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Abstract 

This research aims to describe the behavior of C45 structural steel that is 

increasingly used in the oil and gas industry in environments where high temperatures 

and strain rates are applied. The primary goal is to introduce a systematic 

understanding of the thermo-mechanical ductile failure that occurs due to 

accumulation of micro-cracks and voids along with plastic deformation to enable 

proper structural design; and hence provide better serviceability. To achieve such a 

goal, a series of quasi-static tensile tests are conducted on C45 steel at a range of 

temperatures between 298 °K and 923 °K for strain rates up to 0.15s-1. Drop hammer 

dynamic tests are also performed considering different masses and heights to study 

the material response at higher strain rates. The stress-strain results extracted from the 

experimental tests are utilized to identify the material constants for the Johnson-Cook 

(JC) constitutive model to describe the flow stress of this type of high strength steel. 

Scanning electron microscopy (SEM) images are also taken to quantify the density of 

micro-cracks and voids of each fractured specimens which are needed to define the 

evolution of internal defects using an energy based damage model. The coupling 

effect of damage and plasticity is incorporated into the finite element (FE) software 

ABAQUS to develop a robust FE model that can accurately simulate different 

structural responses of this material. Good correlation was observed between the 

proposed models predictions and the experimental observations. 

Search Terms: C45 steel; Temperature; Strain Rate; Constitutive Modeling; 

Damage; Finite Element; ABAQUS. 
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Chapter 1 : Introduction 

Oil and gas industry is one of the most important industries that existing life 

depends on to generate the energy needed for all sorts of activities. It is almost the 

only source of energy in many countries these days. Around 20% of the oil and gas 

explored around the world exist below the seabed [1]. In order to extract the oil and 

gas found there, engineers working in the field need to use certain kind of tools, 

machines, equipment, structures, materials, and even management and safety systems. 

The environment in that part of our earth is dangerous and not human friendly. The 

sizes of everything are exaggerated which reach sometimes unbelievable levels and 

standards. Most of the time, the dangerous nature of the environment leads engineers 

to use a factor of safety up to 7 due to the uncertainties faced. Materials such as high 

strength steel are typically used for fabricating all kinds of tooling in the industry. 

They are used to build ships, structures, heavy lifting machinery, subsea structures 

and pipelines, and even the temporary structures that are used as aids for one time job. 

Therefore, it is significant for the engineers who work in this industry to build stiff, 

durable, and light weight structures which withstand the danger accompanied with the 

different kinds of failures that might happen. Offshore structures are exposed to 

different sources of loadings that cause crack evolution within the micro-structure of 

the materials. Such loadings can typically be caused due to the different sources 

which exist within the environment in which these structures or machines operate. 

Fires, earthquakes, high wind speeds, hydrodynamic loads, humidity, marine growth, 

and coastal considerations are examples of what these structures may face when 

operating offshore. Hydrodynamic interaction effects, environmental loads (waves, 

wind, and lift loads), diffraction wave forces, effect of compliancy (relative motion), 

inertia force, and drag forces are major sources of providing loads that apply high 

strain rates due to collisions between the material and the environment elements 

surrounding it [2]. Moreover, accidents which cause fires and explosions are main 

sources of high temperatures that can be evolved within the structure’s elements.  

In order to account for that and to provide offshore structures with the needed 

“serviceability requirement,” the design of these structures need to be comprehensive 

and efficient in terms of understanding and studying the behavior and the response of 

the materials that these structures are built with. All of this will eventually lead to 
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minimize the negative consequences such as “fatalities” and “environmental 

damages” of any typical failure modes by preventing brittle and “progressive 

structural failures” [1]. This is important in order for the structure to withstand these 

forces, so it becomes possible to provide enough time for evacuation and rescue.  

In brief, as mentioned previously, understanding the behavior of the material 

in use and knowing how this material reacts after proper assessment of the exposures 

and loads acting on the material constitute the main work in the design phase of any 

project. This concept is the reason behind this research where the main goal is to 

study the behavior of certain type of structural steel when exposed to certain 

exposures in order to help the future designs to be more efficient and accurate. And 

for that to happen, the critical parameters which affect the behavior need to be 

identified. This approach will also lead to have cost effective designs without 

overestimating the sizes and the protection precautions.  

Therefore, the significance of proposing this research, which studies the 

behavior of structural steel plates and the effect of damage on its response when 

exposed to high temperatures and intermediate strain rates, lies in understanding the 

capabilities of this steel when a disaster happens in order to design the structures in 

efficient, cost effective, and safe way. 

1.1 Problem Statement and Research Motivation 

When the structural steel undergoes high strain rates or is exposed to high 

temperatures, it becomes vulnerable to experience crack initiation on the micro-

structural level. In further stages, steel starts to experience internal damage where the 

cracks start to grow and form voids within the composition of the material. 

