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ABSTRACT 

 
Over the past few decades, polymer composites are being used as subsea 

insulation coatings material in deep water oil pipelines. Failure of the insulation coating 

materials can significantly affect oil production. The major objective of this study was to 

characterize the physical and mechanical properties and quantify the effect of crack, 

strain rate and temperature on the visco-elasto-plastic behavior of the ductile 

polypropylene polymer (PP) with and without glass fillers in tension, compression, shear 

and bending. The density of the composite materials studied varied from 0.79 to 1.90 

g/cc. The thermal conductivity of the coating insulators varied from 0.140 to 0.306 

W/m.K. 

The effect of strain rate ( )  and temperature (T) on the nonlinear visco-plastic 

stress-strain behavior, yield strength (y), initial elastic modulus (Ei) and secant modulus 

at yield (Esy) of the materials (unfilled polypropylene, polypropylene with 65% glass 

filler and polypropylene with glass microsphere filler) was characterized and modeled. 

The tensile yield strengths of the materials varied from 3 to26 MPa. The rate of change in 

the tensile yield strength with temperature and strain rate were directly proportional to the 

yield strength and inversely proportional to the strain rate respectively. Crack growth and 

propagation in the multilayered polypropylene composite coating was investigated using 

the three dimensional Digital Image Correlation (3D DIC). Also the strain field ( ) 

development around the crack tip was investigated. A new concept based on Mode 1 

strain rate amplification factor () was introduced to model the behavior of polymer 

composite with crack that increased the tensile yield strength, initial modulus and secant 

modulus at yield but reduced the strain energy density, at yield and failure, and  the 



  ix

ductility making the ductile coating materials stronger but more brittle. A three parameter 

constitutive relationship for polymer composites was developed to model the nonlinear 

visco-elasto-plastic and strain softening/hardening behavior of the polypropylene 

composites coating materials in function of strain rate ( ) and temperature (T). 
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1. INTRODUCTION 

1.1. General 

During the past few decades, the increasing use of structural polymer composites 

has resulted in the need for better characterizations of the materials under working 

conditions.  A strong driving force for new polymer composites is also due to the fact that 

they can successfully compete against metals. Added to this, polymer composites, with 

the ability to be relatively easily tailored designed, provide a wide range of applications.  

In the case of fiber glass-epoxy composites, the fiber choice, arrangement, and 

proportions are independently controlled by the fabricator. Such control or tailorability 

contributes to the importance of such composites.   

Polypropylene and its composites with mineral fillers (Zhou et al., 2002), glass 

fiber (Thomason et al., 1996), carbon fibers reinforced polypropylene (Amash et al., 

1997), (Fu et al., 2000) and glass microsphere (Hansen et al., 2000) have many 

applications in the automobile, aerospace, appliances and subsea pipeline insulation 

(Guidetti et al., 1996). Also other commercial products in which creep resistance, 

stiffness, toughness and insulation are required, polypropylene composites are used. Most 

of these applications require good performance over a range of temperatures and 

deformation rates in addition to weight and cost savings. Therefore it has become 

important to quantify the effects of temperature as well as strain rate on the mechanical 

and fracture behavior of polypropylene and its composites. However,  polymer 

composites filled with hard inorganic particles of nano- to micro-scale show a very 

complex variation of mechanical properties with increasing  particle fraction (Zhou et al., 

2002). 
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Polymer composites filled with inorganic particles to enhanced desired 

mechanical properties have been studied extensively (Fu et al., 2008). In particular, 

thermo mechanical behavior of polypropylene has been reported by many investigators in 

the past. The understanding of the structure-property relationships and deformation 

characteristics of polypropylene at different strain rates and temperatures were the focus 

of those studies. 

Many of the related studies in the literature are focused on polypropylene physical 

properties, its morphology and microstructure (Amash et al., 1997). With wide range of 

applications, better characterization, polypropylene and its composites are becoming 

more important (Sandler et al., 1998). Arruda et al. (1997) investigated the rate dependent 

deformation of polypropylene at room temperature under uniaxial compression.  Duffo et 

al. (1991) investigated the tensile behavior of polypropylene in the temperature range 

between 20 and 150oC. The effects of temperature and strain rate on the tensile behavior 

of talc filled polypropylene were investigated by Zhou et al. (2002). The fracture 

toughness and failure mechanism of polymer filled with nano- to micro-scale size 

inorganic particles was investigated by Lauke et al. (2013). These studies gave insight to 

the required knowledge to assess polymer composites behavior, in this case 

polypropylene composite, for their application. However, there is very limited 

information on the modeling, the stress-strain relationship and fracture behavior of 

polypropylene glass composites. 
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1.2. Objectives 

The overall objective of this work was to characterize and model the fracture and 

mechanical behavior of polypropylene composites used as coating insulators for deep-

water pipelines and risers. The specific objectives are as follows: 

(1) Characterize the behavior of polypropylene composites in terms of 

temperature and strain rate. 

(2) Investigate the effects of defects/cracks on the behavior of polypropylene and 

its composites. Also investigate a potential repair method. 

(3) Model the mechanical, fracture and stress-strain behavior of the 

polypropylene composites. 

 

1.3. Organization 

Chapter 2 summarizes the background information on polymers and polymer 

composites with emphasis on polypropylene and polypropylene composites behavior 

modeling, structures and mechanics and a review of fracture mechanics. Chapter 3 

involved the material identification and experimental program with emphasis on the 3D 

Digital Image Correlation (DIC) system usage. Chapter 4 presented the experimental tests 

which established the stress-strain behavior of the materials, the composites behavior and 

failure parameters of the materials. Chapter 5 involved the fracture behavior of 

polypropylene with and without glass fillers. Chapter 6 introduced a repair material with 

validation tests. In Chapter 7 constitutive models were developed for the thermo-

mechanical behavior and stress-strain relationship of the materials. In Chapter 8 

numerical simulation of tensile tests and bending of composite beams with and without 

cracks were evaluated. Chapter 9 summarizes the findings and conclusions of this study. 
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2. BACKGROUND AND LITERATURE REVIEW 

2.1. General 

The assessment of the deformation of a material during its practical application is 

one of the driving reasons behind the development of material constitutive model. From 

the increase in the development of new composites polypropylene (PP), for specific 

thermo mechanical or chemical properties, came the needs to update the existing 

constitutive relationships or develop new models for behavior assessment and prediction 

for design.  

In the quest of new oil reserves to satisfy the increasing world energy demand, the 

petrochemical industry is looking more and more to the exploration of the offshore deep 

sea  (between 500 and 1500 m) and ultra-deep sea (between 1500 and 3000 m) oil 

reserves (Bouchonneau et al., 2007). Consequently, one of the currently most challenging 

projects in the petroleum industry consists of exploiting oil resources at great depths, 

where production infrastructures are submitted to high hydrostatic pressures (up to 300 

bar) and to low external temperatures (about 4°C at 3000 m) (Bouchonneau et al., 2010).  

Deep water developments usually consist of a number of wells with temperatures of up to 

160oC, “tied back” to the production platform by means of pipelines and risers. The 

pipelines associated can be up to 100 km in length (Harte et al., 2004). One of the 

challenges of oil and gas exploitation in this subsea environment is to maintain the 

product leaving the wellheads hot since its flow and processing characteristics are 

temperature sensitive. Should its temperature fall below a particular value, problems may 

occur due to the formation of emulsions which produced water, and solids by wax 

deposition or the separation of ice-like crystals of gas hydrate in the case of high pressure 
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natural Gas. Therefore, it is necessary to design a system to prevent cooling of the oil 

coming from the wellheads and preserve the integrity of the pipeline despite its buckling 

on the seabed induced by the thermal expansion of the pipe wall due to the high 

temperature of the oil.  

One of the options is the thermal insulation of the pipeline to conserve the heat of 

the product (Collins  1989) and have a design to control the movement,  lateral buckling 

and axial displacement, of the hot pipeline on the seabed  (Bruton et al., 2008). There are 

three approaches to insulate flow line for deep water operation: pipe-in-pipe (inner and 

outer steel pipes with an insulating material in the annular space) - wet insulated flow 

lines (steel pipe with surrounding layers of exposed composite insulation) -  and insulated 

flexible flow lines (a composite structure with a core of helically wound steel and 

extruded plastic layers and insulation added in the form of flexible wrapped syntactic 

insulation) (Hunter 2008). In the last decade, wet thermal insulation became the 

prevailing subsea pipeline insulation because of the material used. Glass microsphere 

technology and glass fiber reinforced polypropylene have fostered development of flow 

line insulation alternatives that reduce thermal conductivity and make deep water 

hydrocarbon recovery feasible.   

The thermo mechanical properties required for subsea pipe insulation make 

polypropylene and its composites a suitable material with the development of foamed 

polypropylene (syntactic foam) for subsea pipe  insulation in the mid-eighties by Norsk 

Hydro (Hansen et al., 2000). It is essentially used for wet insulation (layered coatings). 

The coating is composed of thin layer of epoxy resin, intermediate layers of modified 

polypropylene copolymer (syntactic foam) and polypropylene. Polypropylene thermal 
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insulation can be of several layers coating (i.e. three layers (Guidetti et al., 1996), five 

layers (Bouchonneau et al., 2010), seven layers (Hansen et al., 2000)).  

From the manufacturing of the wet insulated pipes to their service environment at 

subsea, they are subjected to different thermo mechanical forces, stresses and strains 

ranges. During transportation, which induced transient forces; the whole insulated pipe 

goes through large bending deformation if we consider the extreme case of reel barging 

operation. This mode of transportation is both time and cost effective, but imposed severe 

mechanical strains on the insulated pipes as they are bent onto and straightened off the 

reel of the barge (Collins 1989).  In service, the insulated pipes have to withstand the 

subsea high hydrostatic pressure (i.e. 3000 m induces 300 bar which is about 4400 psi) at 

4oC from the interface with the sea and its lateral displacement and axial displacement 

because of the pipe buckling due to the thermal expansion of the steel pipe; with cycles of 

short downs and startups. From the above enumerated condition the following tests are 

performed for the development and evaluation of thermal insulation: tensile (Rizzi et al., 

2000) – compression (Walley et al., 1994) – bending – hydrostatic crush pressure test – 

shear – sea water diffusion (Guidetti et al., 1996) and fracture toughness (Cartié et al., 

2006) . 

Due to their functionality and availability, several rheological constitutive stress-

strain or stress-stretch models have been developed through the years for polymers in an 

attempt to predict their behavior (Mooney  1940), (Valanis 1967), (Haward and Thackray 

1968), (Ogden 1972), (Treloar et al., 1976), (Arruda and Boyce, 1993), (Arruda et al. 

1995) and (Varghese and Batra 2009). These models were mainly developed for non-

composite polymer materials such as: rubber, polycarbonate (PC), polypropylene (PP) 
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(1964).  As clearly explained by Thomason (1996), Cox’s ‘shear lag’ model was 

developed for aligned discontinuous elastic fibers in an elastic matrix. The applied load is 

transferred from the matrix to the fiber via interfacial shear stress, with the maximum 

shear at the fiber ends decreasing to zero at the center. Thus the tensile stress in the fiber 

is zero at the ends and maximum in the middle. However, the maximum tensile stress 

along the length of the fiber can never exceed the tensile stress in the matrix. Thus, 

although the efficiency of stress transfer increases with fiber length, it can never reach 

100%. In order to accommodate this dependence of reinforcement efficiency on fiber 

length, Cox introduced a fiber length efficiency factor 1 into the ‘rule-of-mixtures’ 

equation for the composite modulus Ec. 

1  ,                                                                            (2-1) 

where Ef, Em and Vf are the fiber and matrix stiffness and fiber volume fraction, 

respectively. The ‘shear lag’ theory developed by Cox gives 

1 	 /

/
                                                             (2-2) 

and 

	 /
,                                                            (2-3) 

where L is the fiber length, Gm is  the shear modulus of the matrix, r is the fiber radius 

and R is  related to the mean spacing of the fibers. The r/R factor can be related to the 

fiber volume fraction Vf by 

	 / 	 / ,                                                   (2-4) 
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where Xi depends on the geometrical packing arrangement of the fibers. Krenchel 

extended this theory to take fiber orientation into account by adding a fiber orientation 

factor o into the ‘rule-of-mixtures’ equation, giving 

1 .                                                (2-5) 

Thomason et al. (1996) used of this model limited it accuracy to polypropylene with less 

than 40% inorganic filler (glass fiber) and predicted the composite polymers elastic 

modulus. 

 

2.4. Fracture mechanic 

Fracture mechanics is a fairly recent field of mechanics concerned with the study 

of the propagation of cracks in materials. It uses methods of analytical solid mechanics to 

calculate the driving force on a crack and those of experimental solid mechanics to 

characterize the material's resistance to fracture. 

The foundation of fracture mechanics was first established by Griffith (1921) 

using the  stress field calculations for an elliptical flaw in a plate developed by Inglis 

(1913) for the infinite plate loaded by an applied uniaxial stress (Budynas 1999). His 

work was on brittle material (glass) and introduce fracture mechanic, especially the linear 

elastic fracture mechanic (LEFM). Griffith’s theory was highly unrealistic because most 

materials present some ductility inducing some plastic flow at the crack tip.  G. R. Irwin 

(1948) with his research group at the U.S. Naval Research Laboratory  (NRL) in 1940s 

extended the Griffith’s LEFM theory to ductile materials by introducing the strain energy 

release rate (G), stress amplification factor and crack extension resistance curve or R-

curve. The latter is the attempt to elastic-plastic fracture mechanics. James R. Rice 
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(1968), from Brown University, developed the J-integral for non-linear elastic ductile 

material.  

