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Preface

This book presents the proceedings of the international symposium on structural integrity (ISSI), held
in Shanghai on October 21-24, 2010. As the successor of Fracture Mechanics symposium series (from
2003 to 2009), ISSI is devoted to the exchange of information among the universities, research
institutions and industry sectors in China and abroad. The first symposium on structural integrity
(FM2003) was held in 2003 at East China University of Science and Technology, Shanghai. Since then,
annual meetings have taken place at different cities in China. This includes FM2004 in Huangshan,
Anhui Province, FM2005 in Zhengzhou, Henan Province, FM2006 in Nanjing, Jiangsu Province,
FM2007 in Changsha, Hunan Province, FM2008 in Hangzhou, Zhejiang Province and FM2009 in
Chengdu, Sichuan Province. The symposium series has played an important role in promoting
information exchange, inspiring new ideas, integrating practical and research findings and breaking new
grounds for the young generation. In particular, it accelerates the birth of China Structural Integrity
Consortium and promotes the development of structural integrity technology in the country.

With the increased demand for higher efficiency and reduced emission, the working conditions of
machines have been going extreme. To ensure the safe operation of the machines, the structural integrity
technology plays a key role in materials selection and product design, manufacture and maintenance. In
addition, the size of engineering components can vary from nanometers to very large scale of thousands
meters. The new developments of high techs, such as high power electronics, MEMS, MCMS (micro
chemo-mechanical systems) and mega engineering structures provide additional challenges to structural
integrity. To meet the challenges of extreme working conditions and structural sizes, the failure
mechanisms of the components or machines should be studied, existing theories of structural integrity
should be reexamined and new theories be developed. Innovations in materials and structural design are
the basis to ensure the structural safety which should be of high priority in research. Structural integrity
prognosis or structural health monitoring provides an important solution to structural safety which may
need more R&D efforts. Aiming at bridging the gap between new challenge and fundamental researches,
ISS12010 brings together the scientific community and the engineering community to exchange their
new developments and ideas for structural integrity assessment.

The symposium (ISSI2010) is co-organized by East China University of Science and Technology,
National Engineering Research Center of Pressure Vessels and Pipelines Safety Technology (General
Machinery Research Institute), Energy Safety Research Institute of Chung Ang University, Nanjing
University of Technology, Zhejiang University, Zhejiang University of Technology, Zhengzhou
University, Changsha University of Science and Technology, Shandong University, Southwest Jiaotong
University and Beihang University, and co-sponsored by China Structural Integrity Consortium, Korean
Society of Mechanical Engineers (Fracture and Strength Division), Natural Science Foundation of China,
General Administration of Quality Supervision, Inspection and Quarantine of China.

On behalf of the organizing committee, we would like to thank the above co-organizers and
co-sponsors who made ISSI2010 possible. We also appreciate the efforts of the steering committee
members in reviewing and selecting the papers. We are indebted to Professor George C. Sih and
Professor Zhengdong Wang for their passion to the symposium and efforts made to ensure the success of
the event.

Fu-Zhen Xuan Shan-Tung Tu
Executive Chairman Symposium Series Chairman
East China University of Science & Technology East China University of Science & Technology

October, 2010
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Greener and higher energy efficiency for materials and
structural systems sustaining against aggressive environment

G.C.Sih*
International Center of Sustainability, Accountability and Eco-Affordability of Large Structure (ICSAELS ), Lehigh University,

Bethlehem PA 18015, USA
School of Mechanical Engineering, East China University of Science and Technology, Shanghai 200237, China

Abstract

Shortened technology adoption rate has been exerting relentless pressure on adopting total reliability to mul-
ti-component structural systems for preventing the destruction of the whole from the failure of a single part. High reliabil-
ity is tenable for operation without failure by invoking corrective measures from the monitored in-situ data. To this end,
multi-subroutines of large scale computational algorithms should possess open system thermodynamic characteristics such
that the simulation is indeed compatible with the monitored in-situ data in open environments. Energy dissipation,
non-homogeneity non-equilibrium, cumulative damage, etc., are just some of the features that should be considered in the
modeling of the structural degradation process. These multifaceted requirements disqualifies long term predictions beyond
2 to 3 years. Each subroutine is designed to satisfy an aspect of the multifunctional system behavior. The overall program
can simulate strong and weak reliability depending on the definition of the reliability time limit. The subroutines can be
arranged for the components to fail one at a time in sequence until a set time. The system can also be terminate when only
one part would fail. Different scenarios with varying causes and effects of failure can be accommodated. The combined
use of monitored in-situ data with quick feed back for corrective measures allows short term deterministic prediction. This
overall scheme is referred to loosely as “total reliability”.

