitrary ring is denoted by the index / (1=</<#) and its boundaries are I;and I;+1 corresponding to
the radii /=R; and /=R (R+1> R)), respectively. In general, it holds that (Rx—R1)#(Rs—R2)#...(R.+1—R,). Adjacent constituent
rings are perfectly joined together along their common interfaces. The inner boundary of the innermost ring, L1, for r=Ry,
is subjected to a uniform pressure of magnitude pr>0. The outer boundary of the outermost ring, I,+1, for 7=R,+1, is under
the simultaneous action of a uniform pressure of magnitude pr>0 exerted all over L,+1, and a parabolic pressure of magni-
tude p(6)>0 acting along two finite arcs of L,+1, antisymmetric with respect to the ring’s center. Each one of these arcs has
a length equal to 2w,R,+1, where w, corresponds to the half loaded rim. Particularly, p(0) is here considered equal to:

2Fsin?
P(G)ZB[1—Siﬁ2(¢g—9)/Sin2 Ce),,:|, P Emax{p(a)}z in” @, "

R, (sin 20,20, cos20, )u/

whete ¢, is the arbitrary angle formed by the axis of symmetry of the parabolic pressure and x-axis (measured from x-axis
in the anticlockwise direction) and F (F>0) is the resultant force due to p(6). Obviously, for the as above described loading
conditions, the multi-layered ring as a whole and each constituent j-ring separately, are in equilibrium and for that
configuration the stress- and displacement-fields are to be determined for each /-ring.

According to Muskhelishvili, the latter can be implemented by obtaining on each j-ring two analytic functions of the
complex variable g, the complex potentials p,(3) and ,(3), in terms of which stresses and displacements are expressed as

[4]:
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Figure 1: The configuration of the problem and definition of symbols.

In Egs.(2-4) prime and double prime denote first and second derivative, bat denotes the complex conjugate and R is the
real part; in addition, z denotes the shear modulus and # is the Muskhelishvili’s constant, equal to 34y or (3—v)/(1+),
for plane strain or plane stress respectively, with »; indicating the Poisson’s ratio.

Regarding ¢,(3) and ¢,(3), their analytic character on each j-circular ring permits representing them by Laurent series as:

+00

+00
NS NS .
0,)=2a%" w,)=2 0% =12 ©)
—o0 —00

Therefore the problem reduces to the determination of the coefficients a;j ) and [7/(6‘/ ) , a task that will be achieved by ful-
filling the boundary conditions of the problem. Before implementing this step, however, it is to be mentioned that it is not
possible to obtain directly all ag ) and /72/ ) namely, for a 15t fundamental problem ¢(3) is determined apart from an arbitrary
complex constant and an arbitrary real constant C appearing in a term of the form iCz. In this context, a(()/ ) and the ima-

ginary part, S{ai-/ .>} , of the coefficient a%ﬂ remain arbitrary. In the particular problem studied, both are set equal to zero

for convenience. What is more, ¢,(3) is obtained apart from an arbitrary complex constant so !7(()/ ) remains arbitrary. Actually,

it can be seen that for the present problem only one out of all bé/ ) can be arbitrarily fixed while the remaining ones are
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subjected to determination. Here it is assumed that bm =0. It is only under these simplifying assumptions that the

remaining coefficients at . Jand Zo,i/ ) can be determined with the aid of the boundary conditions of the problem.

These conditions are classified into two categories:
i.  The boundary values of stresses on the multi-layered ring’s boundaries as a whole, reading as:

oV =—p, W=0, for r=R, and 0<0<27 ©)
J£ﬂ+1)=—pE—p(¢9) £Z+1)=0, for r=RK, ; and
¢ -0, <0<¢+0w, Ur+d -0,<0<1r+d +0, @)
ol =—p TSZ,H):O, for r=R,,; and
$+0,<0<nm+¢ -0,Ir+¢+0,<0<271+¢ -0, ®)

ii. The values of stresses and displacements along the interfaces L1, /=1,...,7—1, between the /- and (/+1)-ring, due to
their firmly joining, reading as:

o) =gt ) Ush), for r=R,,; and 0<0<27 )
AN =) =, for r=R,; and 0<0<27 (10)

Combining Eqs.(3-10) and comparing terms of e¢%’ of the same 4-order, in the expressions resulting, the following

equations are obtained involving ag) and bé/) :

Due to the condition of uniform pressure on I i:

200 +R72L) = p,

RS + R0 =0

3R{aS) +R7a + 4V =0

RiaS" —R7%2 +R0S =0 11

AR{T D+ RIEVZE R, =0 ( )
_ . (k=45,..
Rfay) — (k= 2)R7 V0, ) + RIEE) =0

where 0!1<1) is the real part of a%l) .

Due to the condition of uniform and parabolic pressure on I,+1, (after the factor p(f), appearing in the first of Eqgs.(1) has

been expanded in Fourier series):

” 2 —(»n P 20, —sin 2@
2 T ==y -1 2, 22

V4 2sin” ,

R4 +R325% =0

4
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- Bl 1 . in2w cos2w \|
3R5+1ag”> + Rﬂflﬁg) + bl(”) =—|sin2w, ——2(sm 20,- o, _Sin2@, cos oj i
T 2sin” @ 2

p —4—m —P 1 . in2® 20 =
R2, 4 —R2ZD + RALD = o {stw ——2(511120)0 —w, —wj:le i24,

2sin” @, 2

RA1 —(k-1 sin(£-1w, 1 sin(£— 1w,
(’é - 2)( 19, (”) + Rn-%(—l )ﬂ (’(7/)% 2) n+l b(”) ) - - .2 :
T k=1 2sin” @, k=1

(/é 1)cos2w, sm(/é Do, —2sin 2w, cos(k — 1)(0} (1 —i/e:r) —i(k-1)g, (£=4,5,.)
—e e , =4,5,...

4-(k-1)

1 (k=1 £+ sin(£—1)w, 1 sin(£— 1w,
k[R”“ e — (k- 2>R”£1 g (}Z/l 2) +R”£1+ )b—(”)] T { k=1 ZSin2 o, k-1
0
(/é 1)cos2w, sm(/é Do, —2sin 2@, cos(£—Dw, (1—67%7[)64(/%_1)% (k=4,5,..) (12)
(é 1) b b >
where 0!1(”) is the real part of a%”).

Due to the condition for equal action-reaction at facing points of the /- and (7+1)-ring, because of perfect matching of the

layers:

20/ + R 20 20/ =R 25V =0
Rj+1ﬂg/'>+R;ilz_<g>_RM Y -R7Z6YT =0

3R +1ﬂ3/> +R (/) + b(/) R2 1agj+1) —R/_'JZAEE{H) —191(-7”) -0

R%af) =R + R0 - R ,ay ™ + Ra ™Y R ™ =0 (/=1,2,.,n-1)

LRAT (/)+R (&=

4 RE3 )
j+l J+1 (,é 2) +1

CRRETLGUH CRoENZU ks g

19k 1 A—(k-2) T 8412
, (£=4,5,..)
k=1 k-1 /é+l i
RE e — (k= 2)R74GVa) ) + RIGVRY 13
£=1 (j+1 k=1 +1 £+1 +1
Ry af"™ + (k- 2)R/J(r1 'z, ({k >2) /J(A B =0
where 0{1(/) is the real part of aij ),

Due to the condition for the same displacements of facing points of the /- and (j4+1)-ring, because of perfect matching of
the lavers:
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222,00 D —or24P) =0

H
(1) 4 2R ) 2Ry =0, (=21
luj
Hjn i -1 7 j+1 -1 7(j+1
u_[(’?, ~1)R 0 —R/.Hbf{)}—(/cjﬂ —1)R e+ RS =0
J
Hj+ 2 ' 2 7 2 +1 2 7(/+1
(K/‘Rj+l”§j> _Rj+1h—('2/))_ K/+1Rj+1ﬂgj+ ) +Rj+l/7—(2/+ )=0
ﬂj
ﬂ_/+l

3 / -1 —(J / 3 i+1 -1 =(yj+1 i+1
- (38310 =i R + Rt ) = 3R 10§ ™ R =R b =0
j

K, o o
j+ (K- R3 gg]) + R/‘iﬁﬁ'{) _R/_ilb_(z/)) K R3-+1ag/+1) _R Y +Rji1b—("3/+1> 0

“; Vaas JHIE j+14-1
#ﬂ/—jl(/éRfHag) —i, RGP, + RETHY, ) "
Rl RV, A 0
,(£=4,5,..)
L Rl + (k= 2R =G (F=t2mn1)
K /+1Rf'+1ﬂ§ej+l> G Z)R/_'ﬁ_z)i{z_l)z) + R/_'ﬁz—(/ém =0

Propetly rearrangement of Eqs.(11-14), yields the following linear systems of equations for the determination of a/(é/ ) and

laéj ), for any specific number # of constituent rings:

20 + R0 =—p,

» o —(n P 2w, —sin2®
20("” + R0 =—py. __[(2(00 - 5;1 a] (15)
V4 2sin” ,

20 + R0 = 20" R0 =0

(7 =12,n-1)

Hin ‘ -1 7( +1 -1 7(j+1
/j | () =R aet” =R |~ (k0 = 1)R e+ RLEY ™ =0
J
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222 R2,0 —yP —2r2,P) =0

H

)7 . . . ,

—;“ (85 + 2R, a8 ) =070 = 2R2, /" =0, (j =23 —1)
j

R’ + R0 =0
R, a5 +R 25 =

=3 7(j i+1 1
R/+1”5j> +R_/‘+1b—(2j) _R_/‘+1ﬂéﬁr ) _R/+1b(ﬁr )= =0

, (j=12n—1)

”/‘H( () ) 2 () | p2 () _
22 (1Rt~ RS )= aejyRas ™) + R =0
,U/ J+ -+ /+ i+ (1 6)
where, obviously, all coefficients appearing in Eqs.(16) are zero
Yy pPp g q
3RZ4D 1+ R27D 440 =
Ria" —R2Z D + R0 =0
P. 1 in2 2 i
3Rﬂ+1¢z§”> +R, 1 a(”> +b<”> =—"|sin2w, ——(Sin 20, -, SO0, COS 2By | 2
Vs 2sin @ 2
— n P . 1 . i 2 2 1
R2,a) —R 270 + RATW =" sin2a, ——z[sm 20, — @, — 2L 0N, || iz,
3 2sin” o, 2
3R%,ay) +Ra) + by = 3R7 e =R -4t =0
(17

2
R, a5 —R

27D A RARY —R268 ) 4 RAZYH - RARY =0

/+1

/u/-f—l

(3R/+1ﬂg/> KjR/+ ({)+R lb<j)) 3R (/+1)+K le —(/+l) Rj+1bl<j+1>=0

J+l +14
My
My 3 (s s . o 1
s (KJ-R/.Hg(])-}-R Hﬂ( /) Rj+1b£{>) KR Hﬂ%ﬂ) R} (/+>+Rj+1b(/+ )0
g
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#R{ ) + RIETVZE )+ RED,) =0

le 1 (1) —(k=2)R; (k1) (1) IR (/<+1)b(1) 0, (k=4,5,...)

in(£—1 1 in(£—1
(,é—Z)( f+11 (n) iR (k D— (’(1/)@ ) R,m b(”) ) {sm(k 1)0),, B : [sm(/6 1)0),,
V4 - 2sin” @, -

(/é 1)cos2m, sm(/é D, —2sin 2@, cos(k — l)a)] (1 _i/g,[) —i(k-1)¢,
—e e

4-(k-1)"

" " " -P |sin(f-1Do, 1 sin(£—1)w,
R - (k- 2R 70, + R |- ) _ [ )
prtdy —(R=2)R, 5 “aZp o+ R, - 1 2ein’ o, 1

(/é 1)cos2w, sm(/é Do, - 2sin 2w, cos(£ -1, (1_e—ikn)e—i(/<—1)¢0
4-(k=1)°
k=1 k=1 £=3
’éRj+1 (/> +R/-(|—1 'z ((//2 2) +Rj+1b,<éj)2

/éRé 1 (/+1) R—(é 1) (J+1) R/e 3h(/+l)

14 A=) TR0
k-1 —(k—1 e+l
R]+1”/(</> (k— Z)R/‘(Fl 7 ((//Z 2)+Rj-<i-l )h—('/?
k=1 (j+1 41 +1 A+1 +1
—R7jap ay >+(/é_2)Rj‘(F1 7 <{/< >2) R]‘(Fl )b('/é '=0
ﬂ ; —
ELL kR, o) =1 RV ) + R (j=1,2,.,n-1)
” y (k-2)F (18)
J
£ (j+ £=2)—( j+1 £=2, (j+1
— kR +1ﬂ/e >+’(;+1R/i1 'z <{é )2) R b/ijz '=0
ﬂ_/+l

£ £=2)— &7
P |:K_/'R_/'+1‘l§e]) + (k- 2)R ( "% 2) _R_/+1177(£]
J

k 1 k=2 1 1
/+1R +1‘l/(e/+) (’é )R/ﬂ(-l 7 ({/: )2) /-*—1[7</Jr> 0

(£=4,5,..)

For the 13#—1 unknowns appearing in Eqs.(15-18), i.e., for {a(l) afz),...,af”)}, {am a§2>, . éﬂ)}, {am zzgz), ,aéﬂ)},

{;ﬁ?,zﬁ?,...,zﬁ?} { Wa <”>} { T 2@ (hysd f;_z)}, {;;<2>,;9<3>,...,bg7>}, {19“) b2, .,b{’”},

{175?,25?,...,25{”}, {ZEQ,ZE?,...,Z,(?}, {ZEQ,ZE?,...,A;’)}, {b(” B ,b@z} and {ZE}Q,ZE?,...,ZEQ}, there, indeed,
exists a number of 137—1 equations, as expected and thus the problem has a solution. In other words, Eqs.(15), (16), (17)

and (18) comprise 27, 37—1, 4n and 4# equations, respectively, i.e., a total sum of 137#—1. Thus, ‘l/(é/ ) and b/ij ) are indeed

obtainable from Egs.(15-18), and in this context ¢;(3) and ¢),(3) can be recapitulated as follows:

3 & £-2 .
0,R)=azx+a7+ Y ”)z +afz 7+ Z T D (j=1,2,0m) (19)
£=5,7.9,.. £=5,7,9,..
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k=2 .
w,(x)=b"z+ z A G AP s Z PZ*, (j=1,2,00m) 20)
£=5,79,.. £=5,79,..

where ‘even’ terms are missing since are all zero.

