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Abstract In contrast to homogenous materials, composite
materials can be customized to achieve desirable strength-to-
weight ratios, corrosion prevention, and fatigue resistances.
However, the heterogeneity in composite materials brings
the challenges in design, production, characterization, and
testing. Trial and error practices and numerous experiments
are usually required to deal with the uncertainties of composite
material properties. Mathematical modeling or numerical sim-
ulations have been studied to shorten product development
cycles. In this paper, we use finite element analysis (FEA)
approach to diagnose the fatigue failure of composite mate-
rials. The proposed approach is novel in sense that (1) the new
procedure and guideline has been developed for defining fluc-
tuated loads in actual applications, (2) the motion simulation is
conducted to characterize dynamic loads, (3) FEA is sug-
gested as a diagnosis tool to detect design defects when failure
occurs; and (4) conventional Minor’s rule is expended to eval-
uate the fatigue life of machine elements with the consider-
ation of both the variations of magnitudes and frequencies of
stresses. A case study is provided to illustrate the analysis of
the fatigue failure of products. A comparison of simulation
and experimental results has verified the effectiveness of the
developed approaches.
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1 Introduction

Manufacturing systems transfer raw materials into products to
meet customers and society needs. The evolutions of
manufacturing systems depend on the advance of engineering
materials greatly. The functionalities of both products and ma-
chine tools are constrained by the properties of applied mate-
rials; the economy of industry is no better than its best mate-
rials [8, 13, 18]. The evolution of materials was driven by
economics, logistics, and the expectations of society, and the
processing methods and design tools made material evolution
feasible [29].

Metals and their alloys have been used as dominant engi-
neering materials for a few of centuries. However, in recent
years, their critical roles have been challenged by other mate-
rials such as plastics, ceramics, and composite materials in
many applications. Note that the globalized economy is forc-
ing enterprises to explore any opportunities in a product life
cycle to expand product functionalities, improve quality, re-
duce cost, and shorten the delivery time [3-5, 9, 10]; using
composite materials is becoming an effective strategy to
achieve these goals since they can be tailored to meet various
needs in specific applications [28].

Using more and more composite materials is also driv-
en by the increasing public concern on the sustainability
of our global living environment. In recent years, the con-
cern on environmental sustainability has attracted a great
deal of attention [1]. Sustainable manufacturing brings a
number of new drivers for using composite materials, i.e.,
(1) the shortages of natural resources, (2) global warming
affects, and (3) ever-increasing population and consump-
tion of resources. It is clear that the world requires scal-
able solutions to deal with these challenges, and using
composite materials turns into a promising solution [26].
Composite materials can be more economical, durable,
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and lightweight than traditional materials. They should
align well with the global trends of sustainability and
energy efficiency [24, 25].

The usage of composite materials has brought significant
benefits in many applications [7, §]. For example, Tomblin
[31] introduced the example of Boeing 787 for using compos-
ite materials to reduce the number of parts and increase the
fuel efficiency and passenger comfortableness. The market
investigation by Witten and John [34] showed that the major
applications of composite materials were transportation
(34 %), construction (34 %), electro/electronic (15 %), and
sports/leisure (15 %) sectors. Hossain [16] evaluated the uses
of composite materials in the petroleum industry, where com-
posite materials became influential engineering materials in
oilfield and surface pipeline applications. Verpoest [33]
discussed the trends and challenges in developing new com-
posite materials. The identified trends include the proliferation
of carbon fibers, intelligent fiber architectures, sustainable
composites, automated manufacturing, and recycling.

With the increasing use of composite materials, it is
required to gain good understanding on their behaviors
and design lives [14]. A composite material is defined
as a macroscopic combination of two or more distinct
materials having a recognizable interface between them.
Smith [29] indicated that in contrast other engineering
materials, composite materials can be customized to have
a better strength-and-weight ratio, fatigue resistance, cor-
rosion resistance, the possibility of having complex
shapes, and reduced tooling cost and materials.
However, two significant weakness of using composite
materials are (1) lack of design data and tools, and (2)
the uncertainties in failure predications. Critical structures
and components in the applications require a special at-
tention to evaluate the integrity of composite materials
based on the design criteria of safety, quality, and
reliability.