Afterwards, the material will fail at a certain point causing the failure of the structure 

or surrounding structural elements. Such a typical case is widely common to be faced 

in offshore structures due to the different sources causing high strain rates and 

temperatures as previously discussed. Engineers intend to understand this 

development within the micro-structure of the materials in order to design ductile 

structures and to take the necessary precautions in case failure is most probably to 

occur. Typical global failure in the structural integrity of the materials is experienced 

in many accidents before.  These global failure modes caused by the development of 
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cracks in the material need to be understood properly and evaluated in order to avoid 

further accidents and events. This understanding needs to be interpreted and 

incorporated in the design codes as an important step towards facing the unforeseen 

events which may happen offshore where the environment is not human friendly and 

consequences might be fatal in most of the cases. 

The reasons behind these failures could be due to the loads caused by ship 

impacts and fires due to explosions or gas release. Also, “degradation” in the 

structural strength due to cracks’ growth caused by fatigue or loading rates is a reason 

of accidents in offshore structures resulted from the failure of the inspection and 

maintenance system carried over there. This is leading to “catastrophic” events and 

accidents when they occurred at a certain point of time. Figure 1 shows a failure in 

“statically determinate platforms” due to crack growth in the structural elements [1]. 

Table 1 shows the number of accidents per 1000 platform-years adapted after 

Worldwide Offshore Accidents Databank (WOAD 1996). The focus in this research 

will be the accidents that occur due to collisions, fires, and structural damage. 

 

Figure 1: The total losses of ranger i in 1979 and alexander Kielland in 1981 were initiated by 

fatigue failure [1]. 

  16 
 



Table 1: The number of accidents per 1000 platform-years adapted after WOAD (1996) [1]. 

 

Considering the previous discussion, this research is a contribution to the state 

of the art in studying the behavior of C45 high strength steel that is widely used in 

offshore construction as structural elements, bolts, studs, gears, axles, shafts, machine 

parts, pins, rolls, spindles, ratchets, crankshafts, torsion bars, rams, sockets, worms, 

light gears, connecting rods, guide rods, and hydraulic clamps. All these applications 

are either used in the structure itself or as tools to build these structures. However, our 

concern is the structural steel and therefore its corresponding applications. 

1.2 Significance of the Project 

From previous discussions, it can be concluded that the study of the material 

behavior which undergoes different types of loadings and exposures is important and 

is needed for design purposes. It is also important to know how far the material goes 

when exposed to harsh conditions. This research aims to study material behavior that 

is widely used in certain industries when exposed to complex loadings to improve the 

performance of the structures built with this material, the efficiency and safety of the 

design, and to know the limitations of this material. Moreover, this research forms a 

seed in the contribution process towards implementing new considerations in the 

codes leading to enhance the serviceability and the general knowledge.  

In specific, this research is intended to develop a comprehensive 

understanding of the thermo-mechanical response of C45 structural steel plates over a 
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range of temperatures and loading rates. It also aims at assessing the damage behavior 

of the material by observing the experimental results which will help to integrate an 

energy based damage equation that describes the internal damage evolution in C45 

steel into an existing plasticity model. This coupled damage-plasticity constitutive 

model will be one more step towards the comprehensive understanding of the C45 

steel behavior prior to its use. 

1.3 Objectives 

The main objective of this thesis is to study the thermomechanical behavior 

and damage response of C45 high strength steel when exposed to high temperatures 

and intermediate strain rates. The detailed objectives are: 

- Investigating the thermo-mechanical behavior of C45 steel plates by 

conducting experimental tests at different combinations of temperatures and 

strain rates. A series of tensile tests at a range of temperatures between 25 °C 

and 650 °C and strain rates up to 10² s⁻¹ will be conducted.  

- Applying the principles of continuum damage mechanics in order to evaluate 

and measure the damage response of C45 structural steel plates at different 

loading conditions. 

- Utilizing the experimental results in identifying the C45 parameters for 

existing constitutive model; JC model. 

- Utilizing the experimental results in identifying the C45 parameters for 

existing energy based damage model. 

- Developing a finite element model that simulates different loading scenarios 

on C45 structural steel. 

1.4 Thesis Structure 

The thesis starts with an introduction on the topic along with the research 

motivation and significance of the project. The second chapter provides a collective 

study on the research topics in the literature. The chapter briefly looks at the work 

available with brief explanations on the similar work done for high strength steel and 

C45 steel in specific. Then the review looks into the available constitutive models, the 

continuum damage mechanics principles and the energy based damage model adopted 
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in this study. Chapter 3 explains in details the research methodology adopted in this 

study describing the approach followed for each stage throughout the research. 

Chapter 4 is concerned with presenting and discussing the results obtained from the 

experimental work, the application of the constitutive model chosen for this study and 

the energy based damage model. In Chapter 5, finite element simulations of different 

loading scenarios are presented along with the verification of the constitutive model 

results. Finally, Chapter 6 concludes the thesis by providing a brief summary of the 

outcomes of this research along with the recommendations towards handling the work 

presented. 
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Chapter 2 : Literature Review 

2.1 High Strength Steel at High Temperatures and Loading Rates 

Many research studies and experiments have been carried out in the past few 

decades to study the material behavior at elevated temperatures and strain rates. Steel, 

in particular, is one of the materials that have been extensively studied for that 

purpose. Researchers have been trying to understand and quantify the parameters 

which describe the thermo-mechanical behavior of steel. This research is among many 

to consider certain type of high strength steel in order to study the behavior under 

elevated temperatures and high strain rates.  