Keywords: Total reliability; Green energy; Efficiency; Multiscale; Multifaceted criteria; Multifunctional systems; Design

flexibility; In-situ data; Common base of evaluation.

1. Introduction

The continue contamination of the environment
from excessive emission of GHG has been a global
concern, a natural phenomenon caused by over
population of the human habitat. Escalation of the
natural resources has been identified with the rapid
depletion of useful energy that is being converted
into carbon dioxides and other gases. This effect is
further aggravated by climate changes and referred
to as GHG emission. It is now a recognized fact
that unbalance of the ecological cycle must be and
can be mitigated by enhancing the thermodynamic
efficiency of the energy consumed for all sectors of
the societal infrastructures. This may include air,
land and sea transports, tall buildings, bridges, en-
ergy generation power plants, and others. The av-
erage efficiency range of energy consuming sys-

* Corresponding author.
E-mail address: gcs@ecust.edu.cn; zpg7463 @yahoo.com (G. C.
Sih).

tems is hovering around 30% to 40% [1], simply
because energy efficiency has not been regarded as
a primary design criterion. A consulted effort would
require a common base for assessing the efficiency
of the energy consumed by diversified physical
systems [2, 3]. Energy efficiency should be focused
on the intensity of energy entrapped in contrast to
that dissipated within a fixed volume of material.
This places precedent on “energy density” rather
than energy. What really counts is the time rate of
energy density consumption. Power density effi-
ciency [4, 5] would be the proper ranking parameter,
the use of which would require fundamental
changes in the physical meaning of the intrinsic
energy dissipated. One of these changes is the si-
multaneous occurrence of dissipation energy den-
sity @ with absorption energy density 4. The for-
mer cannot prevail without the latter .The meas-
urement of energy efficiency, in fact, depends on
the ratio of ®/4, not ® or 2 alone. This interpreta-
tion has been demonstrated for the Being jet trans-
ports in the past and the recent Boeing 787-9 whose
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energy efficiency can be as high as 50% or more as
compared with vintage version of the Boeing 757s
whose efficiencies are about 30%. These improve-
ments are being made possible by the use of mul-
ti-component and multiscale structures [6, 7]. Mul-
tiscale does not only refer to components of differ-
ent sizes, but the more important implication is that
the physical mechanisms and laws governing the
material internal structure change when the size is
changed. Small bodies do not obey the same phys-
ical laws as those for the larger bodies [4, 5]. The
mal-function of a minute electronic device can lead
to major disaster as a result of the failure of a criti-
cal structural component. Such disasters have been
occurring more and more frequently. System reli-
ability [8] has thus been a real concern.
Multi-component systems are vulnerable to the
“domino effect”. That is the failure of a single part
can incapacitate the whole system. Total reliability
identifies the critical parts such that they are de-
signed with the same chance of survivability. In
addition, major and minor constraints can also be
implemented by a weighing factor 2 [2, 3]. High
green energy efficiency 7 may also be implemented.

The general idea is being applied to the design of

long-span bridges [9, 10]. Similar applications can
be made to the design of tall buildings and power
plants. In this respect, sizing of critical components
will play a vital role. Put it simply, the appropriate
scale range of damage detection must be known as
a priori such that the scheme of total reliability can
be applied in design.