Before concluding it should be mentioned that:

(a) Dby setting pr=0 in the first of Eqs.(15), the present formulae [Egs.(15-20)] provide the solution in case internal
uniform pressure is zero and the multi-layered ring is only under the action of external uniform pressure pg and
external parabolic pressure p(f) (along two finite arcs of its outer periphery, antisymmetric with respect to x-axis),

(b) Dby setting pr=0 in the second of Eqs.(15), the present formulae [Eqs.(15-20)] provide the solution in case external
uniform pressure is zero and the multi-layered ring is only under the action of internal uniform pressure pr and
external parabolic pressure p(f),

() Dby setting pr=0 in the first of Eqs.(15) and pe=0 in the second of Eqs.(15), the present formulae [Egs.(15-20)]
provide the solution in the case the multi-layered ring is only under the action of external parabolic pressure p(0),

(d) Dby setting P=0 in Eqs.(15, 17 and 18), the present formulae [Eqs.(15-20)] provide the solution in the case external
parabolic pressure is zero and the multi-layered ring is only under the action of internal uniform pressure pr and
external uniform pressure pg,

(e) by setting P=0 in Eqs.(15, 17 and 18) and p/=0 in the first of Eqs.(15), the present formulae [Eqs.(15-20)] provide
the solution in the case internal uniform and external parabolic pressure are zero and the multi-layered ring is only
under the action of externally imposed pressute pg and

(f) Dby setting P=0 in Egs.(15, 17 and 18) and pe=0 in the second of Eqs.(15), the present formulae [Eqgs.(15-20)]
provide the solution in the case external uniform and parabolic pressure are zero and the multi-layered ring is only
under the action of internal uniform pressure pr.

Particulatly, in all last three cases (d, e, f), i.c., when only uniform pressure over one or both the two boundaries (internal

and external) of the multi-layered ring is present, the complex potentials are significantly simplified to:

W
0,)=a"%, w,»<z>=71, (j=1,2,.1) @1)

where a )eR and b(/) are now just provided by only Eqs.(15), for P, = 0, and for: pr # 0, pr # 0 in case (d), pr= 0, pe # 0
in case () and pr # 0, pr = 0 in case (f).

200 T | |
Parabolic & internal pressure
— = = Parabolic & external pressure
I A N All three kinds of loading
£ 100
=
g
g
4
;o 0 —
'._HL LT e i 4D
P
/ T
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R, < r<R, [m]

Figure 2: Distribution of stresses along the diameter corresponding to the symmetry axis of the parabolic load, for three loading schemes.
Internal pressure=External pressure=10 MPa, P;,,.=5 kN, w,=10°, P=43.1 MPa, »=3. Composite ring’s thickness »=0.01 m. Inner ring
(1): Ri=r= Ro, R1=0.025 m, R,=0.030 m, ;=30 GPa, »n=0.25. Intermediate ring (2): Ro=<s< Rs, R;=0.030 m, R3=0.034 m, E>=10 GPa,
1,=0.30. Outer ring (3): R3=r< R4, R3=0.034 m, R4=0.050 m, E£5=3 GPa, 1,=0.35).
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In order to demonstrate the capabilities of the solution introduced, the distribution of the radial and tangential stresses along
the diameter corresponding to the symmetry axis of the parabolic load, is plotted in Fig.2, for three combinations of the
constituent loading schemes, i.e., parabolic distribution of radial stresses and uniform internal pressure, parabolic distribution
of radial stresses and uniform external pressure, and finally all three schemes simultaneously. The discontinuity of the
distribution of transverse stress at the interfaces of the rings is the main characteristic of the plots. As it was expected, this
discontinuity is stronger for the case of simultaneous action of the patrabolic distribution and external uniform pressure.

NUMERICAL ANALYSIS - APPLICATION FOR n1=3 CONSTITUENT RINGS

s a next step, a parametric numerical analysis was decided to be carried out, in order to explore the influence of

various factors on the displacement- and stress-fields developed in a multi-layered ring. The ring with three layers

under plane strain conditions was decided to be considered, due to its increased practical interest. The principal
advantage of the numerical scheme is that it models the “multi-layered ring - jaw” complex (as an integrated elastic
system) rather than the isolated ring. Before the main numerical study, the model was properly validated as it is described
in next section.

Construction and validation of the reference numerical nodel

For the proper validation of the numerical model advantage was, initially, taken of the analytic solution for the most complex
loading case, i.c., the partial parabolic pressure. For symmetry reasons (materials and geometry) only a quarter of the ring-
jaw complex (0°=0<90¢) was constructed with the aid of ANSYS software. The geometry of the reference model is shown in
Fig.3. For the radii of the layers it holds that R=25, 30, 34, 50 mm, for 1</<4. All three interfaces (i.c., between the con-
stituent rings and between the jaw and the outer ring) were taken into account.

The model was meshed using the PLANE182 element. Contact elements (CONTA172 and TARGE169) were used to
model the interfaces. The interfaces between the successive rings were considered as mutually bonded without separation.
A very small (tending to zero) value was assigned to the coefficient of friction at the interface between the jaw and the ex-
ternal surface of the outer ring, in order to minimize (eliminate) friction stresses. This assumption was dictated by the fact
that the analytic solution, described in the previous section, considers an isolated ring under exclusively radial stresses
without any friction stresses at all.

The analysis performed was linearly elastic. The moduli of elasticity and the Poisson’s ratios assigned to each one of the
rings were E=30, 10, 3 GPa and »=0.25, 0.30, 0.35, respectively, for 1=</<3. The jaw was considered to be made of steel
(Ej»=210 GPa and v,=0.30).

T

m
i
i
=
m
i
i
i
i
I

@] X
Figure 3: The reference numerical model and detailed views of the finally adopted mesh.

Due to the model’s symmetry the following boundaty conditions were adopted:
i.  The motion along the y-axis (loading axis) of all the nodes of the lower line of the ring was restricted.
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ii. All the nodes of the left (vertical) line of the ring as well as the nodes of both sides of the jaw were restricted of shifting
horizontally (i.e., normally to the loading axis).

iii. A uniform vertical displacement on the nodes of the upper line of the jaw was imposed.

The optimum element size for the meshing of the model was chosen based on a proper convergence analysis. The variation
of the polar stresses developed along “Path 07, i.e., the outer periphery of the outermost ring, and especially around the
position where the major differences are obsetved is plotted in Fig.4a. The embedded graph corresponds to the stresses
along the whole length of “Path 0”. In addition, the total stress applied on point A (see Fig.3) is plotted in Fig.4b. Both
graphs indicate that convergence is satisfactory for about 20000 elements. In order to obtain more accurate results (and given
that the CPU-time consumption is not prohibitive), a number of about 38000 elements was chosen for the final meshing.

-60

Polar Stresses [MPa]

é
=
90 H &
w)
=
o
~
-120
-150 I I I
70 72 74 76 78 80
(a) 0° < 6=90°
1.25E+02
S | mre2
t? 23E+02 /O/(JL
& 120E+02 -
£ 1.18E+02
IS
1.15E+02
0 10000 20000 30000 40000
(b) Number of elements

Figure 4: (a) The variation of the polar stresses developed along “Path 0” (the embedded graph corresponds to the whole length of
“Path 0”) and (b) the total stress applied on point A (see Fig.3) for various numbers of elements.

Before proceeding to the parametric study, the numerical model was used to check the assumption of the analytic solution
concerning the parabolic distribution of radial stresses along the loaded arc of the ring. This was considered absolutely
necessary because the specific assumption is based on the solution of a different problem, i.e., that of the “cwmpact disc - jaw”
contact problem [5] and therefore adopting a similar distribution for the “ring - jaw” problem appears perhaps somehow
arbitrary. In this context, the vertical displacement of the upper node (point A in Fig.3) of the ring (which is, in fact, the
only point of the ring in contact with the jaw before the onset of loading) was determined according to the analytic
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solution described in previous section, assuming now that w, is not arbitrarily prescribed (as it was considered in Eqs.(1)),
but it is rather provided, together with P, by the relevant compact disc-jaw contact problem [5].Then a uniform displacement
was applied at the steel jaw (simulating in fact the load exerted by the loading frame during the laboratory experiments with
the device suggested by ISRM for the standardized Brazilian-disc test), the magnitude of which was determined by
demanding that it should result to a vertical displacement of point A equal to the respective one provided by the analytic
solution. The results of the numerical analysis for the distribution of pressure along the common contact atc, developed at
the ring-jaw interface are plotted in Fig.5, in conjunction with the parabolic pressure applied on the ring during the theoretic-
al solution. It is seen from this figure that the two distributions are in relatively good agreement, despite some differences
concerning their amplitude (equal to about 140 MPa for the analytic solution and 122 MPa for the numerical one) and also
their flatness (the numerically obtained distribution appears somehow flatter). These differences should be expected, given
that the parabolic distribution is an approximation of the actual “cyclic” distribution [5, 6] (developed during the contact
of two elastic cylindrical bodies), which was adopted in an attempt to achieve closed-form analytic expressions for the dis-
tribution of stresses a displacements all over the disc [7, 8]. (It is here recalled, that for the actual “cyclic” distribution
analytic expressions for the stress field cannot be straightforwardly obtained [5]).

160 I I
Analytical
——
= = Numerical /
120 /— == =
/
- -
< -7
o] _
= 80 P
o ld
7
/
7/
40 i
/
/
0 /
76 78 80 82 84 86 88 90
0 [degrees|

Figure 5: The applied pressure applied on the ring based on both the analytical and the numerical analysis.

Besides the above mentioned slight differences, it is quite astonishing that the analytic and the numerical approaches provide
almost identical results for the “total” pressure applied on the ring indicating the static equivalency of the two solutions.
Even more astonishing is the fact that the length of the contact arcs obtained by the two solutions (numerical and analytic)
is again almost identical: The contact arc 2w, determined from the numerical model equals to 24.67° while the respective
one of the analytical solution is equal to 24.59°. The same excellent agreement was observed, also, for the variation of
displacements and stresses along strategic paths of the model, as it can be seen, for example, in Fig.6, in which analytical
versus numerical results concerning the vertical displacement (Fig.6a) and the polar stresses (Fig.6b) are plotted for “Path

17, i.e., along the diameter corresponding to the axis of loading symmetry. The differences observed are quite marginal.

For example, for the displacements, the difference does not exceed 4% (Fig.6a) while for the polar stresses the differences

are almost tending to zero (Fig.6b).

As an additional validation step, results of the numerical analysis were compared against the respective ones analytically

obtained, also, for some combinations of the three loading schemes considered (parabolic pressure, external uniform pres-

sure and internal uniform pressure). For this specific step the jaw was removed and the multi-layered ring was modeled as an
isolated elastic body (for convenience). The following loading schemes were imposed on the ring:

Case 1: Pressure was applied on the nodes of the outer perimeter of the outermost ring along a contact length 2w, which
was assumed equal to 20°. The parabolic pressure vatiation corresponds to a statically equivalent force equal to 5 kN
applied by the loading frame.

Case 2: Internal pressure equal to 10 MPa was applied on all nodes along the inner perimeter of the three-layered ring.

Case 3: External pressure equal to 10 MPa was applied on all nodes along the outer perimeter of the three-layered ring.
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Case 4: Combination of Cases 1 and 2.

Case 5: Combination of Cases 1 and 3.

Case 6: All three types of loading, i.c., combination of Cases 1, 2, 3.

The normal polar stresses (both radial and transverse) obtained by the numerical model for all six loading cases mentioned
above are presented in Fig.7 in juxtaposition to the respective analytical results. The plots are realized, as in Fig.6, along
the diameter corresponding to the symmetry axis of the loading distribution. It is clear that the correlation between
analytic and numerical results is quite satisfactory, for both stresses and for all loading schemes without any exception.

0.0E+00 r
O Analytical

e Nlumerical

-5.0E-04

u, [m]

[T 10 ninrers

-1.5E-03
0.025 0.030 0.035 0.040 0.045 0.050
(a) R, £r<R,[m]
600 d |
O Analytical
= Numerical
400
= /
2 200
g
&8
£
O EEREEEEEERSae..
N T
-200
0.025 0.030 0.035 0.040 0.045 0.050
(b) R, < r< R, [m]

Figure 6: Analytical vs. numerical results for the (a) vertical displacement and (b) the polar stresses developed along “Path 17.

Recapitulating the data of the validation procedure, it can be definitely concluded that the numerical model approaches
the analytic solution in an excellent manner. Therefore, it is safe for the model to be used for a thorough parametric ana-
lysis of the role of the (quite a few) factors, which are expected to crucially affect the overall mechanical response of the
multi-layered ring, in case it is subjected to various combinations of the three constituent loading schemes considered
(internal and external pressure and parabolic variation of radial stresses). Moreover, the results of the present section, besides
validating the numerical model, indicated that the actual stress distribution along the contact arc at the ring-jaw interface is
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rather insensitive to whether the disc squeezed between the ISRM jaws is compact or hollow, i.e., ring (either it is homo-
geneous of it consists of successive layers with different mechanical properties), at least for low to moderate values of the
externally applied load and provided relatively thick-walled rings are considered.
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Figure 7: Analytical vs. numerical results for (a) simple and (b) complex loading schemes. Blue lines correspond to radial stress while

red ones correspond to transverse stress.

Parametric numerical analysis
The as above exhaustively validated numerical model is now used for a parametric analysis. In this direction, a series of

new models was constructed for the most complicated loading constituent, i.e., the parabolic pressure. Three parameters
were taken into account in the present study, the influence of which is expected to be more crucial. These parameters are:
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a. The modulus of elasticity of the intermediate ring, Fo.

b. The thickness of the intermediate ring, £#=Ks-Ro, keeping the ring’s outer diameter constant, i.c., increasing # results to
decrease of the thickness of the outermost ring, =R4-Rs.

c. The contact length, or equivalently the length of the loaded arc, 2w., assuming that the overall externally imposed load
is kept constant. In this case the jaw was not taken into account. Concerning the distribution of the pressure applied
along each contact arc, it was determined by taking advantage of Egs.(1).