In this paper, the fatigue life of a composite material is
concerned, and the numerical simulation is used to predict
its fatigue life in the applications. In contrast to other existing
works on modeling of composite materials, we focus on how
to acquire appropriate data for the simulation. The rest of
paper is organized as follows. In Sect. 2, relevant works on
modeling of composite materials are discussed to identify the
limitations. In Sect. 3, the systematic procedure is proposed to
develop a finite element model for fatigue analysis; the impor-
tance of reliable data for valid numerical simulation is
discussed. In Sect. 4, the failure diagnosis of actual product
is used as the case study to illustrate the application of the
proposed procedure. In Sect. 5, the simplified analytical
models are developed and programmed; the results are used
to verify finite element analysis (FEA) models. In Sect. 6, the
presented work is summarized and the limitations are
discussed.
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2 Modeling of composite materials

Composite materials are inhomogeneous and anisotropic;
their behaviors are very complicated which can cause multiple
types of failure such as fiber fracture, cracking, fiber building,
interface failure, or delamination [12]. It poses the challenges
to model composite materials. Torquato [32] reviewed the
modeling of physical properties of composites from the per-
spectives of theoretical approaches, imaging technique, and
topology optimization. The discussed material properties are
elastic moduli, conductivity, thermal expansion coefficients,
piezoelectric coefficients, and failure characteristics. In this
paper, the focus is put on the prediction of the fatigue life of
products, which are made of composite materials. Fatigue
mechanism is one of the most complicated problems when
composite materials are applied. The characterization of the
fatigue properties still relies on substantial tests. Limited
works were available to use alternative approaches to charac-
terize fatigue properties of composite materials [21]. For ex-
ample, Mathur et al. [23] applied the artificial neural network
to reduce the required experiments in the optimization of com-
posite materials. Degrieck and Paepegem [12] discussed the
major fatigue models and the methodology for predicting the
fatigue life of fiber-reinforced composites; they classified fa-
tigue models into (1) the fatigue life model where actual deg-
radation mechanisms were omitted, (2) the phenomenological
models based on residual stiffness and strength, and (3) the
progressive damage models where the damage was quantified
by measured cracks or delamination. Mao and Mahadevan
[22] discussed the fatigue damage model of composite mate-
rials, the characteristics of the damage growth were especially
taken into account, and it was compared with that of homoge-
neous materials. The proposed models were found be more
accurate to fit experimental data. Liu and Mahadevan [17]
developed a damage model to predict the fatigue life of lam-
inated composite materials, and a new multiaxial index was
introduced to measure the damage. One of main drawbacks of
the composite materials is low repeatability of the operational
characteristics. Wrobel et al. [35] illustrated the possibility of
using FEA to simulate dynamic acoustic and thermal process-
es; their focus was on the fatigue and ageing processes of
composite materials.

Numerous papers have been found on the development and
the characterization of composite materials, while little atten-
tion has been paid on addressing some actual problems when
composite materials are applied in products. Due to the com-
plexity, the fatigue analysis of composite materials has not
been well addressed. In this paper, the fatigue analysis has
been conducted for a type of composite materials; both the
analytical model and finite element model have been devel-
oped and used for designing parts made from composite ma-
terials. The detailed design of a tie rod in a spider lifter is used
as a case study. Tie rods are made of fiberglass (0°/90° e-glass)
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to avoid electrical shortcuts in the proposed applications. The
original design of the tie rod was failure to meet the require-
ments of the fatigue life in this case study, and FEA is con-
ducted to diagnose the fatigue failure.

3 Procedure of numerical simulation for fatigue
analysis

FEA is one of the most effective tools in numerical simulation
[2, 6, 15]. It is often the first choice when a designer encoun-
ters the difficulties in developing analytic or statistic models to
find field variables in an application. As the matter of fact,
finding an analytic solution is usually impossible or impracti-
cal when the actual geometries, boundary constraints, and
loading conditions are considered, and FEA becomes a de-
fact tool in the majority of engineering designs. Many soft-
ware tools, such as Ansys, Comsol, Abaqus, Nastran,
SolidWorks simulation, and other sophisticated packages,
are commercially available for multi-disciplinary FEA appli-
cations. In this paper, we use SolidWorks to illustrate the pro-
posed methods. Note that it is not important to select what
type of simulation tool since the capacities of available tools
are similar; the critical tasks for a user are to define appropriate
inputs for the given problem, validate, verify, and utilize sim-
ulation results adequately.

For whatever commercial FEA code is applied, the
procedure for developing and solving an FEA model is
similar. As shown in Fig. 1a, the activities involved in this
procedure can be classified into three phases, i.e., pre-
processing, post-processing, and solving processing.
While most of activities are performed by FEA software
tools, users are responsible for defining an appropriate
FEA problem, providing model inputs, interpreting, and
verifying the results from the numerical simulations ade-
quately. If the inputs of an FEA model are wrongly given,

Analysis and
[scvamestn |50 )

r— Problem
ﬂ_’

Processor

* Prints or plots
contours of stress
components.