2. Strategy of total reliability

When failure occurs for reasons that were not
expected, the structural system is said to be unre-
liable. The notion of “reliability” was thus borne
and connected with the material and/or structural
“integrity”. Analytical assessment of these de-
scriptive terms requires specific mathematical
representation of the relevant physical parameters.
For multifunctional and multi-component sys-
tems, there is the added requirement of consis-
tency. A common base for evaluating damage
accumulation and energy efficiency would be
needed to mitigate ambiguities of the end results.
The inability to determine structural integrity de-
gradation in the long run should not be mistaken
for the probabilistic character of the physical
event. Rather, determination of short term

changes should take precedent. The order of pri-
ority can be established by testing the sensitivity
of the governing parameters. This additional con-
sideration is necessary for validating the space-
time increments chosen in the large scale compu-
tations.

2.1. Variance with reliability engineering

Total reliability emphasizes the physical
mechanism(s) of structural integrity degradation
at the molecular or macroscopic scale. Cumula-
tive damage caused by aging due to changes of
the environment, disproportionate time rates of
absorbed and dissipated energy, and other effects
that limits the life time of the system can be
included as additional sub-routines to the overall
computational scheme. Short term corrective
measures obtained from continuous monitoring
of in-situ data enhances the ‘“deterministic”
capability of the approach. Probability can be
used as a tool in a particular subroutine, but not
as the main theme of reliability.

Unlike  total reliability, “engineering
reliability” regards failure to occur in a black box
as a random phenomenon with no information
given to the causes of failure. All failure events
are assumed to vary with time according to a
given probability density function. The result is
taken to mean that a system has a specified
chance of operation without failure before a
predicted time. The prediction has no safe guide
against changing service conditions, expect that
all uncertainties are meshed into the probability
function. No commitments are made to the
causes and effects of failure. It is too high of a
risk to assess life time reliability without any
notion of causes and effects.

2.2. Correcting short term prediction from
feedback information

Reliability of structural integrity cannot depend
on chances even though there are uncertainties
involved with the design conditions. Weather
prediction cannot depend on chances. Improved
satellite surveillance technology, coupled with
computer simulation, has improved the reliability
of forecasting weather prediction. This is equiva-
lent to estimating the reliable operating life of a
structural system. The object is to shorten the
feedback time for correcting the prediction as
design conditions are changed. The state-of
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the-art [4, 5] considers 2 to 3 years as the normal
predictive  capability  that accounts for
non-equilibrium, non-homogeneity, and intrinsic
energy dissipation. Even though, long term aging
effects for 12 years or more can be included, the
prediction is still based on a fixed set of boundary
conditions [6, 7]. Short term corrective measures
for prediction is believed to be more reliable pro-
vided that feedback from monitored in-situ data
are obtainable.

2.3. Blending monitored in-situ data with large
scale computational algorithms

Monitored data are often collected from strain
gauges attached to the surface while the damage
may be hidden in the bulk where the data are
needed. The difference between the surface and
bulk deserves attention. To begin with, cracks are
always initiated from the interior. They become
visible by the naked eye only when they penetrate
through the surface. This is because the bulk con-
straint is larger than the surface constraint. The
material is less stiff next to the free surface; it
becomes stiffer with the distance into the interior
as illustrated in Fig. 1(a), which shows the grad-
ual degradation of the stiffness by the changing
shade from dark to light as the free surface is ap-
proached. This effect was simulated by four ho-
mogeneous layered model [11] in Fig. 1(b) for
one-half of a finiteness thickness plate from the
surface to the mid-plane. Despite the coarseness
of the stiffness gradient, it was sufficient to yield
a realistic crack growth profile. The crack initi-
ated from the interior where dilatation dominates.
It then grew towards the surface where distortion
dominates. The shape of the crack depends on the
proportion of dilatation to distortion. The con-
stant stiffness model in Fig. 2 would yield an
overly higher stress intensity on the surface. This
suggests crack initiating from the surface [12]
due to the fictitiously high dilatation invoked in
the theory that ignores surface effects. Moreover,
the results are contrary to the experimental meas-
urements of three-dimensional frozen strain tech-
nique.