The application of fracture mechanics resides in the detection of small cracks 

present during the fabrication of part or crack developed in service and their potential to 

grow into unstable cracks leading to catastrophic failure.  The yield strength of the 

material, the working temperature and fatigue also play an important role in fracture 

mechanic failure. These latter makes the material brittle or reduce it yield stress 

respectively. 

2.4.1 LEFM: Griffith’s work 

Griffith (1921) pioneering studies of fracture with glass (brittle material) was 

based on Inglis’ calculation of stress concentrations around elliptical holes focusing on 

the crack tip. Griffith used an energy-balance approach to develop a fundamental 

approach to estimate fracture strengths. The strain energy per unit volume (U*) of 

stressed material is, 

∗ .                                                  (2-6) 

If the material is linear (σ = E), then the strain energy per unit volume is 

2 2
*

2 2

E
U

E

 
  .                                                           (2-7) 

When a crack has grown into a solid to a depth a, a region of material adjacent to the free 

surfaces is unloaded and its strain energy released as shown in Fig. 2-3. Using the Inglis 

solution, Griffith was able to calculate the energy. 
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strain energy was absorbed not by creating new surfaces, but by energy dissipation due 

to plastic flow in the material near the crack tip. They concluded that catastrophic fracture 

occurs when the strain energy is released at a rate sufficient to satisfy the needs of all 

these energy “sinks,” and denoted this critical strain energy release rate by the parameter 

Gc (Roylance 2001). The Griffith equation can then be rewritten in the form 

c
f

EG

a



 ,                                                                     (2-12) 

 
where Gc is the critical strain energy release rate, σf the stress level and a the size of the 

flaw. For application, a is calculated and any crack with length equal to ac becomes 

unstable and propagate catastrophically; 

2
c

c

G E
a


 .                                                          (2-13) 

 
During inspection of all the length of the cracks are checked and compare to the critical 

value. 

2.4.3 LEFM: Stress Intensity Factor 

While the energy-balance approach provides a great deal of insight to the fracture 

process, an alternative method that examines the stress state near the tip of a sharp crack 

directly has proven more useful in engineering practice. Three distinct modes of crack 

propagation exist, as shown in Fig. 2-5. A tensile stress field gives rise to mode I, the 

opening crack propagation mode. 
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For distances close to the crack tip (r ≤ 0.1a), the second and higher order terms indicated 

by dots may be neglected. At large distances from the crack tip, these relations cease to 

apply and the stresses approach their far-field values that would be obtained when the 

crack was not present. KI is the stress intensity factor and was introduced by Irwin (1948). 

The subscript I indicate the crack opening mode, and similar relations apply in modes II 

and III. Note that each stress component is proportional to the constant KI, the stress 

intensity factor. If KI is known, the entire stress distribution at the crack tip can be 

computed with the equations.  KI completely characterizes the crack tip conditions in a 

linear elastic material (Budynas 1999).  The denominator factor (2πr)−1/2 shows the 

singular nature of the stress distribution. The critical stress intensity factor value beyond 

which the crack becomes unstable and propagates rapidly is denoted KIc. This critical 

stress intensity factor is then a measure of material toughness. The failure stress σf  is then 

related to the crack length a and the fracture toughness by 

Ic
f

K

a


 
 ,                                               (2-18) 

 
where α is a geometrical parameter equal to 1 for edge cracks and generally on the order 

of unity in other situations. Expressions, for α, are tabulated for a wide variety of 

specimen and crack geometries, and specialty finite element methods are available to 
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compute it for new situations. The stress intensity and energy viewpoints are interrelated, 

as can be seen by comparison below (with α = 1), 

2c Ic
f Ic c

EG K
K EG

a a


 
    .                                   (2-19) 

 
This relation applies in plane stress; it is slightly different in plane strain, 

2 2(1 )Ic cK EG   .                                                           (2-20) 

 

2.4.4 Elastic-plastic fracture mechanics 

For engineering material with nonlinear elastic and inelastic behavior under 

operating load, the LEFM assumptions may not apply: 

- the plastic zone at the crack tip may be as big as the crack, 

- size and shape of the plastic zone may change with the applied load. 

As Suresh (1991) clearly stated, the stress intensity factor K provides a unique 

characterization of the near-tip fields under small-scale yielding conditions, while the 

corresponding loading parameter for the characterization of monotonic, nonlinear 

fracture in rate-independent materials is the  J-integral proposed by Rice  (1968). 

 

(i) J-integral 

Consider a cracked body subjected to a monotonic load. Assuming that the 

tractions T are independent of crack size and that the cracks faces are traction-free, the 

line integral J along any contour Γ which encircles the crack tip, as shown in Fig. 2-7, is 

given by 
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Fig. 2-7: Flat surfaced notch in two-dimensional deformation field (all stresses depend only on x 
and y). Γ is any curve surrounding the notch tip, Γ , denotes the curved  notch tip.

 

. ,                                                (2-21) 

where u  is the displacement vector, y is the distance along the direction normal to the 

plane of the crack, s is the arc length along the contour, T is the traction vector and  is 

the strain energy density of the material. The stresses ij are related to the   as followed 

.                                                                    (2-22) 

For a material which is characterized by linear or nonlinear elastic behavior, J is 

independent of the path Γ	taken to compute the integral. 

 

(ii) Crack Tip Opening Displacement (CTOD) 

J-integral treats the presence of large deformations as an integral part of analytical 

formulations that comprehensively describe the state of plastic stresses and strains. The 

crack tip opening displacement (t=CTOD), as shown in Fig. 2-8, is a measure of fracture 

toughness of solid materials that undergo ductile-brittle transition and elastic-plastic or 

fully plastic behavior as in larges structures (ships, pressure vessels). Subsequently, the 

n
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critical stress and crack size might be predicted using this technique, provided that a 

critical value of CTOD(t=c)  is known (Perez 2004). 

 

Fig. 2-8: Definition of crack tip opening displacement, t. 

Using Dugdale model t can be expressed in term of the stress intensity factor, 

 ,                                                           (2-23) 

or in term of the J integral (Suresh 1991),   

 ,                                                        (2-24) 

where dn is a function of , y and  n. dn ranges in value from about 0.3 to 0.8 as n, the 

strain hardening exponent is varied from 3 to 13. 

 

2.5. Summary 

(1) Polymer materials have good engineering properties and have been the target of 

numerous studies. 

 

t
45°
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(2) New polymer composites tailored, at micro- and nano-scale level, for specific 

functions such as polypropylene composites used in subsea insulation system, 

requires the review of the existing models and the development of new ones. 

(3) Cox model, extended by Krenchel, is generally used for the macro structural 

elastic parameters of thermoplastic polymer composites. 

(4)  Fracture mechanic study of materials which covers the linear and plastic behavior 

of materials, from the work of Griffith to CTOD, will be considered for the 

fracture characterization of the new polymer composites. 
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3. MATERIALS and METHODS 

3.1. Introduction 

The development of material engineering is accompanied by a growing demand 

for routine testing for the assessment of chemical composition, physical and mechanical 

properties of new materials as well as for quality control of the manufacturing processes. 

Coatings are mostly made of polymers and hence their functional properties and 

durability mainly depend on polymer chemical composition and supermolecular structure 

(Farrukh 2012).  The polymer composites in this study were characterized with Fourier 

Transformed Infra-Red (FT-IR) spectroscopy and Scanning Electron Microscope (SEM) 

tests. The materials densities, thermal conductivity, mechanical and fracture properties 

were measured. The contactless three dimensional Digital Image Correlation (3D DIC) 

system was used to measure the strain and crack growth in the test specimens.  

 

3.2. Materials 

 The coated steel pipe had an outer diameter (OD) of 20 cm (7.9 in) and the thermal 

insulation was 6.6 cm (2.6 in) thick as shown in Fig. 3-1. The four layers were as follows: 

(1) one layer of fusion bonded epoxy resin - (2) a thick layer of polypropylene with 65% 

glass filler was one type of (deep water pipes) insulation and polypropylene with glass 

microsphere was the second type of insulation (risers) – (3) a layer of unfilled 

polypropylene and (4) an outer layer of solid polypropylene (4). The materials 

investigated, in this study, were unfilled polypropylene (PP), polypropylene with glass 

microsphere filler (GM) and polypropylene with 65% glass filler (GF).   
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(iii)Polypropylene with 65% glass filler (GF) 

The average bulk density of GF was 1950 kg/m3. It was 2.4 higher than the 

density of PP. It was developed to provide stability to the subsea pipeline besides its 

thermal properties. A similar polypropylene composite used in subsea pipeline coating 

had a density of 2300 kg/m3 (Guidetti et al., 1996). 

The material densities of the current study are compared to the densities of 

different polypropylene composites, used for subsea pipe insulation as reported in the 

literature as shown in Fig. 3-2, (Cartié et al., 2006), (Hansen and Delesalle 2000), (Guidetti et 

al., 1996), (Bouchonneau et al., 2007), (Boye et al., 2002), (Harte et al., 2004), and (Woldesenbet 

et al., 2005). The densities of PP with and without foams varied from 500 to 900 kg/m3. 

 

 

Fig. 3-2: Published densities of polypropylene composites used for subsea pipe insulation 
and data of this study. PP: Unfilled polypropylene, GM: Polypropylene with 
glass microsphere filler, GF: Polypropylene with 65% glass filler. 
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3.2.2 Thermal conductivity 

 The thermal conductivity of each material was measured using the KD2 Pro 

Thermal Properties Analyzer. The thermal conductivity of the unfilled polypropylene 

(PP), polypropylene with glass microsphere filler and polypropylene with 65% glass filler 

were determined to be 0.160, 0.140 and 0.306 W/m.K respectively. The results are 

compared to the published thermal conductivity values of polypropylene and its 

composites in Fig. 3-3, (Hansen and Delesalle 2000), (Guidetti et al., 1996), (Boye et al., 

2002), (Bouchonneau et al., 2007), and (Harte et al., 2004). GM thermal conductivity was 

the lowest. GF had the highest value when compared to the published values in the 

literature. 

 

 
Fig. 3-3: Published thermal conductivity of polypropylene composites used for subsea 

pipe insulation and data of this study. PP: Unfilled polypropylene, GM: 
Polypropylene with glass microsphere filler, GF: Polypropylene with 65% glass 
filler. 
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3.2.3 Fourier Transformed Infra-Red Spectroscopy (FT-IR) 

In this study, FT-IR was used to confirm the chemical nature and components of 

the polymer composites. The equipment used was the Thermo Nicolet 4700 FT-IR 

spectrometer. Almost any compound having covalent bonds, whether organic or 

inorganic, absorbs various frequencies of electromagnetic radiation in the infrared region 

of the electromagnetic spectrum. This region lies at wavelengths longer than those 

associated with visible light, which range from 400 to 800 nm, but lies at wavelengths 

shorter than those associated with microwaves, which are longer than 1 mm. The 

vibrational portion of the infrared region is the one of interest here. It included radiations 

with wavelengths () between 2.5 m and 25 m.  The wavenumbers ( ) rather than 

wavelength (m) was used. Wavenumber is expressed as reciprocal centimeter (cm-1) and 

is calculated by taking the reciprocal of the wavelength expressed in centimeters, 

̅  .                                                 (3-1) 

Wavenumbers are directly proportional to the energy (a higher wavenumber 

corresponds to a higher energy) (Pavia et al. 1979).  Since each type of bond has a 

specific natural frequency of vibration, and  two of the same type of bond in two different 

compounds are in two slightly different environments, no two molecules of different 

structure have the exactly the same infrared spectrum. Even if some of the frequencies 

absorbed in two cases might be the same, in no case of two different molecules will their 

infrared spectra be identical. Therefore, the infrared spectrum can be used as the 

equivalence of fingerprint for molecules. By comparing the infrared spectra of two 

substances thought to be identical, you can establish whether they are, in fact, identical. If 

their infrared spectra coincide peak for peak (absorption for absorption), in most cases the 
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two substances will be identical  (Pavia et al. 1979). In terms of wavenumbers, the 

vibrational infrared extends from about 4000 to 400 cm-1. When Fourier Transform is 

used to post process the data, the infrared spectroscopy is referred to as FT-IR. 

 

(i) Unfilled polypropylene (PP) 

The FT-IR spectrum for unfilled polypropylene is shown in Fig. 3-4. The 

absorbing group and vibrations characteristic of polypropylene were identified: - a 

(CH2) corresponding to the peak at wave number 2916 cm-1 - a (CH3) to 2959 cm-1 - s 

(CH3) to 2881 cm-1 - s (CH2) to 2841 cm-1 - a (CH3) to 1460 cm-1 - s (CH3) to 1376 

cm-1 - w (CH2- CH) to 1357 and 1328 cm-1 (Farrukh 2012). (Note: s‐stretching 

vibration symmetrical;	 a‐	 asymmetrical;	 s‐deformation	 vibration symmetrical; a‐

asymmetrical;	w‐	wagging vibration). 

 

 

Fig. 3-4: FT-IR spectrum of the unfilled polypropylene.  
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(ii) Polypropylene with glass microsphere filler (GM) 

The FT-IR spectrum of the polypropylene with glass microsphere filler is shown 

Fig. 3-5. The absorption band peaks of polypropylene can be observed, as marked, 

besides the glass, Si-O-Si, infra-red spectra between the wavenumbers 800 and 1250 cm1. 

  

 

Fig. 3-5: FT-IR spectrum polypropylene with glass microsphere filler.  

 
 

(iii) Polypropylene with 65% glass filler (GF) 

The FT-IR spectrum of the polypropylene with 65% glass filler is shown Fig. 3-6. 