Examples related to that field of studies in which different types of high 

strength steels were used are [3-38]. These studies and researches investigated the 

behavior of different types of high strength steel at elevated temperatures and strain 

rates from all perspectives. Some were investigating the shear response, while others 

were trying to understand the tensile and compressive stress-strain relationships. In 

addition, many trials on understanding the effect on the young’s modulus were carried 

out. 

Moreover, many researchers have used high strength steel as base material for 

experimental work to provide enough data to develop constitutive equations. These 

constitutive equations were mainly established to describe the flow stress behavior in 

the materials at elevated temperatures and strain rates [39-46]. 

On the other hand, and according to steel manufacturers and suppliers, 

offshore structures are mostly built with steel. If not the structure, other important 

elements of the structure or the machines used to build these structures are made of 

steel. Thus, it is important to understand the behavior of steel when exposed to 

different loading conditions. In this research, the interest is to study the behavior of 

C45 steel when exposed to elevated temperatures and strain rates.  

Steel suppliers are providing C45 mainly to build tools, machines, or 

structures that sustain impact loading, sharp cutting edges, corrosion, brittle fracture, 

and to provide high performance and weldability [47, 48]. 
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Triton Alloys [48], one of the major suppliers in the region, stated that “…C45 

is well known for its wear resistance and other moderate properties such as thermal 

expansion and thermal conductivity.” Also, they say that “…Grade C45, TISCRAL is 

widely known for its quenching and tempering ability. This kind of steel is widely 

used in various industries for general engineering purposes. This range is designed to 

withstand tremendous amount of weights and pressure. This steel plate is rust proof in 

their make….” Moreover, according to Triton Alloys, C45 steel is equivalent to EN 

10083, JIS G4051 S45C, DIN17200 C45, UNI7846 C45, NFA AF65-C45, 

UNE36011 C45K, AND AISI 1042/1045. 

Apart from the mentioned advantages, applications, and C45 importance, 

many researchers have tried to carry out experiments, studies, and analysis on C45 

high strength steel. Examples of research carried out to study different perspectives of 

C45 in the past decades are [49-66]. These studies were attempting to understand the 

C45 steel in terms of formability, effect of different kinds of processes such as heat 

treatment and cooling, Nano-structural behavior under impact loading, distortion 

under cooling effect, behavior of the material when exposed to lubrication and 

corrosion protection processes, vibration effect, friction and wear properties, surface 

roughness, machinability, cavitation resistance, and effect of stress ratio and 

temperatures on the fracture of C45 steel.   

However, the literature lacks research related to investigating the damage 

evolution in C45 steel and its plasticity constitutive modeling. This research will fill 

this gap by studying the stress-strain behavior of C45 steel under different 

combinations of temperatures and strain rates in an attempt to assess its coupled 

damage-plasticity response. 

2.2 Constitutive Modeling 

Many constitutive models have been developed to describe the materials 

nonlinear behavior when exposed to high strain rates and temperatures. Some are 

empirical or semi-empirical relations, while others are physically-based sharing the 

same purpose of describing the change in mechanical properties of materials when 

they experience the accumulation of plastic deformation. They serve the purpose of 

producing the material true stress-true strain curves under different loading 
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conditions. These modeling concepts come from the fact that the mechanical response 

depends on the rate of deformation as well as the evolving temperature [4].  

Examples of these models include the Johnson-Cook (JC) model [41], 

Steinberg-Cochran-Guinan-Lund (SCGL) model [42, 43], Zerilli-Armstrong (ZA) 

model [44], Mechanical Threshold Stress (MTS) model [6-9, 70, 71] , Preston-Tonks-

Wallace (PTW) model [4], Rusinek and Klepaczko (RK) model [4], and Voyiadjis-

Abed (VA) Model [25, 73].  

The Johnson-Cook model is an empirical relation that describes the flow stress 

in terms of strain, strain rate, and temperature without considering the coupling effect 

of strain rate and temperature. Not considering the coupling effect comes from the 

idea that the model experiences unrealistic small strain-rate dependence at high 

temperatures. Apart from that, the model is the most widely used among all other 

models that will be briefly described next [4, 41].  

The Steinberg-Cochran-Guinan-Lund model is a semi-empirical relation that 

was aimed to model problems concerning high strain rates [42]. The model was later 

extended for low strain rate problems and body-centered cubic (bcc) materials by 

Steinberg and Lund [43]. The extended model is based on dislocation at low strain 

rates [5]. 

The Zerilli-Armstrong model consists of two different relations to describe the 

flow stress for two “classes” of metals, fcc and bcc metals. The model is intended to 

address the initial dislocation density and moving mechanism in the material. The 

model is based on the concept of thermal activation analysis to overcome the local 

obstacles preventing the dislocation from motion where the thermal flow stress 

component is captured by the yield stress in bcc metals and hardening stress in fcc 

metals [4, 44]. 