As in reality, crack initiates from the interior
where dilatation dominates. A small, but finite,
distance between the surface and the location of
fatigue initiated crack for smooth specimens can
be found in most text books. This small distance
is sufficient change in the distortion-to-dilatation

ratio for initiating a fatigue. Illustrations and ex-
planations of this surface-bulk interaction are no
longer uncommon [13, 14]. What should be cau-
tioned is that crack initiation sites are also af-
fected by the quality of the material. Commercial
steels are not pristine materials; they may contain
pre-existing imperfections in the form of precipi-
tates, inclusions, and layers of delaminated mate-
rial hidden inside. The strain gauge data in Fig. 3
for crack initiation in contrast to those for
pre-existing interior cracks most certainly de-
serves caution. That is cracks can initiate at loca-
tions where gauges were not placed and then
propagate internally under the measurement sites
for a long distance. Such situations can be mis-
taken for no crack initiation. On other words, the
scenario just mentioned may not be covered by
the established laboratory conditions designed
only for detecting crack initiation. It is always the
unexpected that causes failure. Million dollars
worth of computational software and hardware
can be in vain if the monitored data are misinter-
preted. The alternative would be the simultaneous
detection of crack initiation and compliance (or
stiffness) [8]. This can be accomplished without
additional hardware if the depicted criterion is
multifunctional in nature.

Surface

Stiffness
increase
(Continuous)

Interior
(a) Gradual change

Surface

Stiffness
increase
{Discrete)

v
Interior

(b) Discrete change

Fig. 1. Physical situation simulated analytically.
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Over constraint on surface
Surface ; o s

Interior

Fig. 2. Surface over constraint for homogeneous stiffness.

Strain gauge
—

Surface

Interior

Fig. 3. Crack initiates from pre-existing defects in mate-
rial.

2.4. Multiscale structural integrity degrada-
tion criterion

Ambiguities of end results can be minimized
by reducing the redundancies for structural integ-
rity degradation criteria. Instead of using three
criteria, one for fatigue crack initiation, one for
stable crack growth, and another for the onset of
unstable crack propagation, a single SED (strain
energy density) criterion serving all three condi-
tions can be used [13]. Crack initiation is as-
sumed to start when the strain energy density
function dw/dV reaches the critical value (dW/dV),

[14] as shown by Eq. (1), which can be used as
the material “toughness” with or without
pre-existing defects. The crack grows slowly in
segments of ry, r,, etc. until instability when the
critical ratio S./r.is reached.

aw SI SZ Sj Se
—_— -t - £ —i =L =... = (])
avj. n n T e

The depicted analytical model in Fig. 4 coin-
cides precisely with the physical mechanism of
crack initiation in polycrystalline materials. As
the crack tip rests next to the stronger crystal,
voids are initiated at the sie of the weaker crys-

tals r, distance away represented by the first ele-

ment. Additional energy would then be accumu-
lated ahead of the new crack tip until the nearest
distance element becomes critical moving the
crack tip another segment r,. Hence crack growth
is a discrete process of connecting the loci of
crack initiation points. In this sense, crack initia-
tion and growth are one of the same physical
process. Experiments suggest that this mecha-
nism remains valid for cracks as small as nano-
meters in size.

The selection of failure criterion independent
of the so referred to “stress-strain analysis” has
been taken for granted because of the inability of
the classical theories of continuum mechanics to
account for damage. Piecemeal repair has caused
inconsistencies, and ambiguities that are even
more problematic. Space-time rate effects associ-
ated with multiscaling have revealed that the
changing energy state with material damage dis-
qualifies many of failure or fracture criteria that
were previously regarded as the Holy Grail. One

of them is da/dN = C(AK)"based on the use of

AK for Mode I self-similar crack growth. Fig. 5
shows the sigmoidal curve in the log-log plot for
da/dN versus AK for the empirical evaluation

of Candn. Since AK is valid only for the mac-
roscopic crack, and fatigue involves damage ac-
cumulation at the microscopic scale, the proposi-
tion of relating da/dN to AK for fatigue cracking

collapses. The crack growth rate da/dN involves

dual-scale while AK is restricted to single scale.
This apparent inconsistency has led to numerous
discussions in fatigue fracture mechanics of
“small cracks” in contrast to large cracks macro-
scopic in size. References in the open literature
are too numerous to be quoted. Most of the ar-
guments are centered on the so-called “threshold
region” which is outside the validity of the model,
since it is independent of AK . When the micro-
and macro-effects are connected [15], a straight
line can be obtained instead of the sigmoidal
curve. It also shows that fatigue crack growth,
being mixed at the micro-macro scale, is non
self-similar. This, in retrospect, is another reason