The absorption band peaks of polypropylene can be observed, as marked, besides the 

glass, Si-O-Si, infra-red spectra between the wavenumbers 800 and 1250 cm-1.  The 

position and shape of  the absorption peak assigned to the stretching vibration mode of 

the glass, Si-O-Si, bridge are dependent on the oxygen content (Tomozeiu 2005). This 

explains the difference in the absorption band of the glass particle in GF, Fig. 3-6 and 

GM, Fig. 3-5. 
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Fig. 3-6: FT-IR spectrum of polypropylene with 65% glass filler.  

 

FT-IR spectroscopy is one of the best appropriate tests for identification of 

polymer and additives. It was necessary to use scanning electron microscope to check the 

micro-structure of the polymer composites. 

3.2.4 Scanning Electron Microscope (SEM) 

For more than 70 years since its invention, Scanning Electron Microscopes 

(SEMs) have evolved from relatively simple devices with a resolution of 50 nm to 

sophisticated computer – controlled systems with wide analytic potentialities and 

resolutions of 1-2 nm to sub-nm in some particular cases. At the present time, it is hard to 

conceive of a science field which would not employ methods and instruments based on 

the use of fine focused e-beams. Well instrumented and supplemented with advanced 

methods and techniques, SEMs provide possibilities not only of imaging but quantitative 

measurement of object topologies, local electrophysical characteristics of semiconductor 

structures and performing elemental analysis (Viacheslav Kazmiruk 2012).  
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polymeric materials, as local stress concentrations arising from the indentation of the 

specimen and the weight of an attached mechanical extensometer are entirely avoided. 

The DIC system was specially used for the bending and fracture tests to capture 

the deformation field (strain field) and the crack growth (direction and size) with the 

loading. High temperature tensile tests were performed in an INSTRON heating chamber. 

The temperatures inside the heating chamber and at the specimens’ surface were 

separately monitored using two different thermocouples. The extensometer used was 

specially designed to withstand high temperature.   

 

3.4. The Digital Image Correlation (DIC) system (fundamentals and 

validation) 

The deformation fields at the surface of the specimens were monitored using a 

Full-Field Strain Analysis (FFSA) system commonly referred to as Digital Image 

Correlation (DIC). The DIC system ARAMIS 3D was used. An optical deformation 

analysis system developed by GOM (Gesell-shaft für Optische Messtechnik). The 3D 

DIC system consists of two high speed cameras for recordings the images (type Titanar 

2.8/50), a trigger box to control the cameras and a computer for data acquisition and post 

processing. The cameras were mounted on a tripod and arranged so that two adjacent 

faces of the specimen were visible to both cameras simultaneously. This arrangement 

allows measurement of out-of-plane displacement in addition to in-plane strains on the 

specimen surface (Grytten et al., 2009). Image recording is done simultaneously with the 

analog input from the load cell and the extensometer. The DIC cameras system was 

consequently fixed relative to the test machine in this configuration. 
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3.4.1 Fundamentals 

Computer vision based deformation measurement systems rely on digitizing 

images into pixels and tracking them in space and time using powerful algorithm (Sutton 

et al., 2009). The accuracy of conventional extensometer and strain gage are well known 

and are easily determined.  On the other hand, the resolution and accuracy of the optical 

measurement devices depend on the computer vision hardware (distance, objective, 

camera resolution and light system) and the software for the images processing 

(digitization, tracking algorithm and post processing method). In addition we have to 

include any physical disturbance between the cameras setup and the test equipment such 

as test machine vibration and any effect of optical interference between the cameras and 

the specimen. In short, any environmental condition is of importance. Farther are the 

cameras from the target surface, more accuracy problem is encountered. In this study, 

only 3D DIC was used. Therefore out of plane deformation was not a concern, as it is in 

the case of 2D DIC.  

These established the limitations on the accuracy of the DIC. Hence in this study 

the DIC results were compared to the strain gage and the mechanical clip-on 

extensometer results at specific locations on the specimen.  

As clearly stated by Jarabek (2010) and detailed by Sutton et al. (2009), DIC is 

based on the principle of comparing speckle pattern structures on the surface of the 

deformed and the undeformed sample or between any two deformation states. For this 

purpose, a virtual grid of subsets of a selected size and shape, consisting of certain pixel 

gray value distributions, is superimposed on the preexisting or artificially sprayed on 

surface pattern and followed during deformation by an optical camera system. In this 

manner, information on the in-plane local strain distribution is gained without assuming 
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the constitutive behavior of the material a priori. Furthermore, this method is 

independent of specimen geometry and can also be applied to complex parts and 

geometries to monitor the deformation of components in service. Therefore, a full 

deformation field is obtained from which a trove of deformation information could be 

extracted: full displacement field and  full strain field for small and large deformation, 

extensometer strain, area strain for strain gage, localized strain for strain concentration 

and evolution. 

In computer vision or stereovision, a point is uniquely identified among a trove of 

locations by its unique surroundings. Consequently, every point is unique because of the 

configuration of the point surrounding it is unique. Also a point exists as identifiable 

entity because of the contrast of color between it and it surroundings. As Sutton et al. 

(2009) stated it, the ideal surface texture should therefore be isotropic, i.e., it should not 

have a preferred orientation, meaning no repeating textures which would lead to 

misidentification (misregistration).  Consequently, the preferred texture should be non-

periodic.  

3.4.2 Requirements: speckle pattern and calibration 

Therefore, for a complete description of the deformation field on the target 

surface, a random speckle pattern is necessary. These requirements naturally lead to the 

use of random textures. The patterns commonly applied typically resemble laser speckle 

patterns to some degree. However, the patterns used in digital image correlation adhere to 

the surface and deform with the surface, and therefore no loss of correlation occurs even 

under large translations and deformations (Sutton et al., 2009).  
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each subset in the 3D space. In a series of images recorded during a test, the pattern 

becomes deformed according to the specimen deformation, and the subsets can be 

detected in each image according to the intensity distribution calculated and determined 

in the reference image. As the size and shape of the subsets changes when the target 

object is strained, the strain field on the specimen surface in longitudinal and transverse 

direction may be obtained by continuously analyzing the speckle pattern and the 

deformed subsets. The algorithm applied to identify the subsets in each picture is of great 

importance for the accuracy of the strain field (Jerabek et al., 2010).  

From the numerous software specific adjustable parameters of a DIC system, the 

most important one affecting the result accuracy is the size of the subsets. As the subset 

size determines and is equivalent to the minimum local gauge length, and since there is 

no systematic procedure, the definition of an adequate subset size is based on operator 

experience and judgment. In this study, overlapping quadratic subsets with variable size 

and step were. Longitudinal and transverse strain values are obtained for each of the 

subsets, implying constant strain values within a given subset (Sutton et al., 2009). 

3.4.4 Validation 

The deformation obtained from the 3D DIC system was compared to the 

measurements of clip-on extensometer and strain gage from a series of tensile tests to 

establish the 3D DIC accuracy. The tests were displacement controlled tensile tests. The 

setup was as shown in Fig. 3-13. The load cell signal was sent simultaneously to the data 

acquisition (DAQ), which monitored the strain gage and the extensometer signals, and to 

the DIC analog signal monitoring unit. 
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     a.)                                                                              b.) 

Fig. 3-14: Engineering stress-strain curves of PP (1DT-1)at two locations using strain gage, clip-
on extensometer and 3D DIC system.a.)Full curves, b.)  Curves in the strain range 
0.000-0.010. 

                  
     a.)                                                                              b.) 

Fig. 3-15: Engineering stress-strain curves of PP (1DT-2)at two locations using strain gage, clip-
on extensometer and 3D DIC system. a.)Full curves, b.)  Curves in the strain range 
0.000-0.010. 

               
     a.)                                                                              b.) 

Fig. 3-16: Engineering stress-strain curves of GF (2DT-1) at two locations using strain gage, clip-
on extensometer and 3D DIC system. a.) Full curves, b.) Curves in the strain range 
0.000-0.010. 
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It was decided to, conservatively, set the accuracy of the 3D DIC readings to be 

completely reliable at strain higher than 0.002 strain. In the case of strain values lower 

than 0.002, accuracy level check will have to be done case by case. 

 

3.5. Summary 

The materials, unfilled polypropylene (PP), polypropylene with glass microsphere 

filler (GM) and polypropylene with 65% glass filler (GF), density and thermal 

conductivity were determined and compared to the published data. 3D Digital Image 

Correlation system used for deformation field monitoring was introduced and its 

accuracy relative to clip-on extensometer and strain gage was set. 

(1) FT-IR and SEM were used to characterize their nature and structure. 

(2) The glass microsphere fillers GM diameter was as high as 30 m and the 

glass filler in GF was as small as 200 nm.  

(3) The experimental program was laid out following the objective of the study.  

(4) The 3D Digital Image Correlation (DIC) system, used in the study, was 

presented with its advantage of monitoring the full deformation field on the 

surface of the test specimens. The DIC accuracy limit was set to be matching 

the accuracy of conventional strain gage and clip-on extensometer at strain 

level higher than 0.002. 
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4. MATERIALS BEHAVIOR CHARACTERIZATION 

4.1. Introduction 

Polymer and polymer composites behavior have been commonly reported in 

compression (Arruda et al., 1997) (Shim and Mohr 2011) (Boyce et al., 1994), tension 

Zhou et al., 2002) (Ramsteiner and Theysohn 1985),  shear (Boyce et al., 1994) (Gearing 

and Anand 2004) and bending (Rizzi et al., 2000). Following the objective of this study, 

the unfilled polypropylene (PP), the polypropylene with glass microsphere filler (GM) and 

the polypropylene with 65% glass filler (GF) tensile behaviors were determined at various 

strain rates from 0.002 to 0.300 at 22, 60 and 90oC and the compression stress-strain 

relationship of PP and GF were determined at a near room temperature.  

With the knowledge of the tensile and compressive stress-strain behavior of the 

insulation materials, interface shear tests and four points bending tests were conducted to 

determine the point of fracture initiation in the insulation system and the mechanical 

conditions which triggered it. 

 

4.2. Tensile properties of unfilled polypropylene (PP) 

Uniaxial direct tensile tests were conducted on PP specimens at various strain rate  

 from 0.003/min to 0.300/min at 22oC (71.6oF), 60oC (140oF) and 90oC (194oF). All 

the specimens were checked for homogeneity and weighted before testing. The strain rate 

was calculated as followed 

 .                                                                     (4-1) 
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4.2.1 Specimens preparation 

The uniaxial tensile test specimens were dogbone shaped as shown in Fig. 4-1. 

Specimens, of each material, were machined directly from the insulation layers. Since the 

layers were applied by coating, no directional effect was expected and was not considered 

in preparing the specimens. They were machined out from the longitudinal direction of 

the pipe, and were 162.0 mm in total length with 82.0 mm for tapered gage (L), 10 mm 

width (d) and 6.4 mm in thickness (t). All the tested specimens were visually checked for 

homogeneity. 

 

Fig. 4-1: Sketch of the tensile test specimen. 

 

4.2.2 Testing procedure 

The uniaxial axial direct tensile tests were displacement controlled conducted 

with an INSTRON servohydraulic test machine equipped with a heating chamber as 

shown in Fig. 4-2. Two thermocouples were installed inside the heating chamber, one on 

the chamber wall and the other on the surface of the test specimens. Equilibrium of the 
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Fig. 4-4: Tensile engineering stress vs. engineering strain relationship of cyclically loaded PP at a 

nominal test strain rate of 0.100 min-1at 22oC. 

 

The engineering stress-strain relationship of PP at different temperature and strain 

rate are shown in Fig. 4-5. After yielding, the stress-strain relationship was nearly 

perfectly plastic behavior at all strain rates and temperatures. Quantifying the temperature 

effect, at the same strain rate, the overall stress level decreased with increasing 

temperature. At a strain rate of 0.300 min-1 the yield strength was 25.6 MPa at 22oC and 

10.0 MPa at 90oC, a 61% decrease in yield strength for about 300% increase in 

temperature. On the other hand, the yield strength increased with increasing strain rate at 

22oC, but no variation was observed with increasing strain rate at 60 and 90oC within the 

strain rate range studied. At 60 and 90oC, a volume increase of the specimens was 

observed during test and remained permanent as shown in Fig. 4-6. This precluded the 

use of any “no volume” change criteria to model the material behavior at within these 
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4.3. Tensile properties of polypropylene with glass microsphere filler 

Uniaxial direct tension tests were conducted on GM specimens at variable strain 

rate   between 0.003/min and 0.300/min and at 22oC (71.6oF), 60oC (140oF) and 90oC 

(194oF). All the specimens were checked for homogeneity and weighted before testing.  

4.3.1 Specimens preparation 

Unless otherwise specified, the polypropylene with glass microsphere filler (GM) 

tensile specimens were prepared as described in section 4.2.1. 

4.3.2 Testing procedure 

Unless otherwise specified, the testing procedure is the same as specified in 

section 4.2.2. 

4.3.3 Results 

In the case of GM, with a density of 0.79 g/cm3, it was observed that the 

engineering stress-strain relationship is nonlinear in both elastic and inelastic domain as 

shown in Fig. 4-7. The initial yielding was followed by nearly perfectly plastic state with 

some slight increase in stress level near the fracture point in some cases. Quantifying the 

temperature effect, at the same strain rate, the overall stress level decreased with 

increasing temperature; i.e. at a strain rate of 0.300 min-1 the yield strength was 9.0 MPa 

at 22oC and 4.0 MPa at 90oC, a 56% decrease in strength for about 300% increase in 

temperature. The stress level increase with increasing strain rate at all temperatures in the 

strain rate range studied. The addition of glass microsphere in this proportion to 

polypropylene decrease it yield strength besides increasing its thermal insulation 

properties. The nonlinear behavior was more pronounced.  
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4.4. Tensile properties of polypropylene with 65% glass filler 

Uniaxial direct tension tests were conducted on GF specimens at variable strain 

rate   between 0.003/min and 0.300/min and at 22oC (71.6oF), 60oC (140oF) and 90oC 

(194oF). All the specimens were checked for homogeneity and weighted before testing.  