The numerical values assigned to each one of the three parameters studied are summarized in Tab. 1. In addition, the
variation of the applied pressure for the values considered for the length of the half contact arc w, is plotted in Fig.8. As it
is expected, by decreasing the length of the loaded arc (while keeping the overall load constant) the amplitude of the distri-
bution increases, leading to increased stress concentration in the immediate vicinity of the loaded arc, which in turn
increases the possibility for premature failure in this region of the ring. This aspect should be carefully taken into account
in case the external layer of the ring is made of relatively brittle materials.

Parameter Values

E» [GPa] 5.0 7.5 12.5 15.0 17.5 20.0
% [mm] 1 2 3 5 6
wo [deg] 1 3 5 7 9 11

Table 1: The numerical values assigned to each parameter.

1800 |

—w,=12.3 deg

=, =11.0 deg
1350 ¢ —,=9.0 deg
©,=7.0 deg
= 900 | —,=5.0 deg
= —,=3.0 deg
e =, =1.0 deg

(o) > a
450 ]

/
Oﬂz—g"—l—(ﬁ

76 78 80 82 84 86 88 90
0 [degrees|

Figure 8: The variation of the pressure applied on the ring for various w,-values.

RESULTS AND DISCUSSION

The influence of the elastic modulus of the intermediate ring, E,
he displacement along the loading axis (i.e., y-axis) developed all over the ring’s area is presented in Fig.9a for the
I reference model. Its variation along y-axis for various E» values is exhibited in Fig.9b. It is interesting to observe
that, although the values of E, vary within a relatively wide range (from -50% to +100% of the respective value of
the reference model), the displacements along jy-axis are more or less insensitive to this variation. The maximum
difference does not exceed 3% and it is observed for E;=20 GPa.
On the contrary, the stresses developed in the ring are much more sensitive to the changes of Es. To enlighten this point
(and considering that the polar reference system is much more convenient for the specific application), the variation of the
transverse stress (oy) along the loaded diameter is plotted in Fig.10 for all E; values studied. It is seen that the influence of
E; is very strong, especially at the interface points between the constituent rings. As it is perhaps expected, the “stress jump”
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is amplified as the difference of the modulus of elasticity of ring 2 from the elastic modulus of the adjacent ring increases.
Therefore, the variation of gy from ring 1 (innermost) to ring 2 (intermediate) is smoother when E>=20 GPa while from
ring 2 to ring 3 (outermost) the variation is smoother when E>=5 GPa. It is also noted that o is negative all along rings 2, 3
(along the specific path) for all E» values studied, while it changes sign somewhere along ring 1.

The variation of the polar stresses developed along the interfaces is quite interesting. For the interface between rings 1, 2
and more specifically along the outer periphery of ring 1 (Fig.11a), o is affected more severely. When the value of Ejis
between the elastic moduli of the two surrounding rings, the variation of g is again very smooth with small variations. For
E><10 GPa the transverse stress becomes larger as 0 increases while the opposite is true for E2>10 GPa. It is also seen
from the same figure that the values of g,y developed along the interface are of the same order of magnitude with a.
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Figure 9: (a) The distribution of the u, component of the displacement field in [m]. (b) The variation of u, along “Path 1” for various
values of the elastic modulus of the intermediate ring (E>). The colours of the lines of the graph are in agreement to the colour code of
the embedded figure.
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Figure 10: The transverse stress along “Path 17 for various values of the elastic modules, F», of the intermediate ring. The colours of the
lines of the graph are in agreement to the colour code of the embedded figure.
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As the modulus of elasticity of ring 2 increases, g also increases, attaining its maximum value when ¢~65°. The radial stress
also attains its maximum value when 0 is equal to about 65°, although a slight “move” to a lower value of f is observed as
E» increases. It is also to be noted that the changes of ¢; are not significant all along the outer periphery of ring 1.

The variation of stresses along the inner periphery of ring 3 (interface between rings 2 and 3) is plotted in Fig.11b. It is
clear that the variation of both radial and shear stresses is qualitatively similar to the respective one along the outer peri-
phery of ring 1 but their magnitudes are lower. The radial stress attains its maximum value when 6 is equal to about 60° and
the differences are mainly detected when ¢ varies from about 75° to 90°. Concerning the shear stress, it attains its maximum
value when ¢~70°. In addition, it seems that the exact position of the maximum shear stress “moves” slightly to larger ¢
values with increasing E». On the other hand, the variation of the transverse stress is monotonous all along the specific
path, contrary to what it was observed along the outer periphery of ring 1.
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Figure 11: (a) The variation of the polar stresses along “Path 2” (outer periphery of the innermost ring) for various Ej-values. (b) The
variation of the polar stresses along “Path 3” (inner periphery of the outermost ring) for various E»-values.

The influence of the thickness of the intermediate ring, t;

The effect of the thickness of the intermediate ring on the variation of stresses along the outer periphery of ring 1 (Fig.12a) is
very similar to the one presented in Fig.11a (where the parameter studied was the modulus of elasticity of ring 2) both
qualitatively and quantitatively. For =4 mm (reference model) the variation of ¢ is again smoother. For <4 mm g in-
creases with increasing ¢ while for >4 mm oy increases with decreasing 6. The shear stress, on the other hand, increases
continuously with increasing # and its maximum value is again detected around 6~65° independently of the values of #
considered here. Increase of # leads also to increase of the radial stress developed. Again its maximum value seems to
“move” slightly towards larger ¢-value as # increases.
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The variation of stresses along the inner periphery of ring 3 is exhibited in Fig.12b and it is similar to the respective one in
Fig.11b. However, and despite this qualitative similarity, the thickness of the intermediate ring affects more the stress field
along the inner periphery of the outermost ring 3. The differences are generally larger, especially around =00 and =90e.
This is true for both radial and transverse stresses. On the contrary, the shear stress attains its maximum value at §~65° when
=1 mm while as % increases the maximum shear stress appears at slightly larger values of 0.
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Figure 12: The vatiation of the polar stresses developed along (a) “Path 2” - outer periphery of innermost ring and (b) “Path 3” - inner
periphery of outermost ring for various values assigned to the thickness of the intermediate ring ().

Another interesting point is that the contact length between the outermost ring and the jaw, as well as the pressure applied
along it, are only slightly influenced by the thickness of the intermediate ring, as it can be seen in Fig.13. The lower # is,
the smaller the contact length is (i.e., for =1 mm, 2w,=23.34° while for =6 mm, 2w,=24.67°) and the lower the
maximum pressure applied on the ring is (keeping the externally applied displacement on the jaw constant).

The role of the contact length, 2w,

Keeping the “total” pressure applied constant and at the same time narrowing the contact length w,, results to interesting
changes of the polar stresses developed along the interfaces. It is recalled here that the specific parameter is studied for an
isolated ring rather than the ring-jaw complex. Therefore the contact length for the reference model is here set equal to
that obtained during the validation procedure, which was equal to 2w,=24.60.
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Figure 13: The variation of the total pressure applied on the ring for various £-values.
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periphery of outermost ring for various values assigned to the half contact length (w.).
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Indeed, along the outer periphery of ring 1 (Fig.14a) the transverse stress on seems to be almost independent of the
contact length for w,=5°. The changes are noticeable only for w, <5° and the respective variations are almost similar to the
aforementioned ones (attaining of course larger values). The same is more or less true concerning the shear stress. As the
contact length becomes narrower, the shear stress increases (the changes are larger as w, decreases) attaining its maximum
value at about 6~70c. Similar conclusions are drawn, also, for the variation of the radial stresses.

The variation of the transverse stress gy along the inner periphery of ring 3 is exhibited in Fig.14b. As w, decreases the
changes of & are more pronounced and the maximum difference recorded is equal to about 15% for w,=3° (in comparison
to the reference model for which w,=12.33°). In case w,=1°, almost half of the periphery is affected and the difference
now reaches about 30%. The radial stress is also strongly affected, reaching 50% larger value at 6=90° when w,=1°
compared to the respective stress when w,=12.33°. Concerning the shear stress, it is again larger as w, decreases attaining
its maximum value around 6=70°.

CONCLUSIONS

n analytic solution for the mechanical response of a multi-layered ring under a combined loading scheme,

including both uniform internal and external pressure and also parabolic distribution of radial stresses along two

finite arcs of its external periphery was introduced. The solution was obtained in series form with the aid of
Savin’s pioneering approach for the infinite plate with a hole strengthened by rings. The main advantage of the analytic
procedure described is that it is capable of providing the full-field stress- and displacement-fields for any combination of the
three constituent loading schemes considered. As an application the three-layered ring was studied due to its increased
practical importance.
In order for a closed form full-field solution to be achieved, some critical assumptions were adopted, besides the familiar
ones related to the linearity, homogeneity and isotropy of the ring’s constituent materials. These assumptions are related
to the ideal bonding between the ring’s successive layers, the absence of any kind of friction and the distribution of radial
stresses along the loaded arcs, which was considered of parabolic nature, in accordance with the respective distribution for
an intact disc compressed between the jaws suggested by ISRM for the implementation of the Brazilian-disc test.
The analytic solution was used to validate a flexible numerical model, in the direction of implementing thorough parametric
studies. The advantage of the numerical model was the fact that it considered the ring and the jaw as a system of elastic
bodies in equilibrium, approaching experimental reality in a much more accurate manner. The model was exhaustively
validated taking advantage of the analytic results. During the validation process it was concluded that the actual stress
distribution along the contact arc at the ring-jaw interface is more or less independent of some crucial geometric character-
istics. In fact, it was proven that the specific distribution in case the body compressed between the ISRM jaws is intact
(disc) does not exhibit significant differences compared to the respective distribution for a body weakened by the presence
of a circular hole (irrespectively of whether it is a homogeneous ring or a ring consisting of successive layers with different
mechanical properties). In general, the assumptions adopted during the formulation of the analytic problem for the
loading scheme of the isolated ring were in excellent agreement with the conditions along the ring-jaw contact arc
obtained by the numerical study of the ring-jaw complex.
The parametric study revealed quite a few interesting aspects concerning the influence of three critical parameters on the
stress- and displacement-fields developed in the multi-layered ring. Generally speaking, this influence is of complicated, non-
monotonous nature, rendering further parametric analysis with simultaneous variation of these parameters unavoidable.
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ABSTRACT. An alternative design philosophy, for structures equipped with control
devices, capable to resist an expected earthquake while remaining in the elastic
range, is described. The idea is that a portion of the earthquake loading is under-
taken by the control system and the remaining by the structure which is designed
to resist elastically. The earthquake forces assuming elastic behavior (elastic forces)
and elastoplastic behavior (design forces) are first calculated according to the
codes. The required control forces are calculated as the difference from elastic to
design forces. The maximum value of capacity of control devices is then compared
to the required control force. If the capacity of the control devices is larger than
the required control force then the control devices are accepted and installed in
the structure and the structure is designed according to the design forces. If the
capacity is smaller than the required control force then a scale factor, «, reducing
the elastic forces to new design forces is calculated. The structure is redesigned and
devices are installed. The proposed procedure ensures that the structure behaves
elastically (without damage) for the expected earthquake at no additional cost,
excluding that of buying and installing the control devices.
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INTRODUCTION

ver the past few decades various control algorithms and control devices have been developed, modified and
investigated by various groups of researchers. The works of Yao, 1975, Housner et al., 1994, Kobori et al., 1998,
and Soong 1998 are representative [1-4]. There have been some attempts to connect the control forces with the
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design codes. Yang et al. 2003 [5] suggested the maximum control force to be a percentage of the building weight, while
Cai et al.,, 1997, [6] give this force as a portion of the seismic force. Lee et al., 2004, [7] determined the upper limit of
control force based on the response spectrum of the external earthquake.

During the past years the design philosophy of new structure was to design stiff structures with high strength to resist the
earthquake in the elastic range. After that the design philosophy moves one step further. Using the ductility of the
material, structures were designed to resist lower level of earthquake forces within the elastic range but to have adequate
ductility in order to face the attack of stronger earthquakes and prevent them from collapse. This drives to lighter
structures compared to the previous structures and more economical. However, the capacity design and the reinforcement
details increased the cost. Taking in account the cost of repair of the retrofitting of structure, after a strong earthquake,
the design of ductile structures should be under consideration.

The design philosophy proposed here is to use control devices installed in the structure and provide a reservoir of
strength, stiffness or damping, necessary for preventing the structure from damage when an expected earthquake will
occut. Thus, the control system will drive the structure to behave in the elastic range when it is attacked by the expected
earthquake and no damages will occur. As far as the cost is concerned, it is possible to achieve substantial savings by
avoiding retrofit of structure during the lifetime of structure and utilize these savings for installing a control system. A
systematic procedure to achieve the above objective is proposed in this work.

DESIGN PROCEDURE FOR STRUCTURES EQUIPPED WITH A CONTROL SYSTEM

he evolution of the design philosophy of structures passes through different stages. Fist the engineers design stiff

and massive structures in order to behave elastically during the expected earthquake. As years passed and damages

were observed after earthquakes the design philosophy was moved from the resistance of structure to energy
dissipation capacity of the structural elements and design of structures with an overall ductile behavior. This drives
engineers to perform capacity design for structures. This philosophy is nowadays included in all current design regulations.
However, observing the damages to the structures that were designed with the latter philosophy and making calculations,
the repair cost of the capacity design emerged and came into consideration. The answer to the previous consideration is
the new and proposed design philosophy where the structure is oriented to capacity design equipped with control devices
that will absorb a portion of seismic energy induced to the structure and as a result to keep the structure in the elastic
range. The three design philosophies are depicted in Fig. 1. The proposed design procedure for the spectrum is calculated
in such a way that one portion of earthquake forces is taken by the structure and the remaining ones are taken by the control
devices.