for invalidating the use of da/dN = C(AK)". The

condition of homogeneous energy release has
been invoked because of its relation to the Mode 1
stress intensity factor. Non-homogeneous energy
release can results in negative results [16, 17].
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The seemingly innocent use of the mono-scale
classical fracture mechanics discipline can go
astray when applied to multiscale situations.
Returning to Fig. 5, it is seen that the sigmoidal
curve can be divided into segments. It so hap-
pened that Regions I and II enclose the micro and
macro scale transition. The physical crack is un-
aware of this arbitrary choice of scale division in
Fig. 6. The choice could have been combining
Regions I and II into a “meso region”. In that
case, fatigue crack initiation and growth can be
regarded as a single scale process. To compensate
for the discontinuity in scaling, a form-invariant
scheme [15] can be devised such that the line
labeled Region I in Fig. 3 can be rotated clock-
wise to have the same slope as the line for Region
Il as indicated in Fig. 7. The line for Region III
can also be rotated. All regions would then lie on
the same straight line. Results for different scales
are then connected to allow scale shifting.

2.5. Multiscale and multi-component systems

Multifunctional systems are multifaceted. They
are only as reliable as that for each of the critical
component. The means, must therefore, be ad-
dressed to associate the system reliability pa-
rameters to those for the components. This is ac-
complished by applying input-output energy flow
as shown by the schematic in Fig. 8. The sys-
tem X contains components enclosed by control
volumesI", say macro for £ and micro forT .
Within each control volume T as shown in Fig. 9,
still smaller scale components can prevail. En-
ergy loss for the system should be distinguished
from energy dissipated for the control volume.
The latter is intrinsic while the former is extrinsic
which crosses a boundary or interface. The in-
trinsic energy dissipated is an inherent part of the
dual mechanism of contraction and expansion as
a result of energy absorption and dissipation.
More on this will be discussed in connection with
mass pulsation.

s, S 5 s

Crack -
e P T
I T, I le

Fig. 4. Crack growth is the loci of crack initiation sites.
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Fig. 8. Energy flow in and out of system and its compo-
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Fig. 9. Control volume characterized by the simultaneity
of energy absorption and dissipation.

2.6. Matching space-time rate increments of
material damage with simulation

The rate at which energy is transmitted to a
specific volume of material determines the extent
of damage. Material with different internal struc-
tures would absorbed and dissipated energy at
different rates. These basic characteristics must
be observed when simulating the evolution proc-
ess of material damage by numerical means. That
is the size of the elements and the corresponding
time increments cannot be chosen independently;
they are connected intrinsically and extrinsically.
The general scheme [4, 5] for determining these
relationships determines the time range of predic-
tion which is inversely proportional to the num-
ber of functions that the system has to satisfy.

Numerical or experimental simulation tests are
accelerated by shrinking the life time several or-
ders of magnitude in relation to the test time. Fa-
tigue data obtained within a year or less has been
traditionally used to make 100 years life predic-

tion of large structures. This leaves out load se-
quence effects that are inherent to cumulative
damage such as aging. Strictly speaking, only
short term prediction is possible. Long term safe-
ty can only be assured in short space-time inter-
vals, the reliability of which is a multifaceted
consideration.

2.7. Reliability of multifunctional systems

Up to now, reliability has been left undefined.
This is a subjective decision that entails risk fac-
tors. Let p;, p, etc. be assigned to reflect the
character of the multifunctional system. A multi-
plicative reliability index R can then be defined as

R™(t)= [l aptdr [ pptdr--- [ir ¢ pide )

The weighing parameters ¢, £, etc. can depend
on time while the exponents a, b, etc. are con-
stants. Their evaluation, however, is beyond the
scope of this work. The summation reliability
index would be

RS ()= [lapide + [2ppldet--+ [repiar (3)

Both Egs. (2) and (3) include cumulative and se-
quence effects in time. The p;, p,, ..., Djs- - > Dn A€
related to the causes and effects of unreliability.
Two classes of reliability can thus be identified:
(1) Weak reliability: The time t,, t,, etc. in any
one of the integrals of Eq. (2) is used as the reli-
ability time limit ty.
(2) Strong reliability: The times t;, t;, etc. in the
integrals of Eq. (3) can all correspond to failure
in sequence but only one of them is used as the
reliability time limit t; .