4.4.1 Specimens preparation 

Unless otherwise specified, the polypropylene with 65% glass filler tensile 

specimens were prepared as described in section 4.2.1. 

4.4.2 Testing procedure 

Unless otherwise specified, the testing procedure is the same as specified in 

section 4.2.2. 

4.4.3 Results 

Tensile cyclic loading, unloading and reloading was conducted on a specimen at 

near room temperature at 22oC as shown Fig. 4-9. The material, PP, has an elasto-plastic 

behavior. As it was observed, there is a decay of the elastic modulus in the reloading 

sections. GF engineering stress-strain relationships were nonlinear in both elastic and 

inelastic domain as shown in as shown in Fig. 4-10. The initial yielding was followed by 

a sudden drop in the stress level and a steady decrease in the stress level until fracture at 

all strain rates and temperatures. Quantifying the temperature effect, at the same strain 

rate, the yield strength decreased with increasing temperature. When the strain rate was 

0.300 min-1 the yield strength was 16.0 MPa at 22oC and 6.8 MPa at 90oC, a 58% 

decrease in strength for about 300% increase in temperature. The stress level increased 

with increase in strain rate at all temperatures within the strain rate range studied. The 
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65% addition of glass to polypropylene decrease it yield strength and made the resulting 

composite stiffer and more brittle at near room temperature, 22oC. The nonlinear 

behavior was more pronounced. 

At 60 and 60oC, a volume increase of the specimens was observed during test and 

remained permanent as observed in Fig. 4-11. This precluded the use of any “no volume” 

change criteria to model the material behavior within these temperature ranges.  The 

studied GF was a visco-elasto-plastic ductile material in tension. Based on the lateral 

strain measurement, the Poisson ratio was 0.3 at near room temperature. 

 
Fig. 4-9: Tensile engineering stress vs. engineering strain relationship of cyclically loaded GF at a 

nominal test strain rate of 0.010 min-1. 
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were nonlinear in both elastic and inelastic domain. The initial yielding was followed by 

gradual hardening. The hardening was more pronounced in the case of PP.  

The PP compressive yield strength was 34.5 MPa, 1.9 times the tensile yield 

strength which was 18 MPa at the same test strain rate of 0.003 min-1. The GF  

Compressive yield strength was 41 MPa, 2.9 times the tensile yield strength which was 

14 MPa at the same test strain rate of 0.003 min-1. The addition of 65% of glass to 

polypropylene increase its compression strength   and made the resulting composite 

stiffer at near room temperature.  The strain gage record is compared to the 3D DIC in 

Fig. 4-16. Both results compared quite well. 

 

 
Fig. 4-15: Compressive engineering stress vs strain relationships PP and GF at the nominal test 

strain rate of 0.003 min-1. 
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Fig. 4-16: Compressive stress vs strain relationships of polypropylene with 65% glass filler at 

various strain rates and temperatures. 
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4.6.1 Specimens preparation 

  Prismatic specimens of constant rectangular cross section were cut out of the 

insulated pipe in the longitudinal direction.  The specimens which had all the insulation 

layer and the steel, were use interface shear tests and the specimens with only the 

insulation materials as layers were used four points bending.  The composite beams were 

approximately 362 mm (14.25 in) long, 70 mm (2.76 in) high in average, and 38 mm (1.5 

in) width.  Layer 0 is steel, layer 1 is the epoxy, layer 2 is the GF, the layer 3 is the 

unfilled polypropylene (PP) and layer 4 is the solid polypropylene. 

          

a.)                                                                                      b.) 

Fig. 4-17: Tests specimens’ sketches. a.) Typical composite beam specimen, b.) Shear test 
specimen. 

 

4.6.2 Testing procedure 
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The load was measured with a load and the 3D DIC system was used to monitor the 

deformation along with strain gage. The specimens target surface were prepared for the 
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The interface 2-3 shear tests results are shown in Fig. 4-22.  The shear capacity the varied 

between 0.75 to 1.25 MPa and the failure were brittle. 

                 

Fig. 4-22: Shear stress variation with time of the interface 2-3:  GF –PP interface 
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Fig. 4-25: Moment and shear diagram of the four point bending with stress states in the elastic 
domain. 
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(2)  As expected, polypropylene with 65% glass filler has the highest elastic 

modulus and polypropylene with glass microsphere filler the lowest elastic 

modulus.  

(3) The addition of the glass microsphere to polypropylene in this case decreased 

it elastic modulus but maintained it ductility, at 22oC.  The same observations 

were recorded at the strain rate of 0.300/min as shown in Fig. 4-27. The stress 

levels are consequently higher due to the strain rate level.   

(4) The tensile yield strengths of the materials are compared to the published data 

in Fig. 3-2. 

(5) The compressive yield strengths of  PP and GF are respectively 2 and 3 times 

higher that their tensile yield strength. 

(6) From the results of the four points bending tests, it was concluded that the 

fracture initiation in the composite layered beams is dependent on stress 

concentration and strain rate level. It initiated inside the polymer composite 

layer, here GF, and then propagates through layers and interfaces. It is only 

noticed when it reaches the surface. Since the fracture initiates in the internal 

insulation layer, it is then difficult, almost impossible to be detected before it 

breaks out.  It then requires a control over the mechanical parameters which 

trigger it: the stress level and strain rate level. 
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Fig. 4-26:  Comparison of engineering stress-strain relationship of unfilled polypropylene, 

polypropylene with 65% glass filler and polypropylene with glass microsphere 
filler at 22 and 90 oC at a strain rate of 0.030 min-1. 

 

 
Fig. 4-27: Comparison of engineering stress-strain relationships of unfilled polypropylene, 

polypropylene with 65% glass filler and polypropylene with glass microsphere filler 
at 22 and 90oC at a strain rate of 0.300 min-1. 
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Fig. 4-28: Published tensile yield strength of polypropylene composites used for subsea pipe 
insulation and data of this study obtained at a strain rate of 0.300 min-1. PP: Unfilled 
polypropylene, GM: Polypropylene with glass microsphere filler, GF: Polypropylene 
with 65% glass filler 
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5. FRACTURE CHARACTERIZATION 

5.1. Introduction 

Behavior of brittle and ductile materials will be very much affected by cracks and 

voids defects in the materials. Also the behavior will be affected by the size, shape and 

orientation of the cracks. Since the materials go through drawing instead of necking 

under direct tension, two additional stress concentration specimens were designed 

considering the work of Popov (1976) and Frocht (1933). A symmetrically double edge 

grooved (DT) and a symmetrically notched double edge grooved (NDT) tensile 

specimens were designed. The former (DT) specimens were used to determine stress 

concentration factors by Frocht using the photoelasticity (Frocht 1933). The stress 

concentration due to the presence of cracks are relatively high when the material behaves 

the material behaves elastically. Inelastic behavior tends to reduce these factors.  

The configurations of   these specimens allowed high local stresses concentration 

due to the abrupt change in the cross-sectional area. We, consequently, created known 

locations of stress concentration where we monitored the effect of stress level evolution 

with the material deformation and failure.  

Furthermore, due to the presence of voids in the materials such as glass 

microsphere or debonding between the matrix (PP) and the glass particles, it is important 

to investigate cracks in the materials.  Voids coalescence at the microstructural level in 

materials with periodic distributions of voids was the basis of Tvergaard (1982) 

modification of Gurson yield criterion for porous material (Jirasek and Bazant 2001).  

A Digital Image Correlation system was used to monitor the full deformation field at the 

surface of the specimens. 
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5.2. Tensile testing of unfilled polypropylene specimen with circular    

hole 

Tensile tests were conducted on specimens with center hole to determine the effect 

of strain rate on the failure. Unfilled polypropylene material was used in this study. The 

focus was on the quantification of the strain rate variation, due to the stress concentration, 

around the hole and its effect on the material stress-strain behavior and failure. 

5.2.1 Specimens preparation 

The material used in this study was the unfilled polypropylene. The tensile 

specimen, as shown in Fig. 5-1, with gage section dimensions 75.0 mm x 14 mm x 5.5   (l 

x d x t) mm were machined directly from the insulation layer. The center hole of diameter 

1.6 mm and 3.2 mm were drilled using a drilling machine. If r is the radius of the hole 

and d the width of the specimen, the ratio r/d is indicative of the stress concentration 

around the center circular hole (Popov 1976). 

5.2.2 Testing procedure 

The tensile tests were conducted with a screw driven type testing machine at the 

nominal strain rates, nom, of 0.003 and 0.030 min-1 as shown in Fig. 5-2. A random 

speckle pattern was applied, as described in section 3.3.2, on two of the specimen’s 

surface afterwards. The machine load signal and the strain gage based clip-on 

extensometer signal were recorded via an Agilent data acquisition system. The load cell 

signal was also amplified and sent to the analog input of the DIC system.  
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yield strength increase with center hole diameter seems to stabilized at hole diameter of 

3.2 mm as observed in Fig. 5-6. PP transitioned from visco-elasto-plastic ductile behavior 

to a visco-elasto-plastic brittle with fracture hardening behavior. The following tests 

were set to investigate this transitional behavior of the material. 

. 

Fig. 5-4: Effect of circular center  hole size on tensile engineering stress-strain relationship of 
unfilled polypropylene at 22oC and  nominal test strain rate of 0.003  min-1. 

 

     
 

Fig. 5-5: Effect of center hole size on engineering stress-strain relationship of unfilled 
polypropylene at 22oC and   nominal test strain rate of 0.030  min-1. 
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Fig. 5-6: Yield strength variation with center circular hole diameter for unfilled polypropylene at  

  22oC and  nominal test strain rate of 0.030  min-1. 

 
 
 

                       
Fig. 5-7: Yield strength variation with the r/d ratio for unfilled polypropylene at 22oC and 

nominal test strain rate of 0.030 min-1. 
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Fig. 5-8: Effect of center hole size on the ductility of unfilled polypropylene at 22oC and  a strain 
rate of 0.030 min-1. 

 

 
Fig. 5-9: Comparison of engineering stress-strain relationship at crack front (CF) with the global 

one (50.8 mm extensometer) of unfilled polypropylene specimen with 3.2 mm center 
hole. 
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was localized in the center hole horizontal line plane. This justified the large deformation 

recorded at the crack front point. 

 

(i) Strain energy density  

The strain energy density at yield (Uy) and at failure (Uf) was calculated, 

following equations (5-1) and (5-2), from the stress-strain relationship shown in Fig. 5-4 

and Fig. 5-5. The results are plotted in Fig. 5-12 and Fig. 5-13. Both strain energy density, 

Uy and Uf, decreased with r/d, the size of the crack, but increased with the strain rate. The 

effect of strain rate on the strain energy density was shown by plotting the products  .  

and  .  with r/d as shown in Fig. 5-13.  
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                                                                 (5-2) 

 

a.) 

 

0.0

0.2

0.4

0.6

0.8

0.00 0.02 0.04 0.06 0.08 0.10 0.12

S
tr

ai
n 

en
er

gy
 a

t y
ie

ld
 U

y
(M

P
a)

r/d  

0.030/min

0.003/min



  75

 

b.) 

Fig. 5-10: Variation of the strain energy density with r/d . a.) Strain energy at yield, b.)Strain 
energy at failure. 
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b.) 

Fig. 5-11: Effect of strain rate on the strain energy density. a.) Strain energy at yield, b.)Strain 
energy at failure. 

 
 
(ii) Strain rate effect 

Due to the observations above, the full deformation field from the DIC system 
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engineering stress-strain relationship and at the crack front are plotted in Fig. 5-13. The 

ratio r/d is equal to 0.05 for this specimen. 
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locations, shown in Fig. 5-12, were extracted from the strain field and the strain rates were 

calculated. 

The strain field variations in the elastic and plastic domains are shown in Fig. 

5-14. As expected, there is a clear variation in the distribution of the axial strain. Around 

the circular hole the axial strain is higher in the horizontal A-A plane (yh) than in the 

vertical B-B plane (yv) in both elastic and plastic domains. This was expected based on 

the  stress concentration around a circular hole in a flat bar under tension (Popov 1976). 

The ratio, 

  ,                                                                          (5-3) 

was about 3.4 in the elastic domain, as shown in Fig. 5-14(a), and 27.5 in the plastic 

domain as shown in Fig. 5-14(c). This ratio change is of an order of 8. It is to mention that 

these ratios are just indicative of the changes. It was concluded that there is a strain rate 

distribution effect in the tensile stress-strain behavior of these PP specimens. The circular 

center hole induced a strain gradient in the GF material behavior in tension, which 

reached an order of 8 at failure. 

 
                                          

Fig. 5-12: Location of the critical strain rate on tensile specimen with center circular hole. The 
deformed hole is shown.  
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 The strain rate  was calculated at each point and plotted in Fig. 5-17. The strain 

rate before yielding was about 0.040 min-1 close to the nominal test strain rate 0.030 min-

1.  The maximum strain rate  on A-A was at the crack front and was calculated to be 

1.043 min-1. The ratio of the maximum strain rate to the nominal test strain rate 

 ,                                                                          (5-4) 

 is 35 and is characterized as a strain rate amplification factor. The stress-strain behavior 

of the material governing the fracture is the behavior of the material at the strain rate of 

 = . 

 
 The engineering strain evolutions with time along the vertical line B-B at six 

locations, from the center top of the circular hole (0.0 mm) vertically, are plotted in Fig. 