First design Second design philosophy: Third design philosophy:
philosophy: Energy dissipation capacity Structural control
Elastic design for and an overall ductile Installation of control devices
structure behavior, Capacity Design Elastic design for structure
ﬁ

AYSD, MRD, 'SVD,
SFD, AMD, ALD_.

oM
Plastic
hinges No Plastic
hinges

il L] il

Figure 1: The three design philosophies of design of structures.
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Initially, the controlled structure is designed based on a design spectrum provided by the pertinent code (Eurocodes) with
a specific level of ductility. The required control forces that will take a portion of earthquake forces are calculated as the
difference from forces obtained from the elastic spectrum to those obtained from the design spectrum. The maximum
value of capacity of the control devices is compared with the required control force. If the capacity of the control devices
is larger than the required control force then the control devices are accepted and installed into the structure. If the
capacity is smaller than the required control force then a control device with larger capacity should be chosen or more
devices per floor should be installed

In case the maximum available control device capacity is smaller than the required control force, or, there is a limitation to
the number of control devices, then using an iterative procedute, a scale factot, «, higher than the value 1/q that reduces
the elastic response spectrum is calculated. The structure is redesigned based on the new reduced spectrum by scale factor, a,
and then the devices are installed into the structure. The flow chart of the procedure is shown in Fig. 2 with a solid line.
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Figure 2: The flow chart of the proposed design procedure.

Estimation of scale factor, a.

From the elastic seismic forces and the maximum capacity of the control device a scale factor « is obtained and applied on
the elastic spectrum. Knowing the mass and initial stiffness of the structure the eigenmodes @i, cigenperiods T; or
eigenfrequencies f; and the corresponding damping ratios & of the uncontrolled system atre obtained.

The patticipation factor §;, and elastic seismic forces Fqe; for the ith eigenmode ate given as:

®'ME

bi=———, i=lL..n )
@ M,

Fq,e/,i = MCDZ '//z"S‘e,z’(Tisé‘)r /= 1""’” (2)

where E is the direction matrix for the earthquake and S¢;(T;, &) is the elastic spectral acceleration. The maximum elastic
seismic forces Fq. for each degree of freedom are obtained combining the Square Root of Sum Squares method (SRSS)
the elastic seismic forces from each eigenmode, thus:
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C)

If Famax is the maximum control device capacity (maximum possible control force), then the maximum control force that
can be applied on the system is:

Fd,max = Ef Fd,max (4)

where Eg is the location matrix for the control devices on the structure. Assuming that one patt, up to Fymax, of elastic
seismic forces are carried by control devices, the remaining seismic forces which go directly and force the structural
elements are:

[Byo—sign(B By if ‘Fq‘ >Fy
Fq, new 0 if ‘Fq‘ < Fd,max ?

Fq new is a vector with n forces, where n is the degree of freedom of the system. These forces correspond to a reduced
spectral acceleration. From Eq. (2) this new spectral acceleration Sajnew(T5, &), corresponding to new seismic forces, can be
obtained:

1
Sd,i,ne\v (Tl ’gi ) = T’, i:l,...,n (6)

The reduction factor o can be obtained by dividing the new spectral acceleration Sqjqew(Ti, &) by the corresponding initial
one:

Sqinew (Ti>&;
L L) I ™
Se,i(Ti’gi)

The elastic spectrum is scaled using the maximum value of «; and the structure is redesigned based on the reduced
spectrum. The value of a is:

o = max(a; ) ©)

In order to ensure a linear behavior of the structure, dynamic control analysis is performed for a range of earthquakes
(high and low frequency characteristics), with saturation control and time delay. If the response satisfies the elastic criteria,
then the value of « is accepted, otherwise it is slightly increased and the above procedure is repeated. The flow chart of
this procedure is shown in Fig. 2 with a dashed line.

The equation of motion of a controlled structural system with n degrees of freedom subjected to an earthquake excitation
ag in the state space approach is:

X=AX+Ba +BF ©)

The matrixes X, A, By, Br are given by

> -1 -1 > Tg T _ > of -1
Y 2nx1 M K -M C E 2nx1 M Ef 2l

2nx2n
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whete M and C denote the mass and damping matrices of the structure, respectively, Kaey is the new stiffness matrix of
the redesigned structure, and F is the control force matrix. The control force F is determined by linear state feedback as
follows:

F=-G,U-G,U=-[G, GZ]B}:—GX (11)
G is the gain matrix, which will be calculated by pole assignment method and according to the desired poles of the
controlled system.

If the response obtained for the controlled system satisfies the design criteria, then the reduction by q or by a scale factor,
o, is accepted. In this work a representative design criterion was used, that the story drift does not exceed h/300 (where h
is the story height). This value does not cause member yielding. In a similar way, additional design criteria concerning the
rotation and strength of structural members can be used. The above procedure was tested for a number of numerical
simulations, and some representative examples are presented next.

RESULTS AND DISCUSSION

he proposed approach is demonstrated by means of numerical example where an eight-story building, described in

the work of Yang et al, 1995 [7], is analyzed. Initially the elastic and design spectra are calculated based on

Eurocode 8 (EC8) seismic code.
Based on those spectra and on dynamic characteristics of building the seismic forces Fq; for each eigenmode and their
combination are calculated for both elastic and design spectrum. The seismic forces which are obtained from elastic and
design spectrum and their differences are shown in Fig. 3(a). Assuming that the control devices are installed on each floor
and the maximum capacity is 1000kN, following the proposed procedure the scale factor « is calculated to be equal to
0.49 or the equivalent reduction from the elastic spectrum 1-o which is equal to 51%. The elastic and design spectra and
the reduced spectrum by 51% from the elastic spectrum, for which the structure will be redesigned, are illustrated in Fig.
3(b).
In order to ensure that the structure remains in the elastic range after redesigning, dynamic time control analysis history,
with saturation control and time delay, for a wide range of earthquakes should be performed. The numerical simulations
were performed in Simulink toolbox of Matlab software. The numerical simulation of the control scheme is desctibed in
Fig. 3(c).
The response (displacement and acceleration) of the system subjected to Athens earthquake 1999 were calculated. From
the numerical results it was seen that full compensation of the displacements was achieved. According to the work of
Yang et al. (2003) when one control force corresponds for each degree of freedom then complete compensation of the
response can be achieved and the response state vector can be reduced to zero. Another reason that the relative
displacements are near to zero is that the elastic response spectrum of the Athens earthquake are lower than the elastic
spectrum that was used initially for the design procedure. The acceleration is equal to the external signal and the building
behaves like executing a rigid body motion. The control forces are identical, with maximum value at 917 kN and rms
value at 134 kNN, because the mass of each story is the same. The storey drift between the floors was not exceeded the
limit value h/300=10 mm. Time history of displacement and the acceleration from 8th floor for the controlled and
uncontrolled structure is shown in Fig. 4.

SUMMARY AND CONCLUSIONS

procedure to design a structure equipped with control devices is described. The structure is designed based on a
reduced spectrum. A scale factor o which multiplies the elastic spectrum and produces a reduced spectrum is
proposed. The design philosophy is that one part of seismic forces are taken by control devices and to the rest of
earthquake forces taken up from the structure. The numerical results indicate that reduction of the spectrum can be
achieved using control devices. The cost of repairing the post-earthquake damages of an uncontrolled structure which was
design based on ductility demand can be considered as a motivation to install a control system which will keep the
structure in the elastic range. The control system is acceptable if the results obtained from the dynamic control analysis
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keep the structure within the elastic limit. Design criteria such as inter-story drift which shouldn’t exceed a specific value
that causes yielding of the structural members could be used in order to ensure elastic behavior.
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Figure 3: The difference between elastic and design forces for each story, (a), the elastic and design spectrum, (solid lines), and the
reduced elastic spectrum (dash line) for the structure with control devices, (b). Model and control scheme in Simuling toolbox (c).

134



Z
s N. G. Pnevmatikos et alii, Frattura ed Integrita Strutturale, 40 (2017) 129-136; DOI: 10.3221/IGF-ESIS.40.11

(m)

Displacement 8th

@)

Acceleration 8th (m/secz)

(®)

Time (sec)

Figure 4: Displacement and the acceleration from 8t floor for the controlled and uncontrolled structure.

The proposed procedure was applied to 8-story building and the numerical results show the effectiveness of the
procedure. The control system helps the structure not only to reduce the maximum response (displacements and
accelerations) and keep it in the elastic range, but also to perform at much lower level than the maximum response values.
This is proved by comparison of the root mean square (rms) values with the maximum values of response. The proposed
design procedure seems to be an effective tool for designing controlled structures although further numerical research and
experimental verification are needed. Additionally, the methodology should be applied to a space and irregular structures
with significant participation of higher modes and with torsional effects.
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ABSTRACT. The scatter degree of the fatigue samples is reduced when the
nodal force based structural method is used for steel welded joints, while it is
still high for aluminum alloy welded joints. Statistical method and rough set  citation: Zou,, I, Yang, X., Tan, J., Sun, Y.,
theory is used to fatigue analysis so that fatigue characteristic domains are SN curve modeling method of Aluminum
5 . . alloy welded joints based on the fatigue
determined and S-N curves are fitted. Experiment results show that fatigue characteristics domain, 40 (2017) 137-148.
life of the aluminum alloy welded joints is under the influence of some key
factors and the fatigue data with the same characteristics distribute in a  Received: 09.11.2016
relatively independent area. Accordingly, a novel S-N curve modeling method ~ Accepted: 10.01.2017
: C . . . Published: 01.04.2017
of aluminum alloy welded joints based on the fatigue characteristics domain
is proposed. In the proposed method, the nodal force based structural stress —Copyright: © 2017 This is an open access
. . . A article under the terms of the CC-BY 4.0,
method is used for stress calculation and neighborhood rough set theory iS  which permits unrestricted use, distribution,
used for character extraction to obtain the key factors. Then fatigue 2ndreproductioninanymedium, provided the
L. ) L. . original author and source are credited.
characteristics domains are divided and S-N curves are fitted on each fatigue
characteristics domain instead of on the whole domain so that a set of S-N
curves are obtained. Statistical results show that selection of the S-N curve for
the aluminum alloy welded joints according to different fatigue characteristic

domain is more accurate.

KEYWORDS. Welding; Fatigue; Structural stress; Rough set theory; S-N curve.
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INTRODUCTION

s a traditional processing technique, welding has been widely used in many fields, such as mechanical manufacturing,

acrospace, transportation, etc. The fatigue analysis and life prediction of a welding joint are directly related to the

stability and safety of the whole structure. Currently, the nominal stress method and the nodal based structural
stress method are two most commonly used welding fatigue analysis and prediction methods.
The nominal stress method is the first routine way to get theoretical and experimental research in fields of engineering
fatigue design, strength assessment and life prediction of welded structures. In various industry fields, its method and data
has been widely standardized, and it has been maturely applied to the actual project. But because of the existence of various
preconditions and regulations, choice of the S-N curves is uncertain in this method. How to accurately select the S-N curve
and to calculate the stress are the most important problems which cannot be solved in this method.
The nodal force based structural stress method is a new type of fatigue life prediction technology for welded structure
proposed by Dong [1]. In this method, the finite element technique is used to compute the structural stress through nodal
force. Currently, the nodal force based structural stress method is one of the most striking engineering technologies for
fatigue analysis of welded structures due to its mesh-insensitive hot spot stress calculation, higher fatigue life prediction
accuracy and the broad applicability [2]. Dong et al. reprocessed thousands of fatigue test data of the steel welded joints in
the last 50 years [3]. According to the linear regression analysis, the main S-N curve of fatigue design based on equivalent
structural stress (Eq. SS) range is determined.
In this study, first of all, fatigue data of aluminum alloy welded joints is collected and the fatigue database is obtained from
related literatures. Then, S-N curves are fitted based on the nodal force based structural stress and the scatter degree of
fatigue data is computed. Subsequently, neighborhood rough set theory is used for knowledge reduction to find the core
among the many factors which influence the fatigue life of aluminum alloy welded joints. Finally, the fatigue characteristics
domain is established according to the reduction result of neighborhood rough set theory and S-N curves are fitted
subsequently in each domain.

RELATED WORKS

-N curve is the main tool to analyze and predict fatigue lifetime of a metallic material, component or structure. A

large number of domestic and foreign scholars have devoted themselves to the study of the S-N curve modeling

method. Monotonic test based empirical fatigue formulae and a Wholer field mathematical model is combined and a
new formula for developing full range stress life curves for medium strength steels is proposed [4]. The importance of
employing material specific S-N curves with appropriate stress concentration factors for special connection details and
correct damage accumulation methods is highlighted. The fatigue crack growth of a double fillet weld with the existence of
a semi-elliptical crack is studied [5]. The constant amplitude loading is applied where the influence of the load ratio over the
fatigue life is presented. A new probabilistic model is proposed [6], where the model parameters are estimated with an EM
algorithm for which the Maximisation step combines Newton-Raphson optimization method and Monte Carlo integrations.
A new method that assumes linear change of scatter according to stress levels is developed in [7]. The algorithm derives
from maximum likelihood estimation and general Newton's method. A study has been carried out to establish which
confidence level in the estimation of the characteristic S-N curve from limited data [8].The results of the study provide a
new way to optimize fatigue design whenever it is costly or time-consuming to achieve many reliable test data. A unified
statistical model which can take into account any number of failure mechanisms and the possible presence of the fatigue
limit is presented [9]. The adaptability of the statistical model to the S-N curves proposed in the open literature is
demonstrated by qualitative numerical examples.
Generally speaking, fatigue behavior of welded components is influenced by many factors such as temperature, material
type, load type, ratio and etc. Up to now, many researchers have devoted themselves to this research and initial achievements
have been obtained. For example, plate thickness factor is considered and a new analytical formula of fracture toughness is
proposed based on the energy theory and linear elastic mechanics [10], which would significantly reduce the calculation
cycle of remaining life of structures in structural integrity assessment of welded structures. Crack initiation potential in
materials containing defects is investigated numerically by focusing on defect types, size, shape, location, and residual stress
influences [11]. Results show that the crack initiation potency is higher in case of serious property mismatching between
matrix and defects, and higher strength materials are more sensitive to soft inclusions. Near-threshold fatigue crack growth
tests are conducted at various stress ratios and different pre-cracking locations of a 25Ct2Ni2MoV welded joint by using
load-shedding procedure at room temperature to investigate the transition behavior of fatigue crack growth curve [12].
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Results show that there exists a transition point in the fatigue crack growth curve in the near-threshold regime, and the
stress intensity range of the fatigue threshold decreases with the increasing of stress ratio.