The Mechanical Threshold Stress model is based on the concept of the 

interaction between dislocations and obstacles [4]. The concept of building a complex 

model based on dislocation dynamics has been successful in modeling  the plastic 

deformation of copper, tantalum [6], steel alloys [7, 8], and aluminum alloys [9]. The 
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model is capable of solving problems concerned with strain rates up to 107 s−1 [4, 70, 

71]. 

The Preston-Tonks-Wallace model is similar to the Mechanical Threshold 

model except that this model is capable of solving problems related to “the plastic 

deformation in the overdriven shock regime” where the strain rates reach values 

greater than 107 s−1 and up to 1011 s−1 and the temperatures reach the melting point 

[4]. 

The Rusinek and Klepaczko model is a semi-physical model that deals with 

the total flow stress as a result of the combination between the internal stress and 

effective stress. The model assumes that the strain hardening is “sensitive” towards 

the strain rate and temperature. Therefore, as the model suggests, the internal stress is 

related to the strain hardening and the effective stress is related to the thermal 

activation [4]. 

The Voyiadjis-Abed model expresses the flow stress based on the concepts of 

the thermal activation analysis, dislocation interactions mechanisms, and the 

evolution of mobile dislocation density. The model considers three relations to 

describe the physical basis of microstructure, crystal structure, and atoms distribution 

for three material classes which are fcc, bcc, and hcp metals. The model was later 

modified to account for the flow stress of ferrite steel at low and high strain rates and 

temperatures by considering the evolution equation of the dislocation density resulted 

from the strain hardening [4, 25, 73]. 

As previously mentioned, these models share the same purpose of defining the 

flow stress in the material due to the effect of the strain rate and temperatures.  

The JC model is chosen to be considered in this research because of its 

capability to simulate the flow stress within the range of temperatures and strain rates 

adopted in the experimental program. Also, the JC model is already implemented in 

the finite element software ABAQUS easing the use of the model.  
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2.3 Continuum Damage Mechanics 

As previously explained, the structural materials experience harsh loadings 

and exposures resulting in the loss of their physical properties and mechanical 

characteristics. Hence, it is important to study the stages that these materials go 

through in order to understand and properly assess the changes which happen on the 

microstructural level.  

In the past half a century, great attention was drawn to the study of the 

microstructural level of the material in order to understand and “improve” the material 

in all aspects [75]. This has led to the enhancement of the serviceability and the 

performance of the materials in different types of industries. This part of studying the 

mechanics of materials is concerned with the study of the damage that occurs on the 

microstructural level which causes “a significant influence on the safety aspect of 

engineering structures.” It has been an interest to the designers, in specific, due to its 

great role in determining the “useful life” of the material and more importantly its role 

in predicting the failure mechanism and at which stage [75]. This is an important 

consideration for many designers in engineering application leading them to properly 

asses the lifetime of the materials they use and ultimately improve the performance of 

their designs. In order to express the previous in better words, Krajcinovic [76] stated 

that “...the question is not whether the damage is present in a structure such as an 

aircraft, car or steel bridge, but instead whether the structure is in its real, damaged 

state fit for the intended purpose. The question also whether the structure is reliable 

and how much longer will it last or function as intended.” 

2.3.1 Definition of damage. 

According to Murakami [77], damage is defined as the “development of 

cavities in the microscopic, the mesoscopic, and the macroscopic processes of fracture 

in materials together with the resulting deterioration in their mechanical properties.” 

In more explicit words, it all starts with a breakage in the atomic bond or a defect in 

the atomic array leading to the nucleation of micro-cavities. These micro-cavities start 

to grow and form coalescence between each other on a mesoscopic level leading to 

the formation of macro-cracks.  Final stage would be the growth of these macro-
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cracks resulting into the fracture of the material. Figure 2 shows the fracture process 

starting from the atomic scale towards the formation of the macro-cracks. 

 

Figure 2: Scales of damage observation [77]. 

In general, these four scales, where the damage observations exist, can be 

explained in the following manner [77, 78]: 

2.3.1.1 The atomic scale. 

The material physical and mechanical properties are shaped by the behavior of 

the molecules forming the material, their array, and the interaction bonding and forces 

between these molecules. The damage at that scale starts when a disturbance to the 

bonds or to the array formed in between the molecules exists [77]. 