* Prints or plots
contours of
displacements.

* Evaluates and
prints error
bounds.

| Pre-processor

- Reads or generates
nodes and elements

: (ex: ANSYS)

: |« Reads or generates

H material property data.
* Reads or generates

boundary conditions

* Generates
element shape
functions

« Calculates master
element equations

+ Calculates
transformation
matrices \

+ Post-processor '

« Maps element
equations into
global system \
+ Assembles X\
element equations
* Introduces
boundary
conditions i
= Performs solution o
procedures

(loads and

constraints.) Step 6

Step 1, Step 4
T i Steps 2, 3,5

(a) FEA framework

the obtained results from a numerical simulation could
mislead designers. In contrast to relevant works focusing
on modeling of composite materials, we emphasize the
importance of pre-processing and post-processing.
Cautious actions are planned to define boundary condi-
tions and loads and to validate the results from simulation
appropriately. In the next sections, a case study of diag-
nosing the fatigue failure of a product with composite
materials is introduced, and the preparation of inputs
and verification of the simulation results are detailed to
show the application of the proposed procedure.

4 Case study—FEA for diagnosis of fatigue failure

A client company supplies parts to aerial-lift truck manufac-
turers. Parts are made of fiberglass (0°/90° e-glass). As shown
in Fig. 2a, these parts are called as tie rods, and they are the
part of overall truck structure to support the working platform
attached on the boom. The main purpose of using composite
materials for tie rods is to avoid an electrical shortcut from the
workplace to the ground. The original design of tie rods was
based on the static analysis; it turned out that the impact of
dynamic loads was significantly underestimated. It caused a
severe damage during the deployment of the prototyping lift
system.

As shown in Fig. 2b, the fracture occurred to the joint
between tie rod and lift base; it happened around 100 h of
service. The failure diagnosis in this incident will be used as
a case study in this section. FEA is used to (1) determine if the
fatigue failure is the actual cause of failure in this incident, (2)
choose an appropriate size the fiberglass sleeve so that no
fatigue failure occurs to tie rods, and (3) ensure that one rod
is strong enough to support the boom for a period of over
10 min in case that the other tie rod breaks.

Step 1 -Decompose : The problem domain is discretized
into a collection of elements whose types of elements are
defined correspondingly.

Step 2 - Develop Element Equations: Develop governing
mathematic equations about field variables using direct
methods, weighted residual methods or others.

Step 3 - Assembly: The equations for individual elements
are assembled into a system model.

Step 4 - Apply Boundary Conditions and Loads: The
interfaces of analyzed objects and environment are defined
in the form of boundary conditions and loads.

Step 5 - Solve for Primary Unknowns: The system
model with defined boundary conditions and loads is
solved to obtain primary unknowns in elements.

Step 6 - Calculate Derived Variables: Dependent
variables are calculated using obtained primary variables.

(b) Major steps and activities in FEA

Fig. 1 The procedure for developing and solving an FEA model. a FEA framework. b Major steps and activities in FEA
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Fig. 2 Product fatigue failure in
case study. a Product structure. b
Part failure

Rods of
Interest

(a) Product structure

The procedure for developing an FEA model is shown in
Fig. 1. The first step is to collect raw data of the original design
problem and specify the inputs of the FEA model accordingly.

4.1 Inputs of material properties

Tie rods are made of 0°/90° e-glass, which is one of mostly
used composite materials. Its material properties are publically
available at a number of sources over the Internet. However,
one caution should be paid to determine what material prop-
erties are used in the FEA. The properties of a composite
material relate to given manufacturing processes, which can
vary from one place to another. Given the fact that the client
used e-glass, 50 % of fiberglass, and 0°/90° configuration, the
basic properties in Table 1 were applied [27].

In the fatigue analysis, the curve of strength—number of
cycles (S-N curve) is essential. However, the client was not
capable of conducting sufficient experiments to characterize
the fatigue behavior of composite materials. Available fatigue
data relevant to composite materials are mostly dedicated to
their applications on wind or aircraft turbines. The data from
one source is often incomplete in terms of what materials and
conditions in the fatigue analysis are conducted [19, 20, 30].
The closed data to meet our needs are given in Fig. 3 by
Sutherland and Mandell [30] as follows.

4.2 Raw data for load definition

The other important inputs for fatigue analysis are dynamic
loads. Mean and fluctuated loads on products will be

(b) Part failure

determined based on the given nominal loads, safety factors,
and dynamic loads, which are specified in the operation stan-
dards UNI EN 280:2005 “Mobile elevating work platforms -
Design calculations - Stability criteria - Construction - Safety -
Examinations and tests” as follows.