Currently, there is still a lack of an objective and comprehensive evaluation of the great many factors which influence the
fatigue life of the welded structure. To establish the mathematical model of different influence factors, neighborhood rough
set theory is used to find the core factors which influence the fatigue life of the aluminum alloy welded joints based on the
data itself rather than on any other prior knowledge. Fatigue characteristics domains are then determined according to the
key influence factors and the S-N curves are fitted in each domain subsequently.

METHODOLOGY

Basic Principle of the Nodal Force Based Structural Stress
T he normal structural stress at each node from elementary structural mechanics theory is given by

Oy =O0n + Oy (1)
o, =/t @
o, = 6mel ©)

where f,=Fy/l, m.=M /I is the line force and moment in the weld tow shown as Fig. 1, I, is the nodal force, M.is

the moment around the weld toe.

i Sx) :

Y
Fyi | X V3%
E: [ > :
! element !

Figure 1: Definition of linear force.

Fracture mechanics is employed to estimate the fatigue life of welded joints. The stress intensity factor in crack propagation
theory can be calculated as [2]:

AK = (Ao, £ (al 1)+ Ao, f(al D), )

where 4 is the crack depth, 7 is a ratio of actual thickness t to a unit thickness. f, (a/t) and f,(a/t)are membrane stress

and bending stress as a function of crack growth degree respectively. According to the Paris crack growth law, the prediction
of the life cycle from an infinitesimally small crack to final failure can be expressed as:

S fd(alt) 1 a2 Y
N = - " 2(A I 5
J caryaky ¢ Ao ®)

alt=0 kn

whete My, =K / K, is the notch stress magnification , K tepresents the total K due to both the far-field stress and the local
notch stress effects and K, represents only the far-stress contribution to the stress intensity factor. I(7) is a dimensionless

function of rand s the crack growth exponent, which is set to be 3.6 in ASME [13]. A Master S-N curve can be established
according to Eq. 6 based on a set of welding fatigue data. The Eq. SS can then be expressed as:

U (Ac,) " I(r) ©)

e =
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where # is dimensionless the equivalent Ac, retains a stress unit.

Neighborhood Rongh Set "T'heory

Founded by Pawlak, rough set theory [14] aims to find the inner links of the massive, imprecise, incomplete and uncertain
data, it has become an important tool to study granular computing theory nowadays [15]. However, the tradition rough set
just works in discrete spaces and it can’t deal directly with the numerical data that widely existed in the practical application.
When dealing with the numerical data, discretization is first done to transform the numerical value into the symbol value
[16, 17]. This transformation inevitably brings about information loss and the computing results usually depend largely on
the effect of discretization algorithm. To deal with this problem, a neighborhood rough set model is proposed based on the
definitions of ¢ neighborhood and neighborhood relations in metric spaces [18, 19]. Several foundation definition of
neighborhood rough set theory including § —neighborhood , lower and upper approximations, dependency degree,

significance of the attribute, reduction and core are first introduced here.
Definition 1 6 — neighborhood

U is a2 non-empty finite set in the real number space, Vxi €U , the 0 -neighborhood of xi is defined as
O(xi)={xelU,A(x,x)) <} ©

where A is a metric function, Vxi,x2,x3€lU , it satisfied A(x1,x2)>0 , A(x,x2)=0 if and only if x1=x2 ,
A(x1,x2) = A(x2,x1) and A(x1,x3) < A(x1,x2) + A(x2,x3) . The family of neighborhood granules {o(xi)|xie U} forms an

element granule system for a given mettic space< U,A > . We have Vxie U,0(xi) # ¢ and Uer 0(x)=U . A neighborhood

relation N can be written as a relation matrix M (N) = (ry)nx» , where rij =1 if x; € 5(x:) or rij =0otherwise.
Definition 2 Lower and upper approximations
The lower and upper approximations of X in terms of relation N for a given <U, N > are defined as

NX ={xi|6(xi)c X, xieU}, ®

NX ={xi| 6(x)N X # ¢, xi U}, )
The boundary region of X is

BNX = NX — NX, (10)

Definition 3 Dependency degree
The dependency degree of the decision attribute D to the condition attribute B is defined as

75(D) =%, (11)

It is obvious that 0< y,(D)<1.1fy,(D) =1, we say D completely depend on B otherwise D is y -depend on B.
Definition 4 Significance of the attribute

Given a neighborhood decision table< U,C,D,V, f >, B & C,a€ C-B, the significance of a to B is defined as
SIG(a,B,D) =y ,(D) = y5(D), (12)

Definition 5 Reduction

Given a neighborhood decision table<U,C,D,V, f >, BEC, we say the subset of attributes B is a reduction of C if
v3(D)=y-(D) and Vb e B,y,(D) >y, , (D).

Definition 6 Core
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Given a neighborhood decision table <U,C,D,V, f >, all reductions consist of By,By,...B,, the core of is defined as
core = ﬂBi .
i=1

A kind of forward greedy reduction algorithm is used for the neighborhood decision table in this work, as is shown in the
following Fig. 2, where ¢ is the threshold of the significance of attribute and its value is close to 0.

‘ Input <U,C,D,V.f>, 5, € ‘

‘ For ai € C-Red, compute S/G(ai,Red,D) ‘47

l

‘ Select ak , ar=maxi(SIG(ai,Red, D)) ‘

SIG(ak,Red D)> ¢
N

Red U ax— Red

Figure 2: Reduction algorithm.

Three Types of Fatigue Stress-life Relations
Up to now, there are three types of mathematical expressions to describe the S-N curve, including Basquin [20], Langer [21]
and three parameters stress-life model [22]. Among which, Basquin model is the most commonly used form, as is shown as

S"N=C, (13)
where, m and C are constants related to material types. Take logarithm on both sides, we get
lgS=A+BlgN (14)

where, A=1gC/m, B=-1/m.

Besides Basquin model, Langer model and the three parameters model are the other two models commonly used for fatigue
analysis. The Langer model is shown as Eqs. (15) and the three parameters stress-life model is shown as Egs. (16).

eN=C (15)
(§-S,)"N=C (16)

In this work, three types of the fatigue stress-life relations are all used for S-N curve fitting of the aluminum alloy welded
joints. Then, statistical results of the three relations are compared and the best one is selected.

NOVEL S-N CURVE MODELING METHOD

Establishment of Fatigue Database
fter a review of relevant literature [23, 24], fatigue data of aluminum alloy welded joints is collected and fatigue
A database is built up. The total number of samples in the database is 64, and S-IN curves are fitted on basis of these
samples. Totally, there are four types of welding methods including MIG, GMAW, T1G and Manual Arc, five kinds
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of material types including 5083H11, AIMg4MnCr,AIMgSil,NP5/6 and HP30, four kinds of plate thicknesses including
10mm2,2.5mm2,3mm and 4.8mm, three kinds of Ratio including 0, 0.1 and 0.5, two kinds of load types including 4B and T, three
types of joint types including TJ:p, LJ_DS:p, and S]_DS:p. Limited to the space, only part of the experiment data is shown
as below in Tab.1. It only includes fatigue data of crack initiation from weld toe, excludes that from weld and base metal.

Material Welding  Thickness Load Joine [lominal  Eg.stuctural stress Life

type method (mm) Ratio type type stress range Cycles
(MP2) (MP2)

5083H11 MIG 10 01 4B TJp 120 161 62700
5083H11 MIG 10 05 4B TJp 90 121 213750
AlMg4MnCr GMAW 25 01 T LJ_SSp 45 174 31260
AIMg4MnCr GMAW 2.5 01 T  LJ_SSp 35 135 52040
AlMgSil TIG 3 0 T LDSp 53 160 85920
AlMgSil TIG 3 0 T LDSp 32 97 323460
NP5/6 Manual Arc 48 0 T S|_DSp 46 116 188000
NP5/6 Manual Arc 48 0 T S.DSp 31 77 1250000
HP30 Manual Arc 48 0 T S_DSp 62 155 188000

Tablel: Part fatigue data of the aluminum alloy welded joints.

Fitting of S-N Curves

According to the three fatigue stress-life relations mentioned in the three types of fatigue stress-life relations section, S-IN
curve fitting results using the nodal force based structural stress are obtained in Fig. 3. Comparison of goodness-of-fit
statistics including SSE, R-square, Adjusted R-square and RMSE is shown in Tab. 2.

Where, sum of squares due to error measures the total deviation of the response values from the fit to the response values.
It is also called the summed squate of residuals and is usually labeled as SSE.

SSE:Zn:a)i(yi_fi)zs (17)

i=1

R-sgnare is the square of the correlation between the response values and the predicted response values. It is also called the
square of the multiple correlation coefficients and the coefficient of multiple determinations. R-sguare is defined as the ratio
of the sum of squares of the regression ($5K) and the total sum of squares (§57T). SSR is defined as

SSR=Y 0,3, ~ 77, (18)

i=1

SST is also called the sum of squares about the mean, and is defined as
SST =3 0,(5, - 7). (19)
i=1

Where, S5T = SSK + SSE. Given these definitions, R-square is expressed as

R-square= S5R =1- SS—E, (20)

SST SST
R-square can take on any value between 0 and 1, with a value closer to 1 indicating that a greater proportion of variance is
accounted for by the model.
The adjusted R-square statistic is generally the best indicator of the fit quality when you compare two models that are nested,
that is, a series of models each of which adds additional coefficients to the previous model.
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adjusted R-square= _ SSE(n-1) 1)
SST(v)

where the residual degrees of freedom V is defined as the number of response values # minus the number of fitted
coefficients # estimated from the response values. The adjusted R-square statistic can take on any value less than or equal to
1, with a value closer to 1 indicating a better fit. Negative values can occur when the model contains terms that do not help
to predict the response.

Root mean squared error (RMSE) is also known as the fit standard error and the standard error of the regression. It is an
estimate of the standard deviation of the random component in the data, and is defined as

RMSE =JMSE = |>5E 22)
14

Similar with SSE, an MSE value closer to 0 indicates a fit that is more useful for prediction.
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Figure 3: Fitting results of the three relations.

Basquin Langer Three parameters
SSE 4.043e+04 4.853e+04 4.03e+04
R-square 0.7661 0.7192 0.7668
ﬁf;iii‘f 0.7623 0.7147 0.7592
RMSE 25.54 27.98 25.7

Table 2: Goodness-of-fit statistics.

As could be seen from Fig. 3 and Tab. 2, the fitting effect of Langer is the worst thus it isn’t suitable for this group of fatigue
data. Fitting results of Basquin and three parameters are close. From the perspective of higher application security, we
choose the Basquin model as the fatigue stress-life relation for this group of fatigue data of aluminum alloy welded joints.
Thus in this paper, Basquin model is used and the mean S-IN curve is fitted by the least square method based on the nodal
force based structural stress according to the collected fatigue data of aluminum alloy welded joints. Scatter of fatigue data
based on nominal stress and the mean S-IN curve based on equivalent structural stress in log-log coordinates are shown in
Fig. 4 and Fig.5. The goodness-of-fit statistics including SSE, R-square, adjusted R-square and RMSE by using nodal force
based structural stress are shown in Tab. 3.
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Figure 4: Fatigue data scatter based on nominal stress. Figure 5: $-N curve based on Eq. SS Range.
Mean
SSE 0.388
R-square 0.772
Adjusted R-
v 0.7683
square
RMSE 0.0791

Table 3: Goodness-of-fit statistics by using Eq.SS Range.

In the Eq. SS method, the structural stress is analyzed by nodal forces approach by considering the welded toe structural
stress concentration effect. The stress calculation results are insensitive to the finite element type, mesh shape and
dimensions in this method, so the welded toe structural stress concentration conditions for different welded joints could be
distinguished effectively. The stress parameter relevant to the fatigue lives of welds directly are defined by using the fracture
mechanics and the formula for Eq.SS transformation is determined subsequently. Based on the method of stress calculation
and transformation, the fatigue data of aluminum alloy welded joints are analyzed. Then the single fatigue design master §-
N curve, which is necessarily important in the fatigue strength assessment and life prediction, is established as in Fig. 5. As
could be seen from Fig. 4 and Fig. 5, the dispersion of the fatigue data has been reduced when Eq. structural stress is used
compared with using nominal stress. Such problems as how to select S-IN curves and to accurately calculate the stress existed
in the nominal stress method have been overcome when the nodal force based structural stress method is used.

Features Exctraction Based on Neighborbood Rough Set Theory

Besides the main stress factor, fatigue life of welded joints is also affected by other factors such as the geometry of the
welded joints, material types, welding method, load type, Ratio, thickness of the plate et al.. While at present, the analysis of
the related factors that influence the fatigue life of the welded joints is generally independent and the correlation between
each other is rarely studied. We have tried successfully to establish the mathematical model of the influence of related factors
on fatigue life by classical rough set theory [25, 26|, where attribute discretization algorithm is used for the continuous
attribute. Due to the use of discretization algorithm for continuous attributes inevitably causes the loss of information, in
this work, neighborhood rough set theory is used to deal with the continuous attribute for features extraction, according to
which fatigue characteristics domain is determined and S-IN curve in each domain is fitted.

On basis of the fatigue database established as Tab.1, the neighborhood decision table ' is built up, which could be expressed
as S=(U,GD,1f). Where U is the data set of all the aluminum alloy welded joints called the universe, A=CU D is a non-
empty finite set of attributes, C'is a non-empty finite set of the factors which influence the fatigue life of the aluminum alloy
welded joints called condition attributes, and D is the set of the fatigue life called decision attribute. Each attribute ¢ €4
can be viewed as a function that maps elements of U into a set [, The set 17, is called the value set of attribute a. In the
decision table 5, each row describes a solder fatigue life test sample of the aluminum alloy welded joints and each column
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indicates an attribute. Considering the advantages of the nodal force based structural stress, take it as the stress factor that
influence the fatigue life of the aluminum alloy welded joints in . Thus the fatigue decision system § of the aluminum alloy
welded joints is built up in this paper, where the condition attributes of S is C={material type(Cy), welding method(Cy),
thickness(Cs,z), Ratio(Cy), load type(Cs), joint type(Cy), Eq. structural stress(Cr, MPa)}, the decision attribute of S is
D={/gN}. Part data of the decision table is shown as Tab. 4.