5-18. The positions were given in legend. All the curves presented one distinct section. 

The curves were accurately approximated as linear. The slope of the line is the local 

strain rate  .  

 The strain rate  was calculated at each point and plotted in Fig. 5-19. The 

average strain rate was about 0.035 min-1 close to the nominal test strain rate 0.030 min-1.  

They were not much variation compare to the value in section A-A. The maximum strain 

rate  on B-B was 0.039 min-1.The strain rate profile in the A-A direction is the one 

controlling the failure mechanism of the specimen with the circular defect.  
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Fig. 5-16: Engineering strain variation with time at locations from crack front (0.0 mm) 
horizontally (A-A) to the edge of the PP specimen. 

 
 

 
 

Fig. 5-17: Strain rate variation along A-A from crack front (0.0 mm) horizontally (A-A) to the 
edge of the PP specimen. The nominal test strain rate was 0.03 min-1. 
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Fig. 5-18: Engineering strain variation with time from the top of the circular hole (0.0 mm) 

vertically (B-B) of the PP specimen. 

 
 

 
Fig. 5-19: Strain rate variation along B-B from the top of the circular hole (0.0 mm) vertically (B-

B) of the PP specimen. 
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5.3. Tensile testing of polypropylene with 65% glass filler specimens 

with circular  hole 

Tensile tests were conducted on specimens with center hole to determine the effect 

of strain rate and strain rate variation on the failure mode of these specially configured 

specimens. Polypropylene with 65% glass filler material was used in this study. We 

focused on the quantification of the strain rate variation, due to the stress concentration, 

around the hole and its effect on the material stress strain behaviour and failure. 

5.3.1 Specimens preparation 

The material used in this study was the polypropylene with 65% glass filler. The 

specimens were as shown in Fig. 5-1, with gage section dimensions 95.0 mm x 25.4 mm x 

17.2 mm with a center hole diameter of 2.4 mm. Unless otherwise specified, the 

specimens were prepared the same way as detailed in section 5.2.1. The ratio r/d was 

0.05. 

5.3.2 Testing procedure 

The tests were conducted with an INSTRON servo hydraulic testing machine 

under displacement control at a strain rate of 0.085 min-1.  Unless otherwise specified, the 

testing procedure was as detailed in section 5.2.2. 

5.3.3 Results 

(i) Strain rate effect 

The full deformation field from the DIC system was studied. The global 

engineering stress-strain relationship and at the crack front are plotted in Fig. 5-21. 
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arrow, in Fig. 5-24, indicated that the yielding process propagated from the crack front to 

the edge.  

 The strain rate  was calculated at each point and plotted in Fig. 5-25. The strain 

rate before yielding was about 0.125 min-1, in the A-A plan, which 47% higher than the 

nominal test strain rate of 0.085 min-1.  The maximum strain rate, , on A-A plan was 

at the crack front and was calculated to be 2.840 min-1. The ratio of the maximum strain 

rate to the nominal test strain rate  is 33. The stress-strain behavior of the material 

governing the fracture is the stress-strain behavior of the material at the strain rate of  

= . 

 The engineering strain evolutions with time along the vertical line B-B at six 

locations, from the center top of the circular hole (0.0 mm) vertically, are plotted in Fig. 

5-26. The locations positions were given in legend. All the curves presented one distinct 

section and were accurately approximated as linear. The slope of the line is the local 

strain rate  . The strain rate  was calculated at each point and plotted in Fig. 5-27. The 

average strain rate was about 0.035 min-1 which is 59% lower than the nominal test strain 

rate 0.085 min-1. It was concluded that, in the case of GF, most of the deformation in the 

specimen took place near the A-A plane. There were not much variation compare to the 

value in section A-A. The maximum strain rate  on B-B was 0.043 min-1. The strain 

rate profile in the A-A direction is the one controlling the failure mechanism of the 

specimen with the circular defect.  
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Fig. 5-24: Engineering strain variation with time at locations from crack front (0.0 mm) 
horizontally (A-A) to the edge of the GF specimen. 

 

Fig. 5-25: Strain rate variation along A-A from crack front (0.0 mm) horizontally (A-A) to the 
edge of the GF specimen. The nominal test strain rate was 0.085 min-1. 
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Fig. 5-26: Engineering strain variation with time from the top of the circular hole (0.0 mm) 
vertically (B-B) of the GF specimen. The  nominal test strain rate was 0.085 min-1. 

 

 

Fig. 5-27: Strain rate variation along B-B from the top of the circular hole (0.0 mm) vertically (B-
B) of the GF specimen. The nominal test strain rate was 0.085 min-1. 
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5.3.4 Summary 

(1) All the centered circular hole specimens failure surface were through the 

hole perpendicular to the axial displacement planes.   

(2) Due to the circular hole, there was strain gradient and strain rate variation in 

the specimen under tension. The maximum strain gradient  was 25. 

(3)  A strain rate amplification factor was defined to be equal to the ratio of 

the maximum strain rate recorded at the crack tip and the nominal strain rate 

of the test. The maximum strain rate was recorded at the location of crack 

initiation.  was determined to be 33 in this PP specimen. 

(4) The PP stress-strain behavior was proven to be strain rate dependent and 

brittle at higher strain rate in chapter 3 at near room temperature. 

 

5.4. Tensile testing of double edge grooved specimens without notches 

(DT) and with notches (NDT) 

Tensile tests were conducted on symmetrically double edge grooved without notch 

(DT) and with notched (NDT) specimens to determine the effect of strain rate and strain 

rate variation on the failure mode of these specially configured specimens. Unfilled 

polypropylene (PP) and polypropylene with 65% glass filler (GF) were used. We focused 

on the quantification of the strain rate variation due to stress concentration in these two 

types of specimens. 
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5.4.1 Specimens preparation 

The material used in this study was the polypropylene with 65% glass filler (GF). 

Two types stress concentration specimens were used.  The first shown in Fig. 5-28 (a) 

(DT) had gage section dimensions  of 82.0 mm x 25.4 mm x t   (l x d x t) mm; the second 

shown in Fig. 5-28 (b) (NDT) had a gage dimensions of 75 mm x 20.3 mm x t .All the 

specimens were machined directly from the insulation layer. The semicircular edge 

groove had a consistent radius of 6.35 mm through the specimens. The r/d ratio was 0.25 

for the DT specimens and 0.31 for NDT specimens unless otherwise specified. The 

notches in NDT specimens are 2 mm wide and 3 mm deep. All the specimens were 

visually checked for homogeneity before testing.  

5.4.2 Testing procedure 

The tests were conducted on an INSTRON servo hydraulic testing machine under 

displacement control.  Unless otherwise specified, the testing procedure was as detailed 

in section 5.2.2. The test setup in the INSTRON with the DIC system and the 

instrumentation on a test specimen in the tension grips is shown in Fig. 5-29.  As it can 

be seen in Fig. 5-29(b), the specimens were also instrumented with the strain gage and 

extensometer besides the speckle to monitor their deformation.  

5.4.3 Results  

A failed DT specimen still in the tension grip is shown in Fig. 5-30(a). The failure 

plane was perpendicular to the displacement direction and went through the center of the 

two semicircular grooves. The crack initiated at the yield strength. The two metallic legs 

spanning over the grooves are the clip of the extensometer. A  NDT specimen in test 
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stage is shown in Fig. 5-38 (b). The speckles at the surface of the specimen are for the 

DIC system. 

The global engineering stress-strain relationship of DT and NDT specimens are 

plotted in Fig. 5-33 and their stress-strain curves at the crack front (CF) are plotted in Fig. 

5-34. The crack fronts (CF) are defined in Fig. 5-31 and Fig. 5-32. It can be observed that 

the NDT were brittle and had higher elastic modulus and DT specimen presented. The 

ductility of DT and NDT were 4and 2 respectively. An order of 2 increases, the notches 

of NDT made the specimens more brittle and stiffer. This difference in the behavior of 

DT an NDT specimens were investigated by studying the deformation field obtained 

from the DIC.  The strain rate variations in DT and NDT specimens were studied at 

specific locations as specified in Fig. 5-31 and Fig. 5-32 respectively. 

                                         

a.)                                                                      b.) 

Fig. 5-28: Sketch of : (a) symmetrically double edges grooved tensile specimen (DT) and (b) 
notched symmetrically double edges grooved tensile specimen (NDT). All dimensions 
are in mm.       
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Fig. 5-31: Location of the critical strain rate on DT tensile specimen. 

 
 
 

 
Fig. 5-32: Location of the critical strain rate on NDT tensile specimen. 
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Fig. 5-33: Comparison of  global engineering stress-strain relationship of  DT and NDT 
specimens of polypropylene with 65% glass filler at the  nominal test strain rate of 
0.020 min-1. 

 

 

Fig. 5-34: Comparison of  engineering stress-strain relationship at CF of  DT and NDT  
specimens of polypropylene with 65% glass filler at the  nominal test strain rate of 
0.020 min-1. 
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(i) Strain rate (DT) 

The full deformation field from the DIC system was studied. The global 

engineering stress-strain relationship and at the crack front, for GF DT specimens, are 

plotted in Fig. 5-35 and Fig. 5-36 respectively for  nominal test strain rate of 0.020 min-1 

and 0.050 min-1. At higher strain rate, the specimen became brittle. 

65%  glass filled polypropylene tensile stress-strain behavior was proven to be 

strain rate dependent which was quantified by the increase of the yield strength y, initial 

elastic modulus Ei, secant modulus at yield Esy and the decrease of the ductility at near 

room temperature with the strain rate increase.  Therefore, the strain evolutions at critical 

locations, shown in Fig. 5-31, were extracted from the strain field and the strain rates 

were calculated. 

 

Fig. 5-35: Effect double semicircular grooves on the global engineering stress-strain relationship 
of polypropylene with 65% glass filler at the  nominal test strain rate of 0.020 and 
0.050 min-1. 
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Fig. 5-36: Effect double semicircular grooves on engineering stress-strain relationshipat CF of 
polypropylene with 65% glass filler at the  nominal test strain rate of 0.020 and 0.050 
min-1. 
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in the elastic and plastic domains are shown in Fig. 5-37. As expected, there is a clear 
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A-A plane (yh) than in the vertical B-B plane (yv) in both the elastic and plastic domains. 

This was expected based on  stress concentration study on DT specimen (Frocht 1933). 

As it was observed in Fig. 5-38, a crack initiated at the center of one semicircular groove 

(a). The failure plane is as detailed above. 

The ratio  was 16.9 in the elastic domain, as shown in Fig. 5-37(a), and 193 in 

the plastic domain as shown in Fig. 5-37 (c). This ratio change is of an order of 11.4. It is 

to mention that these ratios are just indicative of the changes.  It was concluded that there 

is a strain rate distribution effect in the tensile stress-strain behavior of GF DT specimens. 
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yielding point of the specimen and the curves were accurately approximated as bilinear. 

The slope of each section is the local strain rate . Therefore, we identified that locally, at 

these locations, there was a lower strain rate  before yield and higher after yielding. The 

arrow, in Fig. 5-43, indicated that the yielding process propagated from the cracks front, 

from the edges, to the center where they met.  

 The strain rate  was calculated at each location and plotted in Fig. 5-44. The 

strain rate before yielding was about 0.040 min-1, in the A-A plan, which was 50% higher 

than the nominal test strain rate of 0.020 min-1.  The maximum strain rate, , on A-A 

plan was at the crack front and was calculated to be 0.630  min-1. The ratio of the 

maximum strain rate to the nominal test strain rate is 31.5. The stress-strain behavior of 

the material governing the fracture is the stress-strain behavior of the material at the 

strain rate of  =  

            

Fig. 5-41: Profile of the engineering strain along A-A evolution with time of GF DT specimen. 
The test nominal strain rate was 0.020 min-1. 
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Fig. 5-42: Profile of the engineering strain along B-B evolution with time of GF DT specimen. 
The nominal test strain rate was 0.020 min-1. 

 

             
Fig. 5-43: Engineering strain variation with time at locations from the center (0.0 mm) 

horizontally along B-B of a DT GF specimen. The test nominal strain rate was 0.020 
min-1. 
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Fig. 5-44: Strain rate variation along A-A from the crack front (0.0 mm) horizontally along A-A 
to the center of a GF DT specimen. The nominal test strain rate was 0.020 min-1. 

 
 The engineering strain variations with time along the vertical line B-B at five 

locations, from the center top (0.0 mm) vertically along B-B, are plotted in Fig. 5-45. The 

locations positions were given in legend. All the curves presented two distinct sections 

and were accurately approximated as linear bilinear. The slope of the line is the local 

strain rate  .  

 The strain rate  was calculated at each point and plotted in Fig. 5-46. The 

average strain rate was about 0.027min-1 which is 35% higher than the nominal test strain 

rate 0.020 min-1. It was concluded that, in the case of GF, most of the deformation in the 

DT specimen took place near the A-A plane. There were not much variation compare to 

the value in section A-A. The maximum strain rate  on B-B was 0.500 min-1 at the 

intersection of B-B and A-A. The strain rate profile in the A-A direction is the one 

controlling the failure mechanism of the GF DT specimens.  
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Fig. 5-45: Engineering strain variation with time at locations from the center (0.0 mm) vertically 
(B-B) of the DT GF specimen. The test nominal strain rate was 0.020 min-1. 

 

                   

Fig. 5-46: Strain rate variation along B-B from the center (0.0 mm) vertically along B-B of the 
GF DT specimen. The nominal test strain rate was 0.020 min-1. 
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(iv) Strain rate profile (NDT) 

 The axial engineering strain, e, profile horizontally along A-A in time is plotted 

in Fig. 5-47. It is 95% higher at the edges symmetrically to the center before yielding, 

and 50% higher after yielding.  The profile of e along B-B in time is plotted in Fig. 5-48. 