In conformity with the load standards of lift, the following
nominal loads are considered:

* Nominal load: 2 persons+tools=2x80 kg+
40 kg=200 kg. In resistance, stability, and fatigue calcu-
lation, the nominal load is increased in a factor f; = 1.15,
resulting in a load of 230 kg.

» Inertia loads: The inertial loads are assumed as 0.1 x mp,
where mp is the mass of the part in movement. The direc-
tion of inertia load is the direction of movement.

*  Manual forces: A force of 20 kgx 1.1=22 kg (for each
person in cage) is considered acting on cage hand rail.
These forces are considered acting in the worst possible
direction. The manual forces are not considered combined
with inertia forces.

»  Wind forces: The wind forces, in operating condition, are
considered acting with horizontal direction for a reference
pressure of 100 N/m*x 1.1 =110 N/m?.

In conformity with the safety standards, UNI CEN/TS
13001-3-1:2005 “Cranes - General design - Part 3—1: Limit
states and proof of competence of steel structures,” the follow-
ing safety factors are considered (Table 2).

According to the standard UNI EN 280:2005, the spider lift
is considered to have a platform’s life of 10 years, which

Table 1 Basic material

propetties of tie rod [27] Young’s Poisson  Tensile Yield Compression  Density
modulus ratio strength strength strength
50 % fabric, dry, room 24GPa 0.2 440 MPa 400 MPa 425 MPa 1.900 kg/
temperature, e-glass m’
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6 1000000  110MPa
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(a) S-N Dataset

Fig. 3 The S—N curve in FEA [30]. a S—N dataset. b S—N curve

corresponds to 100,000 cycles of dynamic loads. All parts of
platform are considered to have the following load spectrum:

* 16,667 cycles with max load in cage and maximum out-
reach P;= P,,,,

* 16,667 cycles with max load in cage and 1/2 maximum
outreach P;= (0.5) P,

* 16,667 cycles with load in cage = 0.8 x maximum load and
maximum outreach P;= (0.8) P,,, ..

* 16,667 cycles with load in cage = 0.8 x maximum load and
1/2 maximum outreach P;= (0.4) P,,,.

* 16,667 cycles with load in cage =0.7 X maximum load and
maximum outreach P;= (0.7) P,,,

* 16,667 cycles with load in cage=0.7 X maximum load and
1/2 maximum outreach P;= (0.35) P,

Based on the fatigue verification standards UNI EN 1993-
1-9, the probability of survival of 95 % is applied; it is found to
be Kx=0.868 [11].

4.3 Force analysis to define dynamic loads

To determine the stress distribution in a tie rod, the force
applied on the spider lift must be analyzed to characterize
fluctuated loads. For the sake of safety, the extreme conditions
leading to the maximized stress of rod are specially consid-
ered. The stresses are calculated based on the maximized loads
on rods. The safety factors under a static maximized load are
determined for three possible failure modes.

Table 2 The required safety factors for spider lift

Components Safety factor (1)
Long beams (buckling/bulging) 1.7

Structures 1.48

Bolts 1.48

External loads 1.15

1 2 3 4 5 6

Number of Cycles (log(N))

(b) S-N Curve

The assembly of the upper boom is isolated from the spider
lift, and its free-body diagram (FBD) is shown in Fig. 3. The
whole body has (1) the reaction forces from rods and low
booms at A and O, respectively, (2) the self-weight of upper
boom at gravity center B, (3) the load of bucket at C, and the
net wind force applied at (x., y.). These forces must be bal-
anced in operation.

Taking position O as the reference center, the condition of
the moment balance with respect to O leads to

FR-|OA|-sin91—Ws-xB—WB-xc + (PW'AB)'J’C =0 (1)

Equation (1) describes the dependence of tensional force
Fr in two rods with other variables. The physical meanings of
these variables, values or ranges, are given in Table 3 and
Figs. 3 and 4. Note that the suggested values and ranges are
recommended by users for their applications.

Once the variables in Table 4 are given, F'; can be found as

7o — Wsxg + Wexc®(p,Ag)ve
. |OA|-sinb;

(2)

The extreme loading conditions of the tie rods are illustrat-
ed in Fig. 5a, b. Accordingly, the maximal and minimal ten-
sional forces in two rods can be determined as,

WX max + WpXCmax + (PwAB)YC min
|OA|-sin yin

(3)

FR,max =

WS'xB,min + WB'-xC,min + (prB)'yC,max
|OA|-8inf; max

(4)

FR,min =

Based on six scenarios specified by the user, the character-
istics of dynamic loads are determined as follows.