Condition attributes Decision attributes

S

C; C: G C; GCs Cs G D
1 5083H11 MIG 10 0.1 4B T]:p 161 4.7973
2 5083H11 MIG 10 05 4B T]:p 121 5.3299
3 AlMg4MnCr GMAW 25 01 T LJ_SSp 174 4.4950)
4 AlMg4MnCr GMAW 25 01 T LJ_SSp 135 4.7163
5 AlMgSil TIG 0 T LJ_DSp 160 4.9341
6 AlMgSil TIG 0 T LJ_DSp 97 5.5098
7 NP5/6 Manual Arc 48 0 T §J_DSp 116 5.2742
8 NP5/6 Manual Arc 48 0 T  §J_DS:p 77 6.0969
9 HP30 Manual Arc 48 0 T §J_DSp 155 5.2742

Table 4: Part data of the decision table.

In the expetriment, §(Ci)=STD(Ci)/ A , A=2 , £=0.01 After attributes reduction, the reduction result of the

neighborhood decision system of the aluminum alloy welded joints is obtained, namely{ C;(Material type), Cy(Ratio),
C/(Eq. structural stress)}.

S-N Curve Modeling Based on Fatigue Characteristics Domain

In Eq. SS method, one master S-N curve is obtained at last thus the uncertain problem of S-IN curve choice has been
overcome. Compared with the nominal stress method, dispersion of the fatigue data samples in the nodal force based
structural stress method has been greatly reduced. But from the design point of view, the dispersion degree of the fatigue
data samples indicated by the value of RMSE is still relatively high, which is about 0.0791 here.

In this work, a novel §-IN curve modeling method is put forward by using the nodal force based structural stress. In the
proposed method, fatigue characteristics domains are divided on basis of the reduction result of the welding fatigue decision
system obtained by using rough set granularity theory. Subsequently, S-IN curves are fitted on each fatigue characteristics
domain rather than on the whole domain. As a result, a series of S-IN curves instead of only one master S-N curve ate
obtained at last. In the process of welding fatigue design, we should also design according to each fatigue characteristics
domain rather than in the whole fatigue domain.

The fatigue characteristics domains of the aluminum alloy welded joints are determined according to the reduction result,
that is, {Ci(Matetial type), Cy(Ratio), CG5(Eq. structural stress)} obtained by using rough set theory. All the fatigue data
samples are divided into 6 series from S, to Ss, where S1: { X EU | Xci=sossr1 and Xey=01} 52: { X EU | Xci=sossnn
and Xey=os) $3: { XEU | Xa =angainc: and Xe=o1} S4: { X EU | Xa =angsit and Xe=op S5: { X EU | Xc1 =xps/6
and Xcy=0} S6: { X EU | Xci=npso and Xcu=o}, among which, each series of fatigue test samples corresponds to a specific
fatigue characteristics domain and the determine of the fatigue characteristics domains is shown as Fig. 6.

Fitting the §-N curve in each fatigue characteristics domain and 6 Mean S-IN curves from Mean; to Meang are obtained as
is shown in Fig. 7. As could be seen from Fig. 7, fatigue data with the same characteristics scatter in a relatively independent
area. For example, the scatter of green asterisk *” which denote all the fatigue samples whose material name is 5083H11
and Ratio is 0.1 in the fatigue experiment are relatively concentrated, corresponding with characteristic domain 7.
Accordingly, the whole fatigue test samples of aluminum alloy welded joints are divided into six fatigue characteristics
domains from S/~Ss. The dispersion degree of the fatigue samples are further reduced when S-IN curves are fitted according
to each series instead of the whole fatigue samples. Six mean S-IN curves from Mean;~Meang are obtained in the proposed
method at last. The coefficients of the Basquin equation of Mean and Mean;~Means are shown in Tab. 5.
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Figure 6: Determine of the fatigue characteristics domains.

Mean Mean, Mean, Means Meany Means Meang
A 3.206 3.369 3.483 2.972 3.268 3.509 3.689
B -0.2139 -0.2398 -0.2626 -0.1844 —-0.2213 —-0.2607 —-0.2866

Table 5: Coefficients of the Basquin equation
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Figure 7: $-N curve modeling based on the fatigue characteristics domain

In the process of statistical analysis, the goodness-of-fit statistics including SSE, R-square, adjusted R-square and RMSE of
Meani-Meang are shown in Tab. 6.

Mean; Mean, Means Means Means Meang

SSE 0.0068 0.0129 0.0648 0.08228 0.0291 0.0013
R-sqnare 0.9465 0.8795 0.7263 0.7877 0.8983 0.9897
Adjusted R-square  0.9389  0.8695 0.7053  0.7665 0.8813 0.9871
RMSE 0.0312 0.0328 0.0706 0.09071 0.0696 0.0181

Table 6: Goodness-of-fit statistics of Mean;-Meang.
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Experiment Results and Analysis

As could be seen from Tab. 3 and Tab. 6, the values of SSE from Mean; to Meang based on the fatigue characteristics
domain are all smaller than that of the Mean in the whole domain. Except Means, the value of R-sguare of Mean; to Means
is closer to 1 than Mean in the whole domain. Each value of Adjusted R-square of Mean; to Meang is closer to 1 than Mean
in the whole domain. Except Means, the value of RMSE of Mean; to Meang is closer to 0 than Mean in the whole domain,
which indicates that the scatter degree of the fatigue data is further reduced when fatigue characteristics domain is divided
and S-N curves are fitted in each independent domain. Thus fatigue life prediction by using S-N curve modeling method
based on the fatigue characteristic domains would be more accurate than that by traditional master S-IN curve.

CONCLUSION

fatigue characteristics domain, thus such problems as how to accurately select the S-N curve and to calculate the stress

that existed in the traditional nominal stress method have been overcome in the proposed method. The fatigue
characteristics domain is determined by using rough set granularity theory, which can achieve knowledge acquisition relying
only on the data itself without depending on the prior knowledge or experience knowledge.
On the other hand, the entire fatigue test samples of aluminum alloy welded joints are divided into 6 characteristics domains
according to the attributes reduction result of the rough set theory, and the Mean S-IN curves form Mean; to Meang are
fitted respectively. As could be seen from Tab. 6, the value of SSE which indicates the dispersion in each fatigue
characteristics domain is significantly lower than that of the single master S-IN curve obtained in the nodal force based
structural stress method. Statistical analysis results show that dispersion of the fatigue data is reduced while the proposed S-
N curve modeling method based on fatigue characteristics domain is used. Therefore, compare with the single master S-IN
curve in the nodal force based structural stress method, to determine the design S-IN curve according to the fatigue
characteristics domain is more targeted with a lower dispersion degree. Thus the fatigue calculation results will be more
accurate if the proposed S-IN curve modeling method based on the fatigue characteristics domain is used.
Future work will be concentrated on the aspects of the application of the proposed S-IN curve modeling method based on
fatigue characteristics domain in the practical engineering practice.

I n this work, on one hand, nodal force based structural stress is used in the S-N curve modeling method based on the
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ABSTRACT. Under cyclic load, local fatigue damage will occur in the metal
damper widely used in the shear wall. This will deteriorate the stiffness of
damper and weaken the hysteresis behaviour. The present paper proposed a  Citation: Zhang, Z., Ou, ., Li, D., Zhang. S.,
new and easy method to manufacture kinds of coupling beam dampers. A Ian J, A thermography-based method for
. L. . fatigue behavior evaluation of coupling beam
thermography-based experiment was used to study the energy dissipation and  damper, Frattura ed Integrita Strutturale, 40
damage accumulation during fatigue process of the metal damper. Based on (2017 149-161.
the temperature variation related to fatigue damage process, the relationship  Received: 09.11.2016
between the plastic deformation and thermal energy dissipation was ;‘;C;;Pthed; Fpe
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quantitatively established. Besides, the relationships between the temperature
increase to damage accumulation and mechanical load were analyzed Copyright: © 2017 This is an open access
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INTRODUCTION

load carrying capability. Paulay et al. [1] employed the diagonal crossing reinforcement to improve the seismic

T he coupling shear wall structure is a very common structure type due to its strong anti-lateral stiffness and great
resistance of the reinforcement concrete. Coull [2] used the stiffing beam on the top of the shear wall to
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strengthen the structure’s integrity and improve the lateral stiffness. Fortney et al. [3-4] raised the concept of changeable
steel coupling beam, namely safety wire, was weakened to dissipate the energy via shear yielding and could be replaced
conveniently after damage. Chung et al. [5] proposed a frictional damping device in the middle of coupling beam to
decrease the response of shear wall structure under earthquake. Kim et al. [6,7] developed a compound energy-dissipation
damper component by combining high-damp rubber material with two U-Shape Steel plate. Mao et al. [8] proposed a new
shape memory alloy damper, which was applied as a replaceable coupling beam.

However, the existing coupling shear beam dampers are very complicate and are difficult for manufacturing. Besides,
there is a lack of analysis on the failure mechanism and dissipation performance. Under this background, we proposed an
easy-making shear coupling steel beam damper and also designed corresponding cyclic shear experiments to investigate
the bearing capacity and energy dissipation performance. Besides, the infrared camera is used during the fatigue test
process in order to record the temperature distribution and temperature change. The temperature signal then is used to
analyze and evaluate the energy dissipation related to local fatigue damage. Nondestructive evaluation has been used in
many areas for a long time, which includes ultrasonic nondestructive testing [9] and Infrared thermography and so on.
Based on the temperature variation, infrared thermographic method is applied to determine the fatigue performance
parameters in real time [10]. Temperature variation is a macro behavior of energy dissipation during fatigue process, which
could reflect the energy transformation during cumulative fatigue damage process and is closely related with the evolution
of interior damage [11].

Todhunter [12] studied the relationship between the temperature change and deformation. In the following 160 years, the
thermos-elasticity theory was under intensive study and was improved step by step, which has been developed as a
systematic theory [13]. Inglis [14] studied the relationship between fatigue and cyclic hysteresis energy, which motivated
scholars to study the inner relationship between the damage evolution and the energy absorbption and dissipation during
the fatigue process. As the high-speed and high-sensitivity infrared camera came out during the recent 30 years, more and
more people not only paid attention on the application of nondestructive testing, but also studied the energy dissipation
and thermal energy during the cyclic fatigue test to evaluate the fatigue response based on fatigue damage model and
failure criteria [15-17]. Fan et al. [18,19] built the energy relationship of Miner linear cumulative damage theory based on
energy dissipation theory and infrared thermography method, which could well predict the residual life of components in
an easy understanding way. Zhang [20] and etc designed the coupling beam damper with Kriging surrogate model and
provided a new framework to design the coupling beam dampers.

INFRARED THERMOGRAPHY AND ENERGY BALANCE

Introduction to infrared thermography
ccording to generalized Hooke’s law, the stress-strain relationship for isotropic elastic material with thermal load
is shown below:

1-2
Aé, =?pAaz-,- +30AT )

n

where, Ag; = &1 + &y, + &35 1s the change of principle strain, Ac; = 0y + 0,, + 033 is the change of principle stress, a is

the linear expanding coefficient, AT is the change of temperature, E is Young’s modulus, » is poisson’s ratio.
The change of temperature for elastic material under adiabatic condition follows the following rule:

_3aTKAsg,
pC

AT = @)

v

In which T is the absolute temperature, C,is Constant Volume Specific Heat, ¢ is density, K is bulk modulus.
By substituting the equation of the relationship between Constant Volume Specific Heat (C,) and specific heat at constant
pressure (Cp): Cp-Cv=3Ea2T)/(0(1-2v)), the following equation could be achieved:

pC,
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Which could illustrate that there is a dynamic balance between the mechanical energy and thermal energy under adiabatic
condition. The negative sign in this equation shows that the temperature would decrease when the material is under
tension while the temperature would increase when the material is under compression. Thermo-elastic effect could not
influence the average temperature rise on the sample surface during the fatigue process, it could only affect the
temperature around the average temperature periodically, which is in accordance with the period of principle stress with a
difference of the phase about 180°.

Infrared thermography has been widely used in nondestructive testing in many materials and structutes in recent years,
with the advantage of large detecting area, high speed and non-contact when compared with other nondestructive testing
method such as acoustic emission, magnetic-leakage nondestructive examination, X-ray and Eddy Current Testing. The
theory of infrared nondestructive testing was firstly built by Carlomagno|21]. For an infinitely large plate ignoring the
lateral heat flux diffusion, the heat conduction equation under the periodic heat flux of g=Ipe”* with only considering the
heat transfer along the direction of thickness is shown below:

or  o°T
R N
at x=0:—/éa—T=IOejW ®)

X

In which, T is a function of temperature distribution in space and time, a=4/(¢¢) is the thermal diffusion coefficient, £ is
the thermal conductivity coefficient, » is angular frequency. Solving this PDE with the separation of variables, the
temperature T could be expressed as a function of x and #

T (2,2) 2%6709667]% ©)

2 2
In which o=/ /w/a=(1+)) ’_w =(1+,)/ p, and pu= /—ﬂ is the diffusion length, which is also known as the
a w

damping coefficient. This equation describes the heat conduction along x under Modulation frequency control.
At least four thermographs in one period must be collected to obtain the phase ¢ and amplitude A, also Fourier analysis
of the thermal image is necessary:

(858
D = art, ﬂ[& —J‘ZJ @)
A=(S5 =5 ) +(5, - 5,) ®)

Since the thermal propetties are different with/without damage under the petiodic heat load. Non-uniform heat flux
would appear and could result in different temperature amplitudes and phases according to heat conduction theory. Thus
the damage could be determined based on this difference.

Infrared thermography experiment method could also monitor the temperature change in real time for structures under
cyclic loading so as to find the high stress region and key region of local cumulative fatigue damage. Infrared
thermography could provide efficient improvement or maintenance solutions to ensure the safety and reliability. Thus, it
is significant to evaluate the safety of structure via Infrared thermography to monitor the local thermal evolution in real
time, which not only could ensure the good functioning of structure but also could avoid or reduce the loss due to fatigue
damage.