It can be observed that all the deformations are at the center of B-B on the failure plane 

A-A., the intersection of both axes. 

 The engineering strain evolutions with time along the horizontal line A-A at six 

locations from the center (0.0 mm) to the specimen edge, the noche, are plotted in Fig. 

5-49. The locations positions were given in legend. All the curves presented two distinct 

sections. The first section spanned from 4.5 to 6.5 sec into the test, and the section 

spanned from 7.25 sec in the test to the end. The intersection of the two zones is the 

yielding point of the specimen and the curves were accurately approximated as bilinear. 

The slope of each section is the local strain rate . Therefore, we identified that locally, at 

these locations, there was a lower strain rate  before yield and higher after yielding. The 

arrow, in Fig. 5-49, indicated that the yielding process propagated from the cracks front, 

from the edges, to the center where they met.  

 The strain rate  was calculated at each location and plotted in Fig. 5-50. The 

strain rate before yielding was about 0.288 min-1, in the A-A plan, which was 1304% 

higher than the nominal test strain rate of 0.020 min-1.  The maximum strain rate, , 

on A-A plan was at the crack front and was calculated to be 4.712  min-1. The ratio of the 

maximum strain rate to the nominal test strain rate is 235.6. The stress-strain behavior 

of the material governing the fracture is the stress-strain behavior of the material at the 

strain rate of  =  
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Fig. 5-47: Profile of the engineering strain along A-A evolution with time of GF NDT specimen. 
The test nominal strain rate was 0.020 min-1. 

 

 

Fig. 5-48: Profile of the engineering strain along B-B evolution with time of GF NDT specimen. 
The nominal test strain rate was 0.020 min-1. 
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Fig. 5-49: Engineering strain variation with time at locations from the center (0.0 mm) 
horizontally along A-A of a NDT GF specimen. The test nominal strain rate was 0.020 
min-1. 

 

 

Fig. 5-50: Strain rate variation along A-A from the crack front (0.0 mm) horizontally along A-A 
to the center of a GF NDT specimen. The nominal test strain rate was 0.020 min-1. 
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 The engineering strain variations with time along the vertical line B-B at five 

locations, from the center (0.0 mm) vertically along B-B, are plotted in Fig. 5-51. The 

locations positions were given in legend. All the curves presented two distinct sections 

and were accurately approximated as linear bilinear. The slope of the line is the local 

strain rate  .  

 The strain rate  was calculated at each point and plotted in Fig. 5-52. The 

average strain rate was about 0.270min-1 which is 1250% higher than the nominal test 

strain rate 0.020 min-1. It was concluded that, in the case of GF, most of the deformation 

in the NDT specimen took place near the A-A plane. There were not much variation 

compare to the value in section A-A. The maximum strain rate  on B-B was 4.7 min-

1 at the intersection of B-B and A-A. The strain rate profile in the A-A direction is the 

one controlling the failure mechanism of the GF DT specimens.  

 

 

Fig. 5-51: Engineering strain variation with time at locations from the center (0.0 mm) 
horizontally along B-B of a NDT GF specimen. The test nominal strain rate was 0.020 
min-1. 
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Fig. 5-52: Strain rate variation along B-B from the center (0.0 mm) vertically along B-B of the 
GF NDT specimen. The nominal test strain rate was 0.020 min-1. 
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(4) In the case of the NDT specimens, the failure surface was through the 

notches end corner and perpendicular to the axial displacement planes.   

(5) Due to the notches, there was a strain gradient and a strain rate variation in 

the specimen under tension.  

(6) The maximum strain gradient  was 1224. The maximum strain rate was 

recorded at the location of crack initiation at the grooves center.  

(7)  The strain rate amplification factor was determined to be 235.6 in this 

NDT GF specimen. 

(8) The stress-strain behavior of the material governing the fracture is the 

stress-strain behavior of the material at the strain rate of  =  

 

5.5. Bending test of notched composite beams 

   Four points bending tests were performed on notched beam specimens, machined 

out through the full depth of the insulations (composite beams) to investigate the fracture 

behavior of GM and PP. The four point bending test imposed a mode I fracture at the 

crack. The crack tip opening displacement (CTOD) and strain rate at the crack tip 

variation were studied.   

5.5.1 Specimens preparation 

  The composite beams were approximately 362 mm (14.25 in) long, H mm high in 

average, and 38 mm (1.5 in) width as shown in Fig. 5-53 (a).  The beam specimens were 
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cut out from the pipe insulation in the longitudinal direction through the full depth. The 

resulting specimens were composite beams as shown in Fig. 5-55. They were 362 mm 

(14.25 in) long, 70 mm (2.76 in) high and 38 mm (1.5 in) width. There were two types: 

one with with layer 2 in GF materials and the second with layer 2 in GM.  

Type 1: Layer 1 was a 5.4 mm thick epoxy, layer 2 was 45.7 mm thick polypropylene 

with 65% glass filler, layer 3 was 14.4 mm unfilled polypropylene and layer 4 was 4.5 

mm solid polypropylene.  

Type2: Layer 1 was a 7.9 mm thick epoxy, layer 2 was 31.8 mm thick polypropylene 

with glass microsphere filler, layer 3 was 22.2 mm unfilled polypropylene and layer 4 

was 4.8 mm solid polypropylene.  

 
a.) 

  
                b.)      c.) 

Fig. 5-53: Layered composite beams for four points bending test. a.) Typical specimen, b.) Beam 
specimen notched up to layer 3, c.) Beam specimen notched up to layer 2.  

 
  All the notches were rectangular with 1.5 mm wide as shown in Fig. 5-53 (a). The 

four points bending test was selected because it provided, for analysis, a domain of pure 

bending moment, two locations of maximum shear and two locations of combined 

maximum shear and maximum pure bending moment as shown in chapter 4. The 
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Fig. 5-55: Four points bending test configuration. 

 

5.5.3 Results  

The crack tip opening displacements (CTOD) were monitored at the accuracy of 

0.0001 mm with the 3D DIC.  The measurement CTOD of was done as described in 

section 2.4.4. The materials had visco-elasto-plastic behavior which precluded 

successively the use of LEFM and J-Integral method for fracture characterization. 

 

(i) Quasi static monotonic loading 

The quasi static monotonic tests results are shown in Fig. 5-56, PP had a brittle 

fracture behavior and GM had a ductile fracture behavior. From the plots of applied force 

with the CTOD in Fig. 5-57 the critical CTOD (c) were determined: 

- for PP c = 4 mm, 

- for GM c = 1.14 mm. 
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Fig. 5-56: Applied  force vs. time. 

 

              

Fig. 5-57: Applied  force vs. CTOD. 
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(ii) Monotonic cyclic and pushover loading 

From the monotonic quasi static test it was recorded that the specimen, shown in 

Fig. 5-53(b), cracked at about 7000 N and became unstable at 7400 N at a displacement 

rate of 1.27 mm/min.  

 The monotonic cyclic test was then conducted on a similar beam specimen with 

the maximum load maintained 7000 N when the crack opened as the same displacement 

rate of 1.27 mm/min. Five cycles were performed  and then the specimen was loaded up 

to failure (pushover). The load evolution with time of the monotonic cyclic loading and 

the pushover loading (precracked) is shown in Fig. 5-58. It showed that the consistent 

displacement rate of 1.27 mm/min maintained a consistent loading rate in both tests.  

 

         
Fig. 5-58: Applied force vs. time. The notch in the beam was stopped in PP layer as shown in Fig. 

5-53(b). 
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 In the five cycles the CTOD was maintained under c , as expected, at 1.2 mm and 

cracked the specimen without reaching instability. The strain rate at the crack tip was 

monitored and plotted with time in Fig. 5-60. It was constant in all loading stage and 

defined as 

0.07	 . 

 In the pushover case, the specimen failed at CTOD of 1.84 mm. More than 50% 

decreased from the monotonic quasi static loading c. In the other hand, the strain rate at 

failure 2.37	 . 

The ratio   33.9.   

 

 
Fig. 5-59: Applied force vs. CTOD. The crack stopped in PP as shown in Fig. 5-53(b). 
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(2) Polypropylene with glass microsphere filler (GM) has stable crack grow in 

fracture. The critical COTD parameter for fracture variation with cyclic load 

was quantified.  

(3) The strain rate amplification factor in the case of notched in the PP layer, 

was 33.9. This  value is within the range  

 

5.6. Summary and discussion 

(1) In all cases, the crack initiated in the specimens at the maximum recorded 

stresses which were considered the yield strength of the materials. 

(2) There is a strain rate variation in the specimen as expected which quantified 

with the factor . The strain rate variation was quantified by the strain 

amplification factor which values are summarized in Table 5-1.                                                

(3) The strain rate amplification factor  , 33.9, obtained from the four point 

bending test was within the range of the values of  specimens with circular 

hole and DT specimens for both PP and GF. 

(4) The GF stress-strain behavior was proven to be strain rate dependent and 

brittle at higher strain rate in chapter 3 at near room temperature. This 

observation was justified in this fracture analysis.  
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Table 5-1: Summary table of strain rate amplification factor  

 

  

SPECIMENS MATERIALS r/d
Test  
(/min)

Max  
(/min)



GF 0.50 0.020 0.68 34.0

GF 0.50 0.065 2.04 31.4

GF 0.25 0.020 0.65 32.5

GF 0.25 0.020 0.68 34.0

GF 0.25 0.020 0.63 31.5

GF 0.25 0.050 1.98 39.6

PP 0.25 0.020 0.55 27.5

GF 0.05 33.0

PP 0.05 35.0

GF 0.31 0.020 4.7 235.0

PP 0.31 0.020 4.7 235.0
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6. REPAIR METHODS 

 

6.1. Introduction 

 Repair materials were investigated for the polypropylene composites. 

Polypropylene materials are chemically difficult to be bonded. As requirement for the 

subsea condition, the require method has to make use of filler material which can 

withstand the pressure and the temperature. 

 

6.2. Material parameters 

Commercially available cyanoacrylate ester was selected as a repair material. The 

product was supplied by ACCRAbond Inc. Cyanoacrylate ester is a chemically active 

liquid that reacts rapidly with other weakly alkaline materials to form hard plastic. Its 

bonding is a polymerisation process which is activated by alkaline, or moisture, materials 

to form a hard plastic. The stiffness and resistance to high temperature are the 

requirements of the repair method. 

 

6.3. Specimen preparation 

 The specimens were prepared and initialy test up to failure, in tension, as described 

in Chapter 4 section 4.2.1 and section 4.2.2 unless otherwise specified. 

 

6.4. Testing procedure  

Once the failed specimens were bonded the bonding was tested in a chamber under 

high hydrostatic pressure and temperature to simulate the subsea condition. The tensile 
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tests on the repaired specimens were conducted as specified in Chapter 4 section 4.4.2 

unless otherwise specified. The tests were conducted at a 0.003 min-1, a quasi-static 

monotonic loading. 

                                          

                                   a.)                                b.) 

Fig. 6-1:  (a) Repaired tensile specimen, b.)Repaired tensile specimen in controlled temperature 
and pressure chamber. 

 
  
6.5. Results 

 The tests results are shown in Fig. 4-7 and Fig. 6-3. Since the specimens were 

failed, the controlling parameter was the deformation sustained by the repaired 

specimens. The specimens   bonds sustained 100% of the initial deformation sustained by 

the intact specimens. The residual stresses were 50% of the material yield strength in 

both cases. 

 

6.6. Summary and discussion 

Cyanoacrylate gave initial satisfactory results as a repair material. It sustained the 

high temperature and pressure and provides the required ductility. 

 

Repaired
 specimen

Control temperature
and pressure chamber
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Fig. 6-2: Comparison of engineering stress vs. strain of GF tensile specimen and the same 
specimen after repaired. Test conducted at the nominal strain rate of 0.003/min. 

 

                 

Fig. 6-3: Comparison of engineering stress vs. strain of GF tensile specimen and the same 
specimen after repaired. Test conducted at the nominal strain rate of 0.003/min.  
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7. CONSTITUTIVE MODELLING 

 
7.1. Introduction 

The assessment of the deformation of a material during its practical application is 

one of the driving reasons behind the development of material constitutive model. From 

the increase in the development of new composites polypropylene (PP), for specific 

thermo mechanical or chemical properties, came the needs to update the existing 

constitutive relationships or developed new ones for behavior assessment and prediction 

for design.  Polypropylene composites, mainly polypropylene with glass filler and with 

glass microsphere filler, used in deep sea pipeline insulation system are the subject of this 

work.   

Based on the experimental results presented in chapter 4 and 5: 

- stress-strain relationships of the materials were nonlinear in the elastic and 

inelastic domains; 

- none of the materials showed a clear necking up to the failure of the test 

specimens; 

-   addition of glass particles and glass microsphere to polypropylene increased the 

elastic modulus, but the yield strength and yield strain were reduced along with 

the ductility, 

a constitutive models were developed for yield strength (y), initial elastic 

modulus (Ei) and secant modulus at yield (Esy) for polypropylene and glass filled 

composites in term of strain rate and temperature. A new stress-strain relationship was 
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proposed to model the nonlinear behavior of the composites considering the temperature 

and strain rate dependency of the material using the three parameters.  

Influence of the strain rates on the mechanical properties was quantified through 

the model parameters 

The nonlinear visco-elasto-plastic, the strain rate and temperature dependency 

behavior of the composites was considered for the stress strain relationship modeling. 