2.3.1.2 The microscopic scale. 

At this level, there exists continuity in the material where the visual field has a 

“discontinuous structure as a whole.” In there, the damage can be observed in the 

micro-cavities, micro-cracks, or de-cohesion in the microstructure of the material 

[77]. The microscopic mechanism of material damage consists of four mechanisms 

which are cleavage, growth and coalescence of micro-voids, glide plane de-cohesion 

and void growth that occurs due to grain-boundary diffusion. Damage starts with a 
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tensile de-cohesion in crystal planes intrinsic to the crystals without any plastic 

deformation accompanied followed by a fracture of the inclusion due to accumulation 

of the plastic deformation coming from the stress concentration induced by pile-up of 

dislocation to inclusions making it the second stage. The increase in the plastic 

deformation results in the nucleation of new surfaces on specific slip planes leading to 

the fracture of crystalline material where the cross sectional of the material reduces 

almost to zero. Finally,  when the material is exposed to a temperature higher than 1/3 

of the absolute melting temperature, a diffusion of vacancies gives rise to cavities on 

grain boundaries perpendicular to the tensile stress resulting in the microscopic de-

cohesion or fracture [77]. These four steps are shown in Figure 3. 

 

Figure 3: Separation of atomic bonds and the mechanisms of microscopic damage [77]. 

At this scale, the mechanisms of strain and damage can easily be understood 

and the hypotheses are taken to write constitutive equations at the macro-scale [78]. 

2.3.1.3 The mesoscopic scale. 

On a larger scale than the microscopic level, there is a discontinuity between 

the microstructures represented by the micro-cracks. If a region around a random 

point is considered at an appropriate scale, where the mechanical state value is 

averaged over that region so it can be expressed as a continuous function, this scale 

then is called a mesoscale and the material is to be idealized as a continuum [77]. 
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2.3.1.4 The macroscopic scale. 

It is the scale where every point in the material can be considered as a part of a 

continuum. Hence, the material consists of many material points where the density 

and the relevant physical quantities can be defined in the material [77]. 

2.3.2 Isotropic damage. 

According to Kachanov [79], isotropic damage is a condition in which the 

cracks and voids are equally distributed in all directions. In order to understand the 

mathematical representation of the isotropic damage, let us consider a section “S” of a 

body with a unit normal v as shown in Figure 4.  

 

Figure 4: Section S of a certain body [79]. 

If 𝐀𝐨 is assumed to be the initial area of the undamaged section, A is to be 

assumed the area that will be lost after the damage occurs at certain part of the section 

“S”. Therefore, the value 𝐀𝐨 – A will be the actual area of the section after the 

occurrence of the damage. 

In Figure 5, let us consider one body in the state of damage and a “fictitious” 

body if we can remove the voids and cracks caused by the damage occurred.  
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Figure 5: Damaged and effective undamaged configurations [75]. 

Therefore, in defining a damage variable ϕ, its value must be zero in the 

fictitious body. The isotropic damage variable 𝛟 is thus defined as: 

ϕ =  Ao – A 
Ao

         (1)  

where Ao is the cross-sectional area in the damaged body and A is the cross-

sectional area in the fictitious body with Ao > A. It is clear that when a body is 

undamaged, i.e., Ao = A, then ϕ = 0.  

The stress in the fictitious body is called the effective stress and is denoted 

by 𝜎� where the stress in damaged body is denoted by σ. The value of the effective 

stress 𝜎� is obtained using the relation σ� A = σ Ao. Therefore, the below equation can 

be obtained: 

σ�  =  σ
1− ϕ 

         (2) 

According to Voyiadjis [75], the equilibrium condition between the effective 

stress and normal stress is appropriate only in the dilute damage regime.  

In the case of isotropic damage, the damage variable is scalar since the cracks 

and voids are distributed equally in all directions. Two major scalar damage variables 

are widely used; the first scalar damage variable is defined in terms of the reduction in 

cross sectional area as previously described while the second scalar damage variable 
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is defined in terms of the reduction in the elastic modulus. The second variable is 

computed based on one of the following two hypotheses:  

- Hypothesis of elastic strain equivalence in which the strain in the damaged 

body ε  is assumed to be equal to the effective strain ε� in the fictitious body. 

- Hypothesis of elastic energy equivalence in which the elastic strain energy is 

assumed to be equal in both configurations.  

2.3.2.1 Strain equivalent hypothesis. 

Using the elastic strain equivalence hypothesis, we assume that the effective 

strain is equal to the actual strain in the damaged body: 

ε� =  ε          (3) 

Applying equation (3) to both configurations, the damaged and the undamaged 

bodies, the following is obtained: 

σ = E ε         (4) 

σ� =  E�  ε�         (5) 

Substituting for σ and ε using equation (3) and equation (4) into equation (5) 

will result in the relation between the effective modulus of elasticity, the modulus of 

elasticity of the damage body, and the damage variable as represented by equation (6): 

E� =  E
1−  ϕ

         (6) 

Rearranging equation (6) in order to obtain the damage variable in terms of the 

modulus of elasticity in both configurations will give equation (7): 

ϕ =  1 −  𝐸
𝐸� 

         (7) 

This damage variable may be rewritten in the form represented by equation (8) 

to express the value of modulus of elasticity in the damaged body. 

E = E� (1 + ϕ)         (8) 
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2.3.2.2 Elastic energy equivalence hypothesis. 

Using the hypothesis of elastic energy equivalence, one assumes the 

complementary elastic strain energy 𝜎
2

2𝐸
  to be equal in both configurations. 