* Scenario 1: 16,667 cycles with max load in cage and max-
imum outreach W= Wp .0,

WS'XBﬁmin + WB,max 'xC,min_(prB)'yC_,min
|OA|-sinf yax

(5)

FR(s1,min) =

@ Springer
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Table 3 Design variables and

suggested ranges Description Suggested values or ranges
Fp The tensional force in two tie rods Determined by Eq. (2)
Ws Self-weight of the upper beam and bucket 673.5 kg (the assembly model)
Wg Max load in bucket 1.5%272.16 kg
Py Wind pressure 100 N/m?
Ap Area which carries wind 1.1 m?
0, Angle between OA and tensional force 40.72°-90°
Xp Distance from O to B along X 1.13 m—3.58 m
Xc Distance from O to C along X 3.38 m—6.49 m
ye Distance from O to C along Y 0.00 m—6.58 m
OA The distance from O to A 0.3 m
Do The outside diameter of rod 0.06985 m
Di The inside diameter of rod 0.0508 m
Dh The size of bolt hole 0.01349 m
t Thickness of rod wall 0.009525 m
d The shortest distance from hole to rod end 0.04762 m

WS'xBimax + WB,max'xC.max + (prB)'yC‘max

WS'XB,min + (O~5 WB)'xC.mi117(prB)'yC,min

(7)

FR‘(SZ‘min) =

|OA|-sin max

WS’xB,max + (0~5WB)‘XC,max + (pWAB)'yC,mmc (8)

FR‘(SZ‘mar) =

|OA|-sinb yin

*  Scenario 3: 16,667 cycles with load in cage =0.8 x maximum
load and maximum outreach Wz=(0.8) % Wx ,0x

Fig. 4 Forces applied on the
assembled upper boom

@ Springer

Wsxg,min + (0-8Wg)XCmin—(PwAB) Y in

FR‘(Sl,max) = |0A|'Sin01,min (6) FR,(Slmin) = (OA -5in0) e (9)
Scenario 2: 16,667 cycles with max load in cage and 1/2
maximum outreach Wp=(0.5) x Wpg ,14x
Frssma) = Wsxpmax + (0.8Wg)XCmax + (P1AB)"Y € max
R,(S3,max) —

|OA|-sind; i
(10)

Scenario 4: 16,667 cycles with load in cage = 0.8 x maximum
load and 1/2 maximum outreach Wz=(0.4) *x Wy ,,.x

Wsxg min + (0.4W3g)-xC min=(PAB)VC min (11)

Frsamin =
R(S4min) |OA|-sinb max

Wind Force F,,

Varying
Self-weight of Load Wsg
frame W;
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Table 4  Failure modes, stresses, and safety factors

Failure mode Stress equation

Safety factor

Tensile " _ Fr/2 Npy = gk
failure average Tr[(Dq/Z)Z*(D,/Z)Z]*Dh*(DO*D,)Y E Ki-Oaverage
Bear.mg ~__ (Fg/(number of rods))/ (number of walls of a hole) ne,. = S

failure O compression = (Diameter of Bolt) *(thickness of wall) *2 fie K -0 compression
Tear-out

failure
Shear failure (Fr/(number of rods) ) / (number of walls of a hole) _ Sy/2

Tshear = 2%(thickness of wall) *(the shortest distance from a hole to the end of rod)

n =
I KT shear

Wsxgmax + (0.4Wg) X max + (P1wAB) Ve max (12)
|OA|-sinf) min

FR,(S4,max) =

»  Scenario 5: 16,667 cycles with load in cage =0.7 x maximum
load and maximum outreach Wz=(0.7) X Wp 10

Wsxgmin + (0.7Wg)-xCmin=(P1wAB)*YC max

R,(S5,min) ‘0A|'Sin91max ( )
WS‘xB,max + (O.7WB)'XC,max + (pWAB)‘yC,max
FRr(ssmx) = |OA|-sinb)} min (14)

*  Scenario 6: 16,667 cycles with load in cage =0.7 x maximum
load and 1/2 maximum outreach Wp=(0.35)% Wg 0

WS')CBA’mjn + (0'35WB)'XC,HﬂD_(puAB)'yCJnin (15)
|OA|-sinb) max

FR (s6,min) =

(Max Xa)
3579.969

Weight of
upper. Wind
~ boom Direction
A~ Reference
Force in \ > Center of
Rod \ Moment 6492.089 -
\ (Max Xc) Load in
(Min Y.=0.0) Bucket

N 40.72°
(Min &) \

(a) Position of tie rod with a maximal load

WS'XB‘max + (0~35WB)'XC,max + (PM,-AB)'yC’maX (16)
|OA|-sind) min

FR,(SG,max) =

Based on the data in Table 4 and Egs. (5-16), the load
history on two tie rods can be determined as shown in
Fig. 6.