 

7.2. Material parameters 

Three parameters, initial elastic modulus (Ei), yield strength (y) and yields strain 

(y) were determined from the stress-strain relationships. The initial modulus is the 

Young’s modulus and was determined as the initial slope of the stress-strain relationship. 

The yield strength was the maximum stress sustained by the specimen in the engineering 

stress-strain relationship. The secant modulus at yield (Esy) was obtained by dividing the 

yield strength by the yield strain as shown in Fig. 7-1. 

 
Fig. 7-1: The material parameters on a typical engineering stress-strain relationship. 
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7.3. Modeling of temperature (T) and strain rate ( ) sensitivity  

From the experimental in chapter 4 shown in  Fig. 4-5, Fig. 4-7 and Fig. 4-10 it 

was concluded that the investigated unfilled polypropylene (PP), polypropylene with 

65% glass filler (GF) and polypropylene with glass microsphere filler (GM) tensile 

stress-strain behaviors were temperature and strain rate sensitive.  The yield strain in all 

three cases increased with increasing temperature in the temperature range considered. 

These observations are similar to the observations of Zhou et al. (2002) on unfilled and 

talc-filled polypropylene. A general dependency of glassy polymers stress-strain behavior 

on strain rate and temperature was also presented by Arruda et al. (1995).  

In this study, from the analysis of the tensile tests results described above, we 

proceeded to model the temperature and strain rate sensitivity of the yield strength, y, 

the initial elastic modulus, Ei, and the secant modulus at yield, Esy, of each material. For 

the model, the following assumptions were made: 

- the first assumption was: all three parameters are function of the strain rate 

independently of the temperature ; and consequently can be modeled using a single 

function  specific to each parameter; 

-  the second assumption was: the temperature effect on all three parameters can 

be modeled using a single two variables function of the form ,  which is a modifier 

of the first function 	  values, and specific to each parameter.  

Therefore, the yield strength, y, Ei and Esy, of each material can be modeled using the 

following functions:  

. , ,                                                                   (7-1) 

. , , and                                                              (7-2) 



  126

. , .                                                                  (7-3) 

7.3.1 Unfilled polypropylene (PP) temperature sensitivity  

In the case of PP, for about 300% increase of the temperature from 22 to 90oC, the 

yield strength y decreased by 52% at a strain rate of 0.030 min-1 and 60% at  a strain rate 

of 0.300 min-1 as shown in Fig. 4-26 and Fig. 4-27 respectively. In the same order of 

analysis, the initial elastic modulus Ei decreased by 69 and 71% and the secant modulus 

at yield Esy decreased by 60 and 67%. 

From the observation of the tests data, y, Ei and Esy showed an exponential decay 

that can be represented as follows: 

 ,                                                                                            (7-4) 

			→ 	 ,                                             (7-5) 

	→ 	 	 → 	 , then                                   (7-6) 

	 → ,                  (7-7)                           

where is the decay parameter.  The variation of  ln(y) with T shown in Fig. 7-2 where 

the relationship was linear,  was 0.0141. Hence the parameter  was independent of the 

temperature for PP. 

Test results indicated that  was a function of strain rate ( ) and the proposed 

relationship is as follows: 

	 . ,                                                                   (7-8) 

where a and b are material parameters. 
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Variations of  ln(i) with T and ln(sy) with T are shown in Fig. 7-3. The relationships are 

linear, and   is equal to 0.0188. 

 

Fig. 7-2: Effect of temperature on yield strength (y) of unfilled polypropylene. 

 

The solution to equation (7-4), the exponential rate of change is as followed: 

. ,                                                                      (7-9) 

where   is the yield strength at the reference temperature To and is the function  

defined in equation (6-1) . To is 22oC in this study, and by definition T = T-To.   The 

multiplier exponential function is  ,  in equation (7-1). 

Similarly,	 , , ,  and  ,  in equation (7-2) and (7-3) are respectively 

defined as followed: 

.  and                                                                  (7-10) 

. ,                                                                    (7-11) 
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where Eio and Esyo are the initial elastic modulus and secant modulus at yield respectively 

at the reference temperature To. The results of the temperature sensitivity models 

equations (7-9), (7-10) and (7-11), for PP, are plotted with the tests result for PP in Fig. 

7-4 and Fig. 7-5. 

          
Fig. 7-3:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 

unfilled polypropylene. 

 

                           

Fig. 7-4:  Effect of temperature on yield strength (y) of unfilled polypropylene. 
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Fig. 7-5:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 

unfilled polypropylene. 

 

7.3.2 Polypropylene with glass microsphere filler (GM) temperature sensitivity  

In the case of GM, for a about 300% increase of the temperature from 22 to 90oC, 

the yield strength y decreased by 50% for a strain rate of 0.030 min-1 and 65% for  a 

strain rate of 0.300 min-1 as shown in Fig. 4-26 and Fig. 4-27  respectively. In the same 

order of analysis, the initial elastic modulus Ei decreased by 81 and 85% and the secant 

modulus at yield Esy decreased by as 77 and 85%. 

Following the same procedure described in the case of PP in section 7.3.1, y, Ei 

and Esy were modeled using the equation (7-7) as shown in Fig. 7-6 and Fig. 7-7. From 

Fig. 7-6,  for y was determined to be 0.0123, and = was conservatively 

determined to be 0.0181 for Ei and Esy from Fig. 7-7. The results of the temperature 

sensitivity models equations (7-9), (7-10) and (7-11), for GM, are plotted with the tests 

result for PP in Fig. 7-8 and Fig. 7-9. 
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Fig. 7-6:  Effect of temperature on yield strength (y) of glass microspheres filled polypropylene. 

 
 
 

           

Fig. 7-7:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 
glass microspheres filled polypropylene. 
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Fig. 7-8:  Effect of temperature on yield strength (y) of polypropylene with glass microsphere 
filler. 

 

      
Fig. 7-9:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 

polypropylene with glass microsphere filler. 
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7.3.3 Polypropylene with 65% glass filler (GF) temperature sensitivity  

In the case of GF, for a about 300% increase of the temperature from 22 to 90oC, 

the yield strength y decreased by 50% for a strain rate of 0.030 min-1 and 50% for  a 

strain rate of 0.300 min-1 as shown in Fig. 4-18 and Fig. 4-19  respectively. In the same 

order of analysis, the initial elastic modulus Ei decreased by 53 and 59% and the secant 

modulus at yield Esy decreased by as 67 and 67%. 

 Following the same procedure described in the case of PP, y, Ei and Esy were 

modeled using the equation (6-7) as shown in Fig. 7-10 and Fig. 7-11. From Fig. 7-10,  

for y was defined, using equation (6), as followed: 

0.0145 0.015. .                                                     (7-12) 

From Fig. 7-11., = was conservatively determined to be 0.0265 for Ei and Esy.  

 

              

Fig. 7-10:  Effect of temperature on yield strength (y) of polypropylene with 65% glass filler. 
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The results of the temperature sensitivity models equations (7-9), (7-10) and (7-11), for 

GM, are plotted with the tests results, for GF, in Fig. 7-12 and Fig. 7-13. 

 

                    
Fig. 7-11:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) 

of polypropylene with 65% glass filler. 

 

               

Fig. 7-12:  Effect of temperature on yield strength (y) of polypropylene with 65% glass filler. 
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Fig. 7-13:  Effect of temperature on initial elastic modulus (Ei) and secant modulus at yield (Esy) 

of polypropylene with 65% glass filler. 

 

7.3.4 Summary 

The result of the temperature sensitivity models equations (7-9), (7-10) and (7-11) 

are all in good agreement with the data of PP, GM and GF.  The thermal decay 

coefficients for PP, GM and GT are given in Table 7-1. 

Table 7-1: Summary table of the thermal decay coefficient . 
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7.3.5 Unfilled polypropylene (PP) coupled strain rate  and temperature sensitivity 

 The relationship between y and ln( ) is shown in Fig. 7-14, and Fig. 7-15  

shows the relationship between Ei, Esy and ln( ) of PP at 22oC.  They showed that y, Ei 

and Esy are linear functions of ln( ) at room temperature.  

                    
Fig. 7-14:  Effect of strain rate on yield strength (y) of unfilled polypropylene at 22oC. 

 

   
Fig. 7-15: Effect of strain rate on initial elastic modulus (Ei) and secant modulus at yield (Esy) of  

unfilled  polypropylene at 22oC. 
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The slopes of these linear functions quantified the strain rate sensitivities of the 

yield strength, the initial elastic modulus and the secant modulus at yield respectively of 

PP. Consequently, the following equations are the   functions of equation (7-1), (7-2) 

and (7-3) for PP:     

	 . ,                                                              (7-13) 

	 . , and                                                         (7-14) 

    	 . ,                                                          (7-15) 

where, yoo, Eioo and Esyoo are reference y, reference Ei and reference Esy of PP taken to 

be the value of these parameters at the reference temperature To (22oC) and at the 

reference strain rate  which is taken to be 0.003/min in this study. ,  and  are 

the slopes of the plots  vs. ,  vs.  and  vs.  respectively. These 

parameters were determined from the experimental results plotted in Fig. 7-14, and Fig. 

7-15 and are given in Table 7-2. 

Table 7-2: Strain rate coefficients and reference parameters of unfilled and polypropylene with 
glass microsphere filler 

 

 

Substituting Equation (7-13) into (7-9) gave: 

 	 . . .                                             (7-16) 

Similarly: 

Material
yoo            

(MPa)
Eioo              

(MPa)
Esyoo           

(MPa)
ay ai asy (min-1) To (

oC)

Polypropylene (PP) 21.5 1380 515 0.996 84.31 3.01 0.030 22

 Polypropylene with glass 
microsphere filled(GM)

7.5 552 207 0.791 731.61 73.73 0.030 22
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	 . . , and                                        (7-17) 

	 . . .                                         (7-18) 

Equations (7-16), (7-17) and (7-18) established the strain rate and temperature 

sensitivity of yield strength, initial elastic modulus and secant modulus at yield of 

unfilled and polypropylene with glass microsphere filler. Similar relationships were 

proposed by Zhou et al. (2002) to fit their tensile test data of unfilled and 40% filled 

polypropylene with test specimens machined from pallets of both materials. 

7.3.6 Polypropylene with glass microsphere filler (GM) coupled strain rate  and 

temperature sensitivity 

From Fig. 7-16 and Fig. 7-17, we can observe that GM parameters have linear 

relationship with ln( ). Therefore, equations (7-13), (7-14) and (7-15) are valid to model 

the variation of GM y, Ei and Esy parameters.  ,  and  are the slopes of the plots 

 vs. ,  vs.  and  vs.  plotted in Fig. 7-16 and Fig. 7-17, and are 

given in Table 7-2. 

                        

Fig. 7-16:  Effect of strain rate on yield strength (y) of polypropylene with glass microsphere 
filler at 22oC. 
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The complete coupled models for GM y, Ei and Esy parameters are also given by 

Equations (7-16), (7-17) and (7-18). 

 

   
Fig. 7-17:  Effect of strain rate on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 

polypropylene with glass microsphere filler at 22oC. 

 

7.3.7 Polypropylene with 65% glass filler (GF) coupled strain rate  and 

temperature sensitivity 

The relationship between y and tanh( ) is shown in Fig. 7-18 and  Fig. 7-19 

shows the relationship between Ei, Esy and tanh( ) of the  polypropylene with 65% glass 

filler at 22oC. The three parameters are linear functions of tanh( ) with strain rate in 

percentage. A tangent hyperbolic function was adopted from the observation of the 

evolution of the experimental test results. It was recorded that, within the range of strain 

rate studies, y, Ei and Esy evolved exponentially up to a certain value and then stabilized 

up to the end of the domain of interest. Consequently the relationships in Equations (7-
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	 . . ,                                                         (7-19) 

	 . . , and                                                    (7-20) 

 	 . . ,                                                     (7-21) 

where , a scaling factor for the test strain rate, is a material parameter. Here  is equal to 

100. Therefore the strain rate was expressed in %/min. The parameters calculated from 

the experimental results plotted in Fig. 7-18 and Fig. 7-19 are given in Table 7-3. 

Table 7-3: Strain rate coefficients and reference parameters of the polypropylene with 65% glass 
filler 

 
 

 

Substituting Equation (7-19) into (7-9) gave: 

 	 . . . .                                            (7-22) 

Similarly: 

	 . . .  and                                       (7-23) 

	 . . . .                                       (7-24) 

Equations (7-22), (7-23) and (7-24) established the strain rate and temperature sensitivity 

of yield strength, initial elastic modulus and secant modulus at yield of polypropylene 

with 65% glass filler.  

 

Material
yoo            

(MPa)
Eioo              

(MPa)
Esyoo           

(MPa)
ay ai asy (min-1) To (

oC)

 Polypropylene with 65% 
Glass filler (GF)

15.6 3520 1460 2.584 1607.70 588.49 0.030 22
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Fig. 7-18.  Effect of strain rate on yield strength (y) of polypropylene with 65% glass filler at 

22oC.      
 
      

                
Fig. 7-19: Effect of strain rate on initial elastic modulus (Ei) and secant modulus at yield (Esy) of 

polypropylene with 65% glass filler at 22oC. 

 

7.4. Stress-strain relationship modelling 

The interest in developing an analytical model is to provide an appropriate stress-

strain model that can be used for any kind of composite polymer with variables in 

y = 2.5842x + 13.1
R² = 0.9456

12

13

14

15

16

17

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Y
ie

ld
 S

tr
es

s 
 y

 (M
P

a)

tanh( ̇) (%/min)

0

1000

2000

3000

4000

0

1000

2000

3000

4000

0.0 0.2 0.4 0.6 0.8 1.0 1.2

S
ec

as
nt

 M
od

ul
us

 a
t y

ie
ld

  E
sy

 (M
P

a)

tanh( ̇)  (%/min)

In
it

al
 E

la
st

ic
M

od
ul

us
 E

i
(M

P
a)

Esy

Ei



  141

function of the three parameters: the yield strength (y), yield strain (y) and the initial 

elastic modulus (Ei).  The model has to take into account the nonlinear behavior in the 

elastic and inelastic domains and the strain rate and temperature dependency of the stress-

strain relationship. Also volume conservation should not be imposed based on the 

experimental results in chapter 4 at higher temperatures.  