σ2

2E
=  σ�

2

2E�
         (9) 

Substituting for σ from equation (2) into the above equation and simplifying it: 

E� =  E
(1− 𝛟)2 

                   (10) 

Rearranging equation (10) gives the following result: 

ϕ =  1 −�E
E� 

                   (11) 

Despite that both hypotheses are used by researchers, it is believed that the 

second hypothesis is more valid since it involves energy formulation [75].  

The second scalar damage variable 𝛟 may be defined as follows: 

ϕ = 𝐸�−𝐸
𝐸

                   (12) 

Where E is the elastic modulus in the damaged state and 𝐸� is the effective 

elastic modulus in the fictitious state with 𝐸� > E.  

2.3.3 Representative volume element. 

In order to understand the damage at the microscopic level by the principles of 

continuum mechanics, it is a “must” to represent the mechanical effects of the 

microstructure as a macroscopic continuous field in the material in order to 

homogenize these effects [77].  

Therefore, let us consider Figure 2 shown earlier. If we take a small region V 

of a mesoscale around a material point P(x) in a body B, and if the region V is the 

smallest that satisfies the below condition, V then will be considered as the 
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Representative Volume Element: “… the material with discontinuous structures in 

region V can be statistically homogeneous and the mechanical state of the material in 

V can be represented by the statistical average of the mechanical variables in V” [77]. 

According to Murakami [77], if at every point of the body B we can take an 

RVE, the material can be idealized as a continuum by “means of the statistical 

average of the mechanical state.” The mechanical state of the continuum is unique 

only if the RVE is the statistical representation of the actual material when the 

following two conditions are satisfied:  

- The RVE is large enough to contain a sufficient number of discontinuities. 

- The size of RVE is small enough so that the variation of the macroscopic 

variable in it may be insignificantly small. 

The size required for V to be an RVE depends on the type of the material and 

the type of damage. The typical sizes of RVE according to the material type are as 

follow [77]: 

- Metal and ceramics (0.1 mm)³ 

- Polymer and composites (1 mm)³ 

- Timber (10 mm)³ 

- Concrete (100 mm)³ 

Murakami [77] has stated that since brittle and fatigue damage are much more 

localized than creep and ductile damage, the size of an RVE required to represent the 

brittle and the fatigue damage should be larger than that for the creep damage and the 

ductile damage. 

2.3.4 Energy based damage model. 

Simulating the damage evolution in steel is a concern when it comes to 

studying the effect of damage on the behavior of steel and its response to different 

exposures. However, the ordinary experimental methods are costly and time 

consuming, not mentioning that in some cases, they can be difficult to perform. This 

is because measuring the damage evolution using the ordinary methods requires many 

specimens in which the damage at each loading point throughout the deformation 
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process needs to be measured. In other words, a single specimen will be loaded to a 

certain strain level and then will be cut to measure the area of cracks. Afterwards, the 

same will be repeated with a new specimen at another strain level. Accordingly, to get 

proper description of the damage evolution, many specimens need to be tested at 

many points during the deformation process. Apart from that, the damage models that 

are integrated in the “commercial finite element codes” require careful handling and 

“great experience” to obtain realistic results [10]. Hence, the need to choose a simpler 

model that simulates the damage evolution in steel is significant. Therefore, a related 

energy based model available in the literature which is suitable for different loading 

conditions and metals is used and will be integrated into the suggested constitutive 

models for the purpose of extending the capabilities of these constitutive models.  

In this research, an energy based damage model developed by Abed et al. [10] 

will be utilized to describe the evolution of micro-cracks and voids throughout the 

inelastic deformation. This model is concerned with describing the damage in steel as 

a function of the dissipated plastic energy and the damage at fracture. The model is 

based on “the hypothesis that damage dissipates nonlinearly as a function of the 

effective accumulated plastic strain taking into consideration the global effect of 

nucleation, growth, and coalescence of micro-voids in a ductile failure process” [10]. 

The details of the model are discussed in the next chapter. 
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Chapter 3 : Research Methodology 

The main goal of the proposed research is to describe the thermo-mechanical 

behavior of C45 structural steel experimentally and analytically. In order to achieve 

this goal, the work has been divided into the following phases:  

3.1 Phase One: Literature Review 

This phase is concerned with carrying out an extended literature review to 

perform a collective survey about the experimental and theoretical studies that have 

been done on the material. In addition, it is planned to look-up for the constitutive 

models that can be implemented to further study the behavior of the material in 

concern. Also, the literature review is intended to study and understand the mechanics 

of continuum damage in order to be able to apply the concepts in the matter in hand. 

3.2 Phase Two: Experimental Program 

The main objective of the experimental work is to characterize the mechanical 

properties and characteristics of C45 steel at different temperatures and strain rates. 

The results obtained are used to define the needed constants for the suggested 

constitutive model that will simulate the nonlinear behavior of the material. 