4.4 FEA solutions to original design

FEA has been conducted in the Simulation module of the
Solid Works. Since inside rod does not carry any tensional
load, it has been excluded in the analysis. Besides, due to
the symmetric nature of tie rods, a half of the tie rod is taken
into consideration to reduce the computation. The obtained
results from static analysis and fatigue analysis are shown in
Figs. 7 and 8, respectively.

In the static analysis, the inputs of material properties
are given by Table 1. In defining the static load, the

Wind

[ R direction
’
|
|
i (Min Xc)
il 3376.147 |
Max Y. 2 ! i
(Max Yc) : | (Min Xg) .
3 : 1125.550

Weight of
upper
boom

Reference Center
~ of Moment
-,

(b) Position of tie rod with a minimal load

Fig. 5 Positions of tie rods at extreme loading conditions. a Position of tie rod with a maximal load. b Position of tie rod with a minimal load
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external loads are applied on the hole walls of six fas-
teners evenly; therefore, the force on each wall is the
1/12 of the total force applied on two tie rods. The direc-
tion of the force is along the axis of the tie rod. In defin-
ing the boundary conditions, one roller/slider boundary
condition is applied to the symmetric face in the middle
of a tie rod to reduce computation. In the meshing pro-
cess, 3D tetrahedral elements are used for meshing, and
the resulted mesh is illustrated in Fig. 7a. It included a
total of 326,280 nodes and 208,730 elements. The FEA
solution tells that the maximum stress in Fig. 7b happens
at the middle edges of the last bolt; the corresponding
safety factor at the critical position in Fig. 7c¢ is 2.02.

In fatigue analysis, the S—N curve in Fig. 3 was
input as the fatigue properties of the tie rods. In defin-
ing the dynamic loads, the six scenarios illustrated in
Sect. 4.3 have been processed and integrated as the
inputs of the load history, and the loads are normalized
accordingly in Fig. 8a. In addition, the default stress
intensity is used to evaluate the reverse stress of fa-
tigue analysis. The Goodman criterion is used to take
into account the mean stress. The fatigue strength re-
duce factor is given as

[StatcLosd (Detat]

-

(a) Meshed part

' ' 181741

Max 198237

(b) von Mises stress

Ky = Kg*K Ky = 0.59024 (17)

where

Kz=0.868 is the factor of reliability of 95 %

K.=0.85 is axial load factor

K,;=0.80 is the distribution factor considering the variant
of distribution over three bolts.

The distribution of the life cycles over the tie rod is shown
in Fig. 8b. The position corresponding to the maximized static
stress has the shortest life cycle of 14.82 blocks. Accordingly,
the running hour without the failure is 77.90 h.

4.5 FEA solutions to new design

The developed FEA model has been simulated for new dimen-
sion obtained based on the analytical model. As suggested by
the analytic analysis in Sect. 5, the diameter of a tie rod should
be larger than 0.07905 m to meet the expectation of the fatigue
life. FEA is conducted to predict the fatigue life of this revised
dimension. The only change in the FEA is the diameter of the
tie rod; the distributions of the von Mises stress, safety factor,
and fatigue life block from static analysis and fatigue analysis
are shown in Fig. 9a—c, respectively. Accordingly, the expect-
ed number of years of the tie rod with new dimension is 15.35
(years). It indicates that the tie rod with new dimension meets
the expectation of over 10-year fatigue life.

To ensure one rod is capable of supporting the boom
for a period of over 10 min if the other tie rod breaks. The
original FEA is revised by applying the doubled loads on
the part. The results of static and fatigue analysis are
shown in Fig. 10. The distributions of the von Mises
stress, safety factor, and fatigue life block for the new
model are shown in Fig. 10a— c, respectively.
Accordingly, the expected fatigue life with one tie rod is
20.92 (minutes). It indicates that one tie rod can sustain

von Mises (Nimm"2 (WPa))
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Fig. 7 Result of FEA static analysis. a Meshed part. b von Mises stress. ¢ Safety factor

@ Springer



Int J] Adv Manuf Technol (2016) 87:2245-2257

2253

Fig. 8 Result of FEA fatigue
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the boom for more than 10 min after a break happens to
the other rod.