Consequently, yield criteria based on the assumptions of plastic incompressibility 

and no effect of yield of the hydrostatic component of stress has to be abandoned. 

Gurson’s yield criteria and flow rules for porous ductile media and it modified version 

has to be applied to the materials. 

 

7.4.1 Original model 

The model proposed by Vipulanandan et al. (1990) has the parametric ability to 

take into account the requirements, but it have been best used for strain softening  

materials for which it was purposely developed. It was introduced to model the stress-

strain relationship of epoxy and polyester polymer concrete behavior in compression. It 

was presented as followed 

 , then                                                   (7-25) 

1                                       (7-26) 

where y is the yield strain, y the yield strength, i the uniaxial stress and i uniaxial 

strain. The parameters p and q are functional variable of the material, different from the 

known hydrostatic pressure q and deviatoric stress p in constitutive modeling.    They are 
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function of the initial modulus Ei and the secant modulus at yield Esy which in turn can be 

defined ad followed: 

, ,                                                            (7-27) 

, , and                                                   (7-28) 

, .                                                            (7-29) 

The model imposed at all time that  

,                                                     (7-30) 

and 

                                 .                                                                (7-31) 

Normalizing the stress by yield stress and the strain by the yield strain, 

  and                                                               (7-32) 

̅ .                                                                      (7-33) 

Equation  (7-26) became 

1 ̅ ̅ .                                           (7-34) 

Mantrala introduced a modification transforming stress-strain model which provided the 

following relationship 

1 ̅ ̅  ,                                           (7-35) 

in which q is defined as,  
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	,                                                                    (7-36) 

	 	 	 	 0	; 1 . 

q is, therefore, a direct quantification of the  material nonlinear elastic stress-strain 

behavior , and p is a material property. The condition in equation (7-30) was satisfied. 

 The normalized stress-strain relationships, of the model prediction, are shown in Fig. 

7-20 for values of q and range of p. 
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                   b.) 
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                                                                       c.) 

Fig. 7-20.  Original model normalized stress-strain relationship prediction. 

 

The model have been successfully used for strain-softening behavior materials such as 

polymer concrete  in (Mebarkia et al. 1992), (Wei et al. 1992), (Barros et al. 1999) 

(Neves et al. 2005), (Bencardino et al. 2008) and (Usluogullari et al. 2011). The use of 

the model for mainly strain softening behavior is due to its limitation to accurately predict 

strain-hardening behavior observed in material such as polymer, polymer composite, 

metals in tension and compression. 

 

7.4.2 Modified model 

The following expression was adopted from the modification of Mantrala model 

to account for both softening and hardening observed in the polymer composites 

experimental results in chapter 4 and 5,  

1 ̅ ̅ .                                                                (7-37) 
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The condition in equation (7-30) is satisfied and the expression of q given in 

equation (7-36) as a ratio of the secant modulus at yield (Esy) and of the initial modulus 

(Ei) is maintained. Therefore the new model parameters are the same as the original ones. 

The parameter n controls the rate of hardening and is equal to be 2 for the studied 

materials based on the experimental data,  

1 ̅ ̅ , then                                                    (7-38) 

 ,                                                                             (7-39) 

		 1 , 

.                                                                                        (7-40) 

In the case of hardening model, the second order component of the denominator 

( ̅ ) controls the hardening and the plastic strain rate. A hardening polymer, in tension, 

has a sudden drop in stiffness, right after the yield point in large strain deformation as 

observed in the experimental result in chapter 3. This behavior is capture by the 

maximum of the denominator polynomial due to ̅  component. 

0	 → 	 	 	 → 1 	,                                (7-41) 

	 0		 	 1	 → 	 	 	 	 	 , as shown in 

Fig. 7-21. 

0	 → 	 	 	 → 1 ,                               (7-42) 

	 1		 	 0.5	 → 	 	 , as shown in Fig. 7-22. 

 



  146

                                       

Fig. 7-21. Case: q=0 and p=1. 

                                

Fig. 7-22: Case: q=1 and p=0.5. 

 
The tangent modulus is: 

 .                                                             (7-43) 

p is a material parameter. In this study p was related to the normalized strain energy 

density ( ) as follows, 

 ̅.                                                                          (7-44) 

 satisfies the conditions in Fig. 7-21 and Fig. 7-22 and a  is a correction parameter. The 

normalized stress-strain relationship, of the new model prediction, is shown in Fig. 7-23 

for values of q and range of p. 

1

1

1

1
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a.) 

 

                     

b.) 

 
c.) 

Fig. 7-23.  New model normalized stress-strain relationship prediction. 

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25 30 35 40 45 50 55 60

 i
/

y

i/y

p

q = 0.150 0.900

1 - q = 0.850

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25 30 35 40 45 50 55 60

 i
/

y

i/y

p

q = 0.200 0.900

1 - q = 0.800

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25 30 35 40 45 50 55 60

 i
/

y

i/y

p

q = 0.30 0.900

1 - q = 0.700



  148

7.4.3 Modified model application 

The parameter q varied from 0.415 to 0.200 for PP, from 0.600 to 0.100 for GM 

material and for 0.600 to 0.190 for PP in tension for the temperature range of 22 to 90oC. 

The model is applied to predict GF experimental stress-strain relationship. The 

modeling was done case by case. The parameters y, Ei and Esy were, each, directly 

calculated from the experimental result for each stress strain relationship. From the 

experimental data, the correction parameter a = 0 for GF. 

 

Fig. 7-24: Comparison of the new model prediction and the experimental stress-strain relationship 
of GF. 

 
7.5. Summary 

The effect of temperature and strain rate ( ) on the tensile behavior of the PP, GM 

composite and GF composite were modeled. Also the nonlinear stress-strain relationship 

model was developed.  
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(i) Parameters represent the change in the material properties (y, Ei, 

Esy) on the temperature and are summarized in Table 7-1.The yield strength (y), the 

initial elastic modulus (Ei) and the secant modulus at yield (Esy) of the stress-strain 

relationship PP, GM and GF were modeled. 

(a) For all three materials (PP, GM, GF),  and were the highest, hence of 

the three material parameters, Ei and Esy are the most influence, equally, by the 

temperature. y was the least influence by the temperature.  

(b) GF were the highest followed by the PP value. 

Consequently GF was the most influenced by the temperature followed by PP, 

and GM was the least sensitive to temperature. Order of temperature 

sensitivity of GF, PP and GM were in accordance with the thermal 

conductivity results presented in Chapter 3. 

 

(ii) Parameter a (ay, ai, asy) represents the dependence of material properties (yo, Eio, 

Esyo) on the tensile strain rate ( ) and are summarized in Table 7-2 and Table 7-3. 

(a) For all three materials (PP, GM, GF), GF was the least sensitive to strain rate. 

Its parameter (yo, Eio, Esyo) stabilized faster following the tangent hyperbolic 

function. Considering ay parameter, PP was the most sensitive of the three 

materials to strain rate.  
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(iii) The proposed stress-strain relationship model captured quite well the nonlinear 

behavior of the materials and took into account the strain rate and temperature 

dependency from the modeling of its material parameters (y, Ei, Esy). 

From the range of the test strain rates, it was assumed that the tensile test were 

nearly isothermal (Arruda et al. 1995).  

In the evolution of the yield strength and the elastic moduli with the strain rate, it 

was understood that these parameters cannot infinitely increase with increasing strain 

rate. There are limits and these limits appeared earlier in the composite with glass 

inclusion. 
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8. FINITE ELEMENT MODELLING 

8.1. Introduction 

 The interest of the numerical modeling lays in the assessment of numerical 

simulation for future parametric analysis. The strain field variations on the specimens, 

obtained from the 3D DIC in Chapter 5, were verified using 3D finite element modeling. 

The four points bending test of notched layered beam was also simulated using FEM. The 

numerical simulations were done using ABAQUS. 

 

8.2. Material parameters 

The material parameters for each model were obtained from experiments which 

results were presented in Chapter 4 and 5.   

The GF tensile specimen with 2.4 mm diameter centered circular hole studied in 

section 5.3 was numerically model with the material parameter shown in Table 8-1. 

Table 8-1: GF specimen with centered circular hole model material parameters. 

 

The GF DT tensile specimen, analyzed in section 5.4, was modeled using the 

material parameters summarized in Table 8-2. 

Table 8-2: GF DT model material parameters. 

 

 

Type Material Density (kg/m
3
)

y            

(MPa)
Esy              

(MPa)
y u 

2A17
 Polypropylene with 65% 

Glass filler (GF)
1950 15.5 901 0.017 0.04 0.3

Type Material Density (kg/m
3
)

y            

(MPa)
Esy              

(MPa)
y u 

2DT
 Polypropylene with 65% 

Glass filler (GF)
1950 15 938 0.016 0.15 0.3
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The GF NDT specimen tensile specimen analyzed in section 5.4 was also modeled 

and the material parameters are shown in Table 8-3. The notched composite beam layered 

material parameters are summarized in Table 8-4. 

Table 8-3: GF NDT model material parameters. 

 

Table 8-4: Four points bending model materials parameters. 

 
 
8.3. Constitutive Model 

Linear elastic and linear elastic perfectly plastic model were used for the material. 

The secant modulus at yield (Esy ) was used as the young modulus instead of the initial 

elastic modulus(Ei) for the tensile specimens . Von-Mises yield criteria was used in all 

cases. The strain rate dependency of the materials behavior was not considered. 

In the beam model, the interfaces 1-2 and 3-4 were modelled as tied: no slip no 

debonding. The interface 2-3 was modeled using tangential and normal stiffnesses. The 

unfilled polypropylene (layer 3) was modeled using XFEM (extended finite element 

method) to allow crack growth.  The maximum principle stress criterion was used for the 

crack initiation. Fracture was not considered in the numerical modeling of the tensile 

specimens. 

 

Type Material Density (kg/m
3
)

y            

(MPa)
Esy              

(MPa)
y u 

2NDT
 Polypropylene with 65% 

Glass filler (GF)
1234 15.8 1234 0.013 0.15 0.3

Layer Material Density (kg/m
3
)

y            

(MPa)
Ei              

(MPa)
y u 

1 Epoxy 800 14 2000 0.07 1 0.28

2
 Polypropylene with 65% Glass 

filler (GF)
1950 14 2750 0.005 1 0.25

3 Polypropylene (PP) 800 19 1700 0.011 1 0.3

4 Solid PP 800 - 2000 - - 0.11
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9. CONCLUSIONS & RECOMMENDATIONS 

The objective of this study was investigated the behavior of polypropylene 

composite coating insulators at various strain rate. The thermal conductivity of unfilled 

polypropylene (PP), polypropylene with microsphere filler (GM), and polypropylene 

with 65% glass filler (GF) were 0.160, 1.40 and 0.306. Three dimensional Digital Image 

Correlation system was used to monitor the full strain field on the tensile, compressive, 

shear and bending specimens. Based on the experimental results, the following 

conclusions were advanced: 

(1) The unfilled polypropylene (PP), polypropylene with glass microsphere filler 

(GM) and polypropylene with 65% glass filler (GF) tensile engineering stress-

strain relationships were strain rate and temperature dependent. The yield 

strength (y), initial elastic modulus (Ei) and secant modulus at yield (Esy) 

decreased with increasing temperature and increased with increasing strain 

rate in tensile test. 

(2) Polypropylene with 65% glass filler had the highest elastic modulus and 

polypropylene with glass microsphere filler had the lowest elastic modulus. 

(3) Addition of the glass microsphere to polypropylene in this case decreased it 

elastic modulus but maintained the ductility at 22oC. 

(4) The compressive yield strength of PP and GF were  two to three times higher 

than the yield strength.  

(5) The fracture initiation in the layered composite beams is dependent on stress 

concentration and strain rate level. It initiates inside the polymer composite 

layer, here GF, and then propagates through layers and interfaces. It is only 
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noticed when it reaches the surface. Since the fracture initiates in the internal 

insulation layer, it is then difficult, almost impossible to be detected before it 

breaks out.  It then requires a control over the mechanical parameters which 

trigger it: the stress level and strain rate level. 

(6) Stress concentration around the crack, due to defect, induced strain rate 

gradient in the polymer composites which increase y, Ei and Esy but made the 

ductile polymer more brittle in fracture. The strain energy density at yield and 

failure reduced with the crack size, but increased with the strain rate. 

(7) A strain rate amplification factor was defined to be equal to the ratio of the 

maximum strain rate recorded at the crack tip to the nominal test strain rate. 

controlled the fracture of the polymer.  

(8) Repairing of cracks using a rapid setting polymer was evaluated. The repaired 

composite maintained 100% of its initial failure strain.  

(9) The proposed stress-strain relationship model captured quite well the 

nonlinear behavior of the materials and took also into account the strain rate 

and temperature dependency from the modeling of the material parameters 

(y, Ei, Esy). 

 This study opened the door to future work on polymer composites used in 

subsea. Mainly, how to control the deformation of the insulated pipeline, before 

installation (transportation) and at service condition, to maintain the deformation rate 

below the point of the development of large strain rate? The developed constitutive 
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equations can be parametrically updated for other polymer composites or materials 

displaying similar behavior. 
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