Energy balance during the hysteresis loading proces
Since the elasto-plastic deformation during the fatigue process is irreversible because of cumulative plastic strain energy in
aspect of cumulative energy. The thermal energy dissipation evolution is similar with the evolution of temperature field with
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damage in structure, so the temperature field during the fatigue process is closely related with the microstructure
configuration and its nonlinear interaction with the local damage effect. As a consequence, the fatigue energy dissipation is
in accordance with the regularity of thermal energy dissipation, which means that the temperature evolution could reflect
the energy dissipation characteristics during the fatigue process. During the fatigue loading process, the mechanical energy,
elastic strain energy, plastic energy and anelasticity damping energy are involved. . Specifically, the input energy from outside
belongs to mechanical energy, which includes elastic strain energy, plastic strain energy and anelasticity damping energy.
Elastic energy cotresponds to the recoverable deformation of material crystal, which has no influence on damage
accumulation. Anelasticity damping energy is time-related and conditionally reversible, which plays a significant role for high
cycle fatigue, but it has very little influence on the total energy dissipation since plastic strain energy is the most important
reason that causes damage.

Energy balance law

During the cyclic loading process, most of mechanical energy is dissipated as thermal energy into the surroundings, part of
energy will stay in the material and is reflected as the transformation of microstructures. The energy balance law is shown
below according to first law of thermodynamics

AW ()= AD(#)+ AQ(#)+ AEx (#)+ AE, (¢) ©9)

In which AIW(#) is the increment of total input energy during cyclic loading process, AD(#) and AQ(#) are the
increment of total storage energy and dissipation energy, tespectively, AEy (f) is increment of kinetic energy, which is zero
under cyclic load, AE, (z‘) is the energy dissipation increment in other forms, which is relatively very small when compared

with AD(i) and AQ(Z). Thermal energy dissipation and plastic strain energy during the cyclic loading process will be

discussed in the following parts

Characteristics of thermal energy
Most of the mechanical energy will be transferred to thermal energy. This is the typical phenomenon of irreversibility in

thermodynamics. Many researches have shown that massive thermal energy would be produced during the fatigue process.
The thermal energy dissipation is caused by viscosity or interior friction, which is due to the shear deformation of crystals,
specifically. Also, dislocation movement of atoms during the plastic deformation period would convert most energy into
thermal energy. Thus, the temperature field caused by fatigue damage evlolution will change due to damage distribution and
difference of motion for different atoms, also is partially because the thermal energy is different for different material
elements. Although the ratio of thermal energy dissipation to total strain energy may be different in different cases, it is
certain that thermal energy dissipation is the most important part, which plays a key role during the energy exchange of
fatigue process. The thermal energy increment during the cyclic loading is shown below:

AO(1)=AQ, () + A0, (7) (10)
AQ, (#)=pCV AT (#) (11)
AQ, (#)=hAAT () 12)

In which AQ, (#) is the increment of total interior energy of dampers at time t, AQ, (#) is the convection thermal energy

dissipation at time 7, AT(Z) is the average temperature rise of dampers, p is density, 7 is the working region volume,

C is the specific heat, / is convection coefficient, .4 is the surface area of damper working zone. This paper assumes that
the heat conduction between damper and loading system is negligible, the material of damper is Q235 steel, the material
properties are shown in Tab. 1.

o kg/m® E MPa v CJkg!'K? 5 Jmw2'K’ o, MPa g, MPa o, MPa

7860 2.06E5 0.3 504 12.1 4006 235 178

Table 1: Physical and mechanical properties of Q235 steel.
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Plastic energy accumulation during the cyclic loadin
By ignoring the energy dissipation such as acoustic emission, electric and magnetic energy dissipation, then Eq. (9) could be
simplified as below:

AW (#)=AD(z)+AQ(¢) (13)

In which AQ(#) is the thermal energy increment, AD(#) could not be got directly but could be achieved by calculating the

total energy increment and thermal energy increment.

EXPERIMENTAL DESIGN AND SETUP

Sample description

T he sample in this study is a steel plate with two elliptical cutouts both on top and bottom of the plate. The
dimension of the sample is 280x160x5 (mm). The centers of these two elliptical holes and the major axis of the
ellipse are located on the top and bottom boundary, respectively, as shown in Fig.1. Obviously, the opening area of

the holes depends on the opening parameters of a and b, where a is the length of semi-major axis and b the length of minor

semi-major axis. The ratio value of a/b is set as a constant of 2, while the opening ateas are set different for comparison. As

shown in Tab. 2, the opening ratio, defined as the ratio of the opening area to the area of the steel plate, is set as 10%, 15%,

20%, and 25% to get the final optimal opening parameter.

Specimen Opening ratio a/ mm b/ mm
SPA10 10% 53.42 26.71
SPATS 15% 65.42 32.71
SPA20 20% 75.54 37.77
SPA25 25% 84.46 42.23
SPB10 10% 1006.84 53.42
SPB15 15% 130.84 65.42
SPB20 20% 151.08 75.54
SPB25 25% 168.92 84.46

Table 2: Parameters of Shearing couple beam damper.

The samples are made of Q235 steel, with Young’s modulus £E=2.07e5MPa and poisson’s ratio p=0.3. Tensile test of
standard sample selected in the same batch was conducted to find the actual yield strength, the constitutive model achieved
in the test is shown in Fig.2.

e %
S

DAY

s,
e
,‘;L.

PETRRT

CouplingBeam Damper

SPB
Figure 1: Coupling beam damper with top and bottom openings.
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Figure 2: Material constitutive curves

o

Experiment setup

Experiment load and data collection system

The load was applied by MTS material test machine and controlled with displacement load, the curve of which is shown in
Fig.3. The time history signal of the actual displacement load and bearing capacity was received by B&K 3050 signal
collection system with the software Pulse13.0, where the sample frequency is 1kHz. The data collection system is shown in
Fig. 4.

Displacement(mm)

[ I NI R OO O R~ I Y
T T % T
=
——

L |
100 200

o

Load step

Figure 3: Displacement load curve. Figure 4: Signal collection system.

Temperature field monitoring system

Another important parameter in this experiment is the temperature field, the Cedip Jade III Infrared camera produced by
Cedip company with the technology of infraredfocal plane array was used in this experiment for temperature monitoring
and collecting the temperature data. Specifically, the focal plane is composed of 320x240 InSb pixel detectors and could
collect the surrounding thermal infrared radiation. The sensitivity of the infrared camera is about 0.001K at the room
temperature. The temperature data collection system is shown in Fig.5. Also, the thermo sensitivity is better if the
integration time is longer, which is usually set as 1.5ms. The infrared image signal process is based on time-domain
averaging method to improve the resolution. Specifically, the random Gaussian noise is reduced via averaging n frames in
time-domain to obtain one high quality image, which can be realized by the post-process software ALTAIR. In this
experiment, the test sample is fixed with 12 high strength bolts by the sample fixture, which consists of two pairs of
asymmetrical L-shape support with the layer width of 20mm, the yield strength of 235MPa and yield strength of 406MPa.
Also the two pairs of fixtures are connected and fixed with 20 high-strength bolts so as to fix the sample in the center, and
the top and bottom are welded with two symmetrical rod holder with a diameter of ® 36mm, which is designed for the
connection of the fixture and the load experiment system. Also the sample surface is coated with black matted paint to
improve the rate of thermal radiation of the sample surface.
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Cedip Jade III
Infrared Camera

Figure 5: Load and temperature monitoring system.
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Figure 6: Hysteresis curves of dampers for SPA with different opening ratios.

RESULTS AND DISCUSSION

Hysteretic curve and the skeleton hysteresis curve

he hysteretic curve for a component or a structure is a very important and comprehensive indicator that could
represent the earthquake resistance performance as well as a good judgement for structural elasto-plastic analysis.
The hysteretic curves for the four different opening ratios are shown in Fig.6, in which SPwith displacement load
as x-axis and bearing capacity as y-axis. As shown in this figure, all the four cutrves are very full as well as the stiffness
degeneration (cyclic softening) occurs due to damage. Also, by comparing the four curves, we could see that the stress
concentration is more and more severe while the maximum bearing capacity is becoming smaller as the opening ratio goes
larger. The stiffness degeneration of damper with opening ratio of 25% is minimum in the four tests, which is because of
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the high stress concentration and very low bearing capacity of such samples. In general, as the opening ratio becomes
larger and larger, the stress concentration near the hole would be larger and the bearing capacity of damper would be
smaller. The hysteretic curves of four different opening ratios with centered ellipse openings are shown in Fig.7, which
shows that the bearing capacity and ductility would increase as the opening ratio increases. By comparing with Fig.6, we

can see that the coupling beam damper with top and bottom opening is much better than the opening type of central
opening under the condition of same opening ratio.
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Figure 7: Hysteresis curves of dampers for SPB with different opening ratios.

Cyclic hysteresis energy

It is very important to study the variation rule of stress, strain during the cyclic loading process, the dissipation energy is
usually described as the cyclic hysteresis energy, which is the area encircled by the hysteresis curve. Although the plastic
deformation is not the only reason that causes the hysteresis phenomenon, which may also be caused by viscoelastic
response. But plastic strain energy holds the largest part of the hysteresis energy in low-cycle tests, which means that the
plastic strain energy could represent the hysteresis energy with controllable error. As shown in Eq. (14), the hysteresis
energy AW (t) represents irreversible plastic energy during each loading and unloading cycle, which is calculated by the
area surrounded by the cyclic hysteresis circle.

AW (t)=Fo:de (14)

As shown in Fig.8, the cyclic hysteresis energy under the same displacement is smaller as opening ratio becomes larger. As
the displacement load goes to 7.5mm, the cumulative dissipation energy of SPA15 exceeds the cumulative energy of
SPA10, which is because the plastic deformation of SPA15 is too large so as to make the stiffness degenerate late. As
shown in Fig.9, SP15 performs very good hysteresis dissipation capacity. However, the accumulative dissipation energy of
SPB with the opening ratio of 15% at the displacement amplitude of 4.5mm is similar with, but did not exceed SPB10

156



¢
24
‘ Z. Zhang et alii, Frattura ed Integrita Strutturale, 40 (2017) 149-161; DOI: 10.3221/IGF-ESIS.40.13

(opening ratio of 10%). As shown in Fig. &, the dissipation energy of SPA would increase as the opening ratio decreases,
which also shows that the energy dissipation performance is much better than SPB.
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Figure 8: Dissipation capacity comparison of different opening types of dampers with different opening ratios.

Relationship between skeleton hysteresis curve and temperature rise

A big percentage of energy absorbed from outside is dissipated as thermal energy during the irreversible process of
fatigue, the amount of heat dissipation during the process is influenced by many factors, such as the load type, stress level,
sample size, surface treatment status and surrounding temperatures. Thus the heat dissipation could reflect the energy
dissipation during the process of fatigue, in other words, studying the heat dissipation could help study the law of energy
dissipation of fatigue.

The thermal energy produced during the deformation of materials is the product accompanied with the evolution of
crystal microstructure, and it is not related with the damage revolution process. But the change of temperature field due
to heat dissipation could reflect and monitor the evolution process of microstructure flaws and the plastic deformation of
crack tip. The amount of heat dissipation could reflect the difference during different damage processes and also reflect
the irreversibility of material fatigue damage.

The relationship between the mechanical performance and average temperature rise for dampers with four different
opening ratios is shown in Fig. 9. As shown in the figure, the temperature field for the sample was taken by the Infrared
camera at the peak load displacement of 1mm and 6mm, the inflection point of temperature rise almost corresponds to
the yield point of skeleton hysteresis curve, which indicates that the heat energy during the elastic period is much less
while the temperature rise increases suddenly after the yield point and would keep increasing during the stiffness
degeneration period. Also the local temperature rise is much higher with higher opening ratio for the same displacement
load. For the specific dampers, the highest local temperature rise locates near the holding position of the sample for
SPA10 and SPA15, while SPA20 and SPA25 happens near the openings, which indicates that the local plastic yield is the
key to induce the average temperature rise of the whole plate.

Also, the temperature rise of SP10 is less than the three other dampers, and the yield point is not very obvious, which is
caused by the warping effect that results in the out-of-plane of the center in the damper during the experiment. This is
because there is elastic deformation along the direction perpendicular to the neutral layer, the temperature rise near the
sample holding position is much higher than the opening location of the plate, so the local temperature rise was not
obvious and the steel damper did not yield yet. The total work due to load provided such energy that caused the out-of-
plane and could increase the total hysteresis dissipation energy. The out-of-plane deformation, instead of damage, caused
the stiffness degeneration along the loading direction. In contrast, the out-of-plane phenomenon is not very obvious due
to large opening ratio, so damage is the main reason that causes stiffness degeneration so as that the temperature rise is
higher. The change of thermal energy for the four dampers is shown in Fig. 9, in which Fig. 9a and b shows the thermal
dissipation energy and thermal convective energy during the experiment. In Fig.9, the blue line is the temperature signal;
the green line is the energy dissipation; the orange line is the bearing capacity; and the pink line is the strength degradation
of the different dampers.
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Figure 9: The relationship between the mechanical performance and average temperature rise for dampers of SPA with four different

opening ratios.
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Figure 10: The relationship between the mechanical performance and average temperature rise for dampers of SPB with four different

opening ratios.
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The thermal energy variation for SPB with different opening ratios during the hysteresis loading process is compared in
Fig. 10, in which Fig.10a and Fig. 10b show the thermal dissipation energy based on Heat characterization formula and
the thermal convection energy variation trend during the hysteresis process. Similarly, Similarly, In Fig.10, the blue line is
the temperature signal; the green line is the energy dissipation; the orange line is the bearing capacity; and the pink line is
the strength degradation of the different dampers. From which we could see that the yield point for SPB would appear
much earlier than in SPA under the case of same opening ratio. Similarly, the inflection point of temperature rise
corresponds with the yielding point of the skeleton cutrve. Also, the local temperature would have a larger rise as the
opening ratio increases under the same maximum displacement load, and the location with larger temperature rise would
transfer from two fixture sides to the central opening. And the temperature rise happens earlier for larger opening ratio,
and the local stress concentration would induce the obvious improvement of average temperature rise. The hysteresis
dissipation energy performance behaves much better with smaller opening ratio, for which the temperature rise is not
very obvious even if reaching the yielding point, this is because that the bearing capacity would dectease due to out-of-
plane of the specimen instead of local damage. By comparing Fig.9 and Fig. 10, we can see that SPA behaves much better
in hysteresis energy dissipation performance than SPB.
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Figure 11: The change of thermal energy during the hysteresis loading.