5 Verification via analytic modeling and experiment

One critical step in the post-processing of FEA is the verifica-
tion. It is especially important when FEA is applied to support
the design of actual products. The verification can be per-
formed based on simplified analytical models or experimental
data. Since the parts in this case study can be simplified as a
binary element, a simplified model can be used to estimate the
fatigue life of the part using analytical approaches. In addition,
the case study was how the failure diagnosis of an actual part;
some recorded data can be utilized to verify the FEA results
from Sect. 4.

5.1 Analytic models and results

For static analysis, each rod in Fig. 1 can be treated as a two-
force element in Fig. 11; only axial tensional load is involved.
Once the pulling force Fy is found, the corresponding stress
within the tie rod can be calculated and can be estimated; it is

on Mises (Ninmv'2 (MPa))
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(a) von Mises stress

Max: 2,516 30

(b) Safety factor

(b) Fatigue life

mainly determined by the area of the cross section shown in
Fig. 12. The minimal cross section includes two holes of bolts.

The stress concentration has to be taken into consideration
at the positions of bolts. Therefore, an individual FEA has
been conducted to obtain the stress concentration factor under
an axial loading condition. The stress concentration factor is
found as 2.35. The tie rods are connected to the base by bolts,
and Fig. 13 gives four possible failure modes. The corre-
sponding safety factors against these failures are evaluated in
Table 4. The equations are programed in the Matlab. With the
maximized load on the tie rod of 253,665 N, the obtained
safety factors against four failure modes are given in Table 5.

The application has varying amplitude loads. To predict the
fatigue life analytically, the Minor’s rule is used to take into
account of the variable fluctuated load:

n ny n3

—t S (18)
Ny N; N; Df fusigue

n; is the number of cycles at stress level o;

N; is the number of cycles to failure at stress level o;

Dfjutigue 1s the safety factor under varying amplitude loads
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Fig. 9 Static and fatigue analysis of part with new diameter. a von Mises stress. b Safety factor. ¢ Fatigue life
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Fig. 10 Static and fatigue analysis when one rod is broken. a von Mises stress. b Safety factor. ¢ Fatigue life

Since six scenarios are not under the fully reversed stress
conditions, the Goodman’s equation is applied to find the
equivalent reverse stress Sy; at a stress level (0, ; , 04, »):

T4 Om.i

a,i mi 1 (19)
Of.i S ut
where
om;and o,; are the mean and alternating stress at scenario 7
A is the ultimate strength
Ofi is the equivalent reverse stress.

Equation (19) gives the equivalent reverse stress as

Oq.i

= 20
1_Um,i/Sut ( )

g fii
Thus, the number of cycles at the stress level (0, ;, 0, ;) 1s

N= (2" (21)

a

The coefficients in Eq. (21) are defined based the data in Fig. 3
as,

X 2
a= <(S’)1°) = 687.5MPa (22)

(Slf) 10°

"

Fig. 11 Tie rod as a two-force member
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where (S;>103 = 275MPa, (S;)loé = 110Mpa according

to Fig. 3; therefore,

(/)
b= —~log~219" — 013265 (23)

: (Slf ) 10

Based on Egs. (5-16), the mean and reverse loads can be
defined, and Eqgs. (18-23) can be further used to evaluate
corresponding stresses and the fatigue life in six scenarios.
The results are summarized in Table 6. Recalling the predicted
life of 77.90 h from FEA in Sect. 4.4, the discrepancy of
simulation and analytic results is less than 10 %.

To suggest the new dimension of the tie rod for the expect-
ed fatigue life of 10 years with two rods and 10 min with one
rod when the other rod is broken, an optimization model is
developed based on Egs. (5-23) where the rod diameter is
treated as the design variable. The optimized diameter of the
rod is Do=0.07905 m. The results of new tie rod in six sce-
narios are summarized in Table 7. In the similar way, assum-
ing that the loads are doubled and applied on a single rod, the

Fig. 12 Cross section of rod with minimized area
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(a) tensile failure (b) bearing failure

(c) tensile tear-out (d) shear tear-out

Fig. 13 Failure modes of bolted fasteners [11]. T tensile failure. b Bearing failure. ¢ Tensile tear-out. d Shear tear-out

predicted time of one rod to support the entire boom is
11.00 min, which is relatively lower in comparison with
20.92 min from FEA simulation. Since the calculation of life
cycles involves the exponential operations, which is very sen-
sitive to digital roundups, the comparison of two results still
shows the great consistence.