Afterwards, the damage variable is studied and determined through the area 

measurements using the Scanning Electron Microscope (SEM) to define the 

parameters of the energy based damage model which will be integrated in the JC 

constitutive model to describe the damage response of C45 steel.  

It should be mentioned that the experiments were done prior to this research 

work where the tensile tests at room temperature along with the SEM processing were 

conducted by Dr. Farid Abed while the high temperatures and drop hammer tests were 

conducted by Dr. Akrum Abdul-Latif in his lab in Paris, France. This research 

analyzes all these experimental results and their outcomes. 

The proposed experimental program considers three types of tests that will be 

used to define the behavior of C45 steel over a range of temperatures and strain rates. 

These tests are Quasi-Static Tests, Drop Hammer Test, and Scanning Electron 

Microscopy. The chemical composition of C45 steel is shown in Table 2.  
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Table 2 Chemical composition of specimen from supplier 

Steel C Mn Si S P Cu Iron 

Mass % 0.45 0.62 0.25 0.02 0.19 0.02 98.45 

3.2.1 Quasi-static tests. 

In these tests, the samples are subjected to tension until fracture at predefined 

strain rates while being exposed to a range of temperatures. The following two 

scenarios were considered: 

- Tensile tests at constant temperature and three different deformation rates of 5 

mm/min, 50 mm/min, and 500 mm/min were applied. Two samples (S1 and 

S2) were tested per each loading rate using a Universal Testing Machine 

(UTM) with 100 kN capacity as shown in Figure 6.a.  

- Tensile tests at three different temperatures for two different deformation rates 

were performed. The scenario was considering heating the samples with a heat 

chamber and simultaneously loading the samples at predefined deformation 

rate. The samples were exposed to two deformation rates of 5 mm/min and 

500 mm/min at 3 different temperatures of 523 °K, 723 °K, and 923 °K. The 

specimens were tested using the Universal Testing Machine (UTM) with a 

heat chamber to apply the needed temperatures as shown in Figure 6.b. 

  

Figure 6: Universal Testing Machine (UTM) – a) Normal UTM [80] and b) UTM with heat 

chamber [81] 

a) b) 
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A summary of the specimen geometry for the previously explained test 

scenarios is given in Table 3 and Figures 7 and 8. 

Table 3: Geometry of test specimen and experiments conditions for quasi-static tests 

Tensile Test at Room Temperature (T = 298 °K) 

V (mm/min) 5 50 500 

Sample S1 S2 S1 S2 S1 S2 

t (mm) 4.988 9.83 9.95 10.12 9.98 10.12 

w (mm) 11.77 12.85 12.12 12.23 12.25 12.23 

l (mm) 54 54 56.62 57 56.62 57 

Tensile Test at High Temperatures 

V (mm/min) 5 500 

T (Kelvin) 523 723 923 523 723 923 

Diameter (mm) 6 6 6 6 6 6 

Length (mm) 39 39 39 39 39 39 

 

 

Figure 7: Geometry of the tensile test specimens at room temperature 

 

 

Figure 8: Geometry of the tensile test specimens at high temperatures 
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3.2.2 Drop hammer test. 

The drop hammer test is a dynamic test used to determine the behavior of a 

sample at a strain rate between 10 and 102 s−1. During the test, a mass falls from a 

given height on a sample transferring the potential energy in the mass into kinetic 

energy in the sample as shown in Figure 9. Only two specimens were tested as 

illustrated in Table 4 and Figure 10. 

 

Figure 9: Drop hammer machine, a) Machine [82] and b) How the machine works [83] 

Table 4: Geometry of test specimen and experiments conditions for drop hammer test  

Drop Hammer Test 

Hammer Mass (Kg) 28 56 

Drop Height (m) 4 2 

Hammer Density (Kg/m³) 7850 7850 

Hammer Height (mm) 454 909 

Sample Initial Height (mm) 16.11 16.17 

Sample Initial Diameter (mm) 8.05 8 

a) 

b) 
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Figure 10: Geometry of the drop hammer test specimens 

3.2.3 Scanning electron microscopy. 

This part of the experimental program is intended to characterize the material 

damage using the Scanning Electron Microscopy equipped with an Energy Dispersive 

Spectrophotometer (EDS) Detector, Back Scattered Electron (BSE) Detector, and 

Secondary Electron (SE) Detector as shown in Figure 11. 

 

Figure 11: Scanning electron microscope – a) SEM machine and b) Typical configuration of how 

the machine works [84] 

a) b) 
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By using the SEM Machine, the density of micro cracks at fracture for each 

quasi-static test condition will be determined. Afterwards, the micrographs will be 

analyzed using software (ImageJ) that detects the variation of contrast between pixels. 

On the SEM photograph, the cracks will appear dark because the electrons are 

not reflective to the sensor. The higher the contrast between cracks and the surface, 

the better the photograph will be. Also, the polished surface has to be flat and 

horizontal to get a good quality photograph. 