As shown in Fig.11, the average temperature rise changes carlier and eatlier as the opening ratio increases. The thermal
energy and convection energy could be calculated according to the temperature rise. The maximum of AQ(#) for SP25 is
about 12500], which holds almost 53% of AW (). Thus, AQ(#) holds a really significant percentage of AW (#) during

the low-cycle hysteresis loading process.

Plastic Energy
Fig.12 shows the plastic damage energy based on the energy conservation law. As can be seen from this figure, the
inflection point of thermal dissipation energy would happen eatlier as the opening ratio increases, the thermal dissipation
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energy and the thermal convection energy is larger and larger as the opening ratio increases with the same displacement
load. Also, the thermal energy due to thermal dissipation and convection holds a very large percentage of the total work,
which indicates that the thermal energy is very important in plastic deformation and local damage deformation for
coupling beam damper during low cycle fatigue test. Moreover, the plastic energy also holds a large part of the total
energy. In sum, under the same displacement load, as the opening ratio increases, the bearing capacity and the hysteresis
energy would decrease, while the ratio of thermal energy would increase.
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Figure 12: Plastic dissipation energy of SPA and SPB during the cyclic loading process.

CONCLUSION

ased on the traditional hysteresis experiments of metal dampers, and by applying Infrared thermal camera to

compare the temperature rise of two different kinds of coupling beam dampers during the experiments. The

plastic damage energy and the relationship between different energies could be achieved according to energy
balance equation, and the following conclusions could be achieved:

1. Based on the metal damper of SPA, out-of-plane phenomenon would appear easily for smaller opening ratio during
the hysteresis process so as to cause the degeneration of stiffness along the loading direction under the case of not
obvious yield.

2. With the same opening ratio and same displacement load condition, the hysteresis energy dissipation performance of
SPA is much better than SPB.

3. The opening ratio could influence the temperature rise. Specifically, the rapid temperature rise would appear earlier
for larger opening ratio.

4. During the hysteresis process of metal beam damper, the thermal energy is produced along the plastic damage and
holds a very important part of total energy. The plastic energy is an important factor that deduces fatigue damage and
irreversible change of microstructure. A large patt of plastic deformation energy would appear in the type of thermal
energy so that the temperature rises which in turn reflects microstructure evolution.
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ABSTRACT. Cyclic stress-strain response and fatigue damage character has
been investigated in austenitic stainless steel 316L. Hollow cylindrical

specimens have been cyclically deformed in combined tension-compression
and torsion under constant strain rate condition and different constant strain
and shear strain amplitudes. In-phase and 90° out-of-phase cyclic straining
was applied and the stress response has been monitored. Cyclic
hardening/softening cutves were assessed in both channels. Cyclic softening
followed for higher strain amplitudes by long-term cyclic hardening was
observed. Cyclic stress-strain curves were determined. Study of the surface
damage in fractured specimens revealed the types and directions of principal
cracks and the sources of fatigue crack initiation in slip bands.

Citation: Mazanova, V., Polak, J., Skorik, V.,
Kruml, T., Multiaxial elastoplastic cyclic
loading of austenitic 316L steel, Frattura ed
Integrita Strutturale, 40 (2017) 162-169.

Received: 09.01.2016
Accepted: 10.02.2017
Published: 01.04.2017

Copyright: © 2017 This is an open access
article under the terms of the CC-BY 4.0,
which permits unrestricted use, distribution,
and reproduction in any medium, provided

the original author and source are credited.

KEYWORDS. Multiaxial cyclic loading; 316L steel; Cyclic stress-strain curve;
Crack initiation.

INTRODUCTION

yclic plastic response and damage evolution in elastoplastic cyclic loading of stainless steels, specifically 316L steel,

has been studied mostly in tension-compression (see e.g.[1, 2]) but also in torsion [3] and less frequently in

multiaxial loading [4, 5]. Characteristic feature of cyclic plastic straining of 316L steel at room and depressed
temperatures is the localization of the cyclic plastic strain. The localization of the cyclic strain into persistent slip bands
(PSBs) influences its cyclic plastic response and results in formation of persistent slip markings (PSMs) in which fatigue
cracks initiate.
The subject of the present contribution is to extend the study of the cyclic plastic response and early fatigue damage to
tubular specimens of 316L austenitic steel subjected to cyclic tension-compression and torsion biaxial cyclic loading.
Simultaneously the early stages of the fatigue damage in the form of PSMs and initiation of fatigue cracks under in-phase
and 90°out-of phase straining are reported.
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EXPERIMENTAL

mm in diameter. Its chemical composition (in wt.%) was as follows: 0.017 C, 1.60 Mn, 0.497 Si, 0.029 P, 0.027 S,
16.70 Cr, 10.1 Ni, 2.03 Mo, 0.031 Ca and 0.078 N. The bar was hot rolled; o2 = 295 MPa. The microstructutre

was formed by equiaxed austenite grains with the average austenite grain size was 80 pm and some delta ferrite bands. The
hollow cylindrical specimens with dimensions shown in Fig. 1 were machined from the round bars. No heat treatment
was applied after the machining,

T he material studied was commercial AISI 316L stainless steel supplied by Thyssen in the form of a round bar of 20

160
N o
L=t L=t
7 7777 -
% 77 — s
\ |28
w

\D
A
|

Figure 1: Geometty of the hollow cylindrical specimen

The gauge section was mechanically and electrolytically polished in order to achieve perfect surface for observation of the
surface relief. All tests were performed in an electrohydraulic axial-torsion computer controlled MTS testing system.
Combined axial-torsion extensometer was used to measure and control axial and shear strain. The tests were conducted
under fully-reversed straining (R = -1) both in tension-compression and in torsion with constant strain rate. Axial strain
rate was 5x10-3 s and the shear strain rate on the specimen surface was equivalent to the axial strain rate. The strain in the
middle diameter of the specimen is reported. Plastic strain was evaluated by subtracting the elastic component from the
total strain.

Since the fatigue behaviour of the material has been already thoroughly studied in axial testing [1, 6, 7] we have performed
torsion tests and in phase and 90° out-of-phase biaxial tension-compression-torsion tests. The biaxial tests are reported
here.

Surface relief and fatigue crack initiation was studied on cracked specimens using optical microscope, SEM observations
and FIB cutting. The surface of the specimen was inspected in FEG-SEM Lyra 3 XMU (TESCAN) equipped with
focused ion beam (FIB). In order to protect the surface of the fatigued specimen from the ions during the production of
surface craters the area of observation containing the PSMs was first covered by the thin sheet of platinum using electron
deposition and later thicker layer was applied using ion deposition. Sectioning using FIB was performed perpendicular to
the surface and neatly perpendicular to the direction of PSMs. Final cutting was performed with small intensity to achieve
smooth perpendicular surface. The cuts were imaged in secondary electrons under inclination of about 35 degrees. The
effect of inclination was compensated in all images of the cuts.

RESULTS

Stress-strain response
ysteresis loops were recorded during cycling in both channels (uniaxial and torsion). Fig. 2 shows typical shapes
H of hysteresis loops during in-phase cycling and 90° out-of-phase cycling. Appreciable softening is apparent in in-
phase cycling. Much higher stress response has been registered in 90° out-of-phase cycling at approximately the
same plastic strain amplitude. Specific shape of the hysteresis loop in 90°out-of phase straining is due to reversion of the
strain rate direction in both channels.
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Figure 2: Hysteresis loops in (a) in-phase cycling (b) 90° out-of-phase cycling.
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Figure 3: Cyclic hardening/softening curves during in-phase cycling: (a) uniaxial stress amplitude vs. number of cycles, (b) plastic
strain amplitude vs. number of cycles.

Figs 3 and 4 show in more detail the cyclic hardening and softening behavior. Except the very few initial cycles both
tension-compression stress amplitude (Fig. 3a) and shear stress amplitude (Fig. 4a) dectrease initially rapidly and either
stabilize for the lowest strain amplitude or start to increase again towards the end of fatigue life.

During 90°out-of-phase cycling only small changes of the stress and plastic strain amplitude during fatigue life are found
(Fig. 5). Early cyclic hardening is followed by mild softening for small strain amplitudes and hardening for high strain
amplitudes both in tension-compression and in torsion. The level of the stress amplitude is considerably higher than in in-
phase cycling.

The cyclic stress-strain curves have been plotted in Fig. 7 for in-phase and 90° out-of-phase cycling. The equivalent stress
and plastic strain amplitudes in in-phase straining were calculated using von Misses relations

O, = (0'3+3rf) M

2
_ 2 Va
ga,eq - [ga +?] (2)
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Figure 4: Cyclic hardening/softening cutves in in-phase cycling: (a) shear stress amplitude vs. number of cycles, (b) plastic shear strain
amplitude vs. number of cycles.
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Figure 5: Cyclic hatdening/softening curves during 90°out-of-phase cycling: (a) uniaxial stress amplitude vs. number of cycles, (b)

plastic strain amplitude vs. number of cycles.
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Figure 6: Cyclic hardening/softening curves in 90°out-of-phase cycling: (a) shear stress amplitude vs. number of cycles, (b) plastic
shear strain amplitude vs. number of cycles.
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Figure 7: Cyclic stress-strain curves in biaxial cycling: (a) in-phase cycling, (b) out-of-phase cycling.

and equivalent plastic strain amplitude was evaluated using equation

£ =g - Oosg & K'e” 3
aeq,p — “a,eq B o,= ap ( )
o

In 90° out-of-phase loading equivalent stress amplitude was evaluated using Eq. (1) but instead of using shear stress
amplitude the shear stress corresponding to peak value of the axial stress was used. Equivalent strain amplitude was equal
to the tension-compression strain amplitude. The effective modulus E; =190 GPa was used.

Cyclic stress-strain curve in equivalent stress and strain in in-phase straining lies above the cyclic stress-strain curve
corresponding to tension-compression but has approximately the same slope. In 90°out-of-phase straining the cyclic
stress-strain curve is only slightly above the cyclic stress-strain curve corresponding to tension-compression. All curves
could be well approximated by the power law

o, =K'e), )

The parameters of all cyclic stress-strain curves determined using least square fitting shows Tab. 1.

Type Tens.-comp. stress Torsion stress Equivalent stress

of loading K’ (MPa) n’ K’ (MPa) n’ K’ (MPa) n’
in-phase 1262 0.251 483 0.202 1258 0.206
90° out-of-phase 2604 0.279 1261 0.266 3758 0.325

Table 1: Parameters of the cyclic stress-strain curves

Early fatigue damage

Fractured specimens were studied in optical and scanning electron microscope. Multiple secondary cracks developed
during the fatigue life in addition to the principal crack. The majority of larger cracks were inclined approximately 45
degrees to the specimen axis. The central part of one of these macroscopic cracks is shown in Fig. 8a. It is evident that the
crack path is rugged since the crack microscopically often follows crystallographic planes.
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Figure 8: Surface of the specimen cycled in-phase cyclic straining to fracture: (a) central part of the macroscopic crack, (b) parallel
PSMs in surface grains.

We were interested in the eatly stages of the damage i.e. the initiation of the cracks. Fig. 8b shows the surface with grains
covered by a system of PSMs. No clear crack is apparent from this picture. Also high resolution image did not allow to
distinguish extrusions-intrusions and cracks. FIB cut performed on the area covered by a platinum layer reveals the shapes
of extrusions and intrusions and the presence of a deep crack starting from one of the intrusions (Fig. 9a). Fig 9b shows
the details of the surface relief in the location of the cut revealing several cracks starting from intrusions.
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: /
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Figure 9: Surface profile of PSMs produced by in-phase cycling: (a) FIB cut, (b) details of the surface profile.

Similar surface cracking and initiation of fatigue cracks was found in out-of-phase cyclic straining. Fig. 10a shows typical
secondary crack and Fig. 10b the area with the PSMs. The image of the surface profile extracted from the FIB cut
perpendicular to the direction of the PSMs is inserted in the picture. PSMs consist mostly of extrusions but PSMs B, E
and F have also an intrusion which runs parallel to the extrusion.

DiscussION

loading [1, 6-8]. Cyclic hardening/softening cutves which show long-term softening followed by cyclic hardening
at higher strain amplitudes are nearly identical with those measured by Hong et al. [§] in tension-compression.
Cyclic hardening/softening curves in 90° out-of-phase cycling are similar but are shifted to higher stress amplitudes.

( : yclic plastic response of 316L steel in in-phase biaxial loading is close to that in uniaxial tension-compression
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Figure 10: Surface of the specimen cycled in 90°out-of phase straining to fracture: (a) central part of the secondary macroscopic crack,
(b) PSMs in a grain and their profiles.

Cyclic stress-strain curves were plotted both for both individual channels and in equivalent stress and strain. Equivalent
strain could be defined easily for in-phase straining. For 90° out-of-phase (diamond) straining the strain amplitude is
reasonably well given by the tension-compression strain amplitude. However, the strain direction in a cycle changes and
the strain path is more complicated. The cyclic stress-strain curve in equivalent stress and strain defined above lies above
the cyclic stress-strain curves corresponding to tension-compression and torsion and has slightly higher slope.

Comparison of the equivalent cyclic stress-strain curves for in-phase and for 90° out-of-phase straining shows that due to
the complicated strain path in 90° out-of-phase cycling the cyclic stress-strain curve is well above that of in in-phase
straining. It is also apparent from Tab. 1 where the parameters of all cyclic stress-strain curves are listed.

The study of the surface of the specimens subjected to biaxial cyclic straining revealed general trend of the cracking in low
cycle fatigue domain and also the eatly damage induced by in-phase and in 90° out-of-phase cycling. Macroscopic cracks
grow at the angle around 45° to the specimen axis.

The initial stages of fatigue damage were studied in more detail. The study of the PSMs and small secondary cracks on the
surface of the specimen revealed the profile of persistent slip markings consisting of extrusions and intrusions. Intrusions
represent crack-like surface defect with high stress concentration factor. Fatigue cracks start from intrusions and grow
along primary slip plane, usually on the boundary between the PSB and the matrix. This mechanism is the same as
observed in uniaxial cyclic loading [2].
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