Egs. (2) and (3) can also be used to define the
time average R and used as a reliability index:

Ry~ z Ri (t)/Rtatal (4)

ave
In the same way, a multiplicative or summation
total reliability index may be written for the sys-
tem involving the component reliabilities R;, R»,
etc. The corresponding forms of Egs. (2) and (3)

for the total reliability of multifunctional systems
would be
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Rm = R/R: ...R” 5)
And
R* =R, +R,+ +R, (6)

Eq. (5) is a weak condition of total reliability.
That is the reliability R;(j=1,2,etc.) of any single
part can directly influence the system as a whole.
Note that R —0 when R, - 0. This is not

true for the stronger condition in Eq. (6), where R;
may vanish individually while R would be re-
duced only by the vanishing part. A combination
of Egs. (4) and (5) can also be formulated with
added sophistication. The major emphases, how-
ever, should be placed on rapid feedback of mo-
nitored in-situ data for corrective measures. Since
P, p2, etc. will change in time, R;, R,, etc. will
also change accordingly. Time average R, for
Egs. (5) and (6) can also be found. The choice of
using Eqs. (2) to (6) or their combinations is ap-
plication specific. An example of the causes and
effects of unreliability may be illustrated by let-
ting, say p;, p2, and p;. They can correspond to
the critical energy density function (dW/dV), , en-
ergy efficiency 7, and life expectancy, expressed
in total fatigue cycles ¥ n;, respectively. Re-

member that of p,, p,, and p; is a function of time.

Complexity of total reliability will rise with the
increase number of causes and effects of unreli-
ability.

3. Molecular structure systems

An intrinsic mechanism for energy dissipation
is postulated such that the definition can hold
independent of the body size at large. Recent
measurement of “Micropulsations™ [18] associ-
ated with electromagnetic fields in space seem to
suggest that a basic mechanism for dissipation
energy. This notion is not unrelated to the
CTM/IDM [19, 20] mass pulsation model. The
singular crack tip was postulated to ab-
sorb-dissipate energy in unionism as a pulse that
is intrinsic to any materials. This is distinguished
from the extrinsic energy loss crossing a bound-
ary or interface of any physical systems at large.

3.1. Rule of the thumb

Following the simple minded concept of the
CO;-t0-O, approach, a mathematical statement
for the energy efficiency can be made:

D Cco,
:(1—):(1——] 7
y 0,

For cities that are heavily infested with heavy
smog, a 0.75:1 ratio for CO,-to-O, would yield
an energy efficiency 7=25%. A very optimistic
ratio would be 0.45:1 for CO,-to-O, with an
energy efficiency of 7=50%. A realistic and veri-
fiable target for CO,/O; ratio reduction within the
next 10 years [1, 3] should be about 22%.

3.2. Open system kinetic molecular theory
Energy dissipation of small bodies is an issue
that even quantum mechanics chooses to ignore.
Without an estimate of @, it would not be possi-
ble to address the efficiency of molecular struc-
tures. A refinement of Eq. (7) needs to be made:

D Mcu (V(‘()
1-— |=| 1= ®)
A M, ’V

0,

Eq. (8) was derived by using the following rela-
tions

24=M,V,
and
2
2D =M, 0, (VC(» 9)

Calculation of Eq. (8) or Eq. (9) is straightfor-
ward since the properties for non-ideal gases in
open system can be found in [18, 19]. A weighing
factor 2 can also be inserted into Eq. (8) to yield

) Mo, Vo
n={1-— || 1- =22 (10)
Q4 oM, v,

The possibilities of having Q <1 or @>1 provides
the means to account for environmental effects

that can increase or decrease the system effi-
ciency. Upper and lower bounds of the efficiency