3.2.3.1 Samples preparations. 

The fractured surface of each sample after each test was polished using a 

grinder polish machine. A cut through the sample is needed to get clear fractured 

surfaces. In order to have a clear fractured surface without changing the mechanical 

property of the samples, erasing the cracks inside the samples, or even causing any 

further cracks, the following shall be noted about the process: 

- The process shall not be violent in order to maintain cracks as well as their 

orientation and size. Milling cutting process can cause such a problem. 

- Different tools shall be compared in order to properly evaluate their effects on the 

samples. Therefore, tools such as the manual saw, circular diamond saw, and 

grinding machine were tested in order to decide which tool is better to achieve the 

objective. It was found that the manual saw is the best available option since it 

does not heat the sample in a way that can change the property of the material and 

its cutting speed can be easily controlled.  

It is worth mentioning that better results can be obtained by using an 

automatic precision micro-cutting machine since it is usually used in laboratories to 

cut metal samples before analysis at a very low feed speed of 6 mm/min. 

Unfortunately, this option was not available at the time of the experiment. 

3.2.3.2 Polishing. 

After preparing the tensile tests samples and properly cutting the test samples, 

the samples were polished with special grinder polishing machine in order to obtain 
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flat surfaces. The steps to achieve the aforementioned objective were done as the 

following: 

- The protocol for polishing a steel sample in terms of the size of the sand, the 

duration, and the velocity of the disk is defined in Table 5. 

Table 5: Polishing protocol using the grinder polishing machine 

Type PG FG DP1 DP2 OP 

Support 
Papier 

SiC 320 
MD-Largo MD-Dur 

MD-

Nap 
MD-Chem 

Suspension  

DiaPro 

Allegro/Largo 

9 𝜇𝜇m 

DiaPro Dur 

3 𝜇𝜇m 

DiaPro 

Nap B 

1 𝜇𝜇m 

OP-S 

t/m 300 150 150 150 150 

Load 30 30 15-30 10 10 

Time (min) 1 5-10 5 5 1-5 

 

- Using the grinder polishing machine, the fracture surface of each sample was 

polished with 4 different abrasive papers at decreasing grit size of SiC240, 

SiC350, SiC800 and SiC1000.  

- It is recommended to use diamond powder (DiaPro) 3μm, however; the 

smallest diamond powder size available was 6μm. Therefore, the diamond 

powder with size of 6μm in diameter was used to get a mirror surface. This 

last process was intended to erase the scratches made by the abrasive papers.  

3.2.3.3 Visual inspection of the polished samples and the modified process. 

After polishing the surface, the samples were observed using the SEM 

machine in order to find out whether the process was successful or not. It was found 

that the results were not good enough because the diamond powder created scratches 

that were larger than the cracks leading to inaccurate detection of cracks using 

ImageJ. Also, some oxide spots created by the water used to clean the surface were 

discovered as shown in Figure 12. 
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Figure 12: Oxide spots created by the water used to clean the surface 

The following modifications have been adopted in order to obtain clear 

fractured surfaces to be analyzed by the software ImageJ: 

- Along with using the diamond powder in the last step, the air pressure and the 

acetone were used in order to clean the surface. It is worth mentioning that the 

Dye Penetrant Inspection Method – or Liquid Penetrant Inspection Method - 

was initially aimed to be used as an additional modification to increase the 

contrast between the deep cracks and the surface. The method is based upon 

capillary action in which a colored fluid penetrates into voids and after 

adequate penetration time, the surface is cleaned to apply a second product, 

the developer, to draw up the penetrant in order for the deep cracks to appear 

in color. Although this control method is often used to detect cracks in casting, 

forging, and surface welding, this method cannot be combined with SEM 

because the liquid used will degas in the chamber of the SEM and prevent a 

vacuum from forming.  

- At first, the Secondary Electron (SE) detector was used to observe the 

fractured surfaces. Despite the improved quality of the images, some dark 

spots that were thought to be cracks were clearly seen and some scratches 

caused by the previous polishing process were observed. These would cause 

inaccuracy in detecting the cracks by the software. Therefore, the other 
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detector of the SEM which is the Back-Scattered Electron (BSE) detector was 

used since it is more sensitive to the embossed design and chemical 

composition. This sensor was found to provide much better results for 

observing the voids in the samples by giving a significant contrast in the 

pixels.  

3.2.3.4 EDS analysis of the chemical composition of the cracks. 

Generally, some intermetallic compounds such as MnS particles can exist on 

the fractured surfaces. These particles are hard to break, therefore; they leave some 

kind of prints or create voids after being wrested from the surface during the polishing 

process as shown in Figure 13. Thus and in order to avoid the possibility of confusing 

the cracks with prints that were left by these intermetallic compounds, a chemical 

composition analysis of the surface has to be performed.  

 

Figure 13: Examples of the effects of MnS particles on the fractured surface 

In order to prove whether these voids were cracks or prints left from the 

intermetallic compounds, the EDS detector in the SEM machine is used to analyze the 

chemical composition of the voids by mapping the surface. Using this process, the 

area of the surface is scanned and each element is detected and highlighted in color as 

shown in the Figure 14. 
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Figure 14: EDS analysis of