5.2 Summary of verifications

Both the analytic models and numerical FEA model have been
developed to conduct static and fatigue analysis of tie rods.
The comparison of the results is summarized as follows:

1. The existing design of tie rod failed to meet the expected
fatigue life. The expected life from the analytical model is
70.77 h, and that from FEA model is 77.90 h. These
results are consistent with the actual life of the broken part
with a failure happening at 100 h. However, more uncer-
tainties (modification factors) should be taken into con-
sideration if the corresponding data become available.
Possible discrepancy could be caused by (a) the self-
weight of the assembled upper boom, which has a great
impact on the load of tie rods, and (b) the material prop-
erties of the actual part.

2. The origin design of tie rods included obvious defects,
which led to the fracture incident in the deployment of
the prototyping lifter. The static analysis of the analytical
model has confirmed that the safety factor for the failure
of bearing factor 1.07 is below the expected safety factor
1.48 in the original design.

3. An optimization based on the analytical model has shown
that the dimension of tie rod must be over $79.05 mm

Table 5  Safety factors against four failure modes under maximized
static load

Failure mode Max stress (MPa) Strength Safety factor
Tensile failure 192.64 Sy 2.08
Bearing failure 386.84 Sc 1.10
Tear-out failure

Shear failure 54.78 Sy/2 3.65

without the consideration of uncertainties. This size is
bounded by the condition that one rod under a full load
should sustain the lift over 10 min. The corresponding
fatigue safety factor from the analytical model is 1.3,
which corresponds to 13.68 years of the operational life.
The sustaining time with one rod is 10.996 min.

4. The finite element analysis for the rod part with the new
dimension has confirmed that the outside dimension of
the tie rod with $79.05 mm might meet the requirements:
The expected fatigue life is 15.35 years and the sustaining
time with one rod under a full load is 20.92 min. The
results from the FEA reasonably agree with these from
the developed analytical model.

6 Conclusion

In this paper, we discussed the requirements of sustainable
manufacturing to emphasize the importance of using compos-
ite materials in modern manufacturing. We conducted the lit-
erature review on modeling of composite materials to identify
challenges in this field. For numerical simulation of composite
materials, we found that relevant works emphasized the
modeling of composite materials, while the work on how to
develop valid numerical models for specific applications is
lacking. To address this concern, we proposed a systematic
procedure of FEA modeling, and we put our focus on pre-
processing and post-processing. In particular, we discussed

Table 6 Dynamic loads, stresses, and predicted lives for original
design

Scenario Mean  Reverse Mean Reverse Equivalent Predicted
force  force stress  stress reverse life
N) N) (MPa) (MPa)  stress
(MPa)
1 160,630 93,035 121.98 70.65 477.26 13.46
2 116,148 71,114 88.20 54.00 240.22 (blocks)
3 142,837 84,267 108.47 63.99 358.01 0.0081
4 116,276 57,705 88.30 43.82 195.12 (years)
5 133,941 79,882 101.72  60.66 312.53 70.77
6 102,803 64,537 78.07 49.01 197.75 (hours)
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Table 7 Dynamic loads, stresses, and predicted lives for new design

Scenario Mean Reverse Equivalent Predicted life
stress stress reverse
(MPa) (MPa) stress
(MPa)
1 75.54 43.75 172.53 22,806.4
2 54.62 33.44 111.06 (blocks)
3 67.17  39.63 145.37 }-I’-96§ ;ge‘;rs)
4 5468  27.14 90.16 /870 (hours)
5 62.99 37.57 133.16
6 48.35 30.35 96.23

how to define dynamic loads and verify the fatigue analysis
results. The procedure was implemented to diagnose the fa-
tigue failure of an actual part and generate new design solution
to meet the expected fatigue life. The comparison of the results
from simulation and analytical models has shown the effec-
tiveness and reliability of the proposed procedure.

While the procedure of FEA modeling was especially de-
veloped for fatigue analysis of composite materials, readers
should find the presented guidance in modeling helpful to
conduct FEA for the products with conventional materials in
many other applications. The importance of acquiring appro-
priate dynamic loads and verifying the fatigue life adequately
can never be over-emphasized. We believe that small- and
medium-size enterprises (SMEs) could benefit from the pre-
sented work to provide better services for customized prod-
ucts. The design expertise at SMEs is generally lacking, and it
is profit prohibiting in performing rigorous design activities to
eliminate all design defects. It is more practical to make prod-
ucts and achieve the customer satisfaction by service. The
presented work directs a practical way to implement such a
strategy cost-effectively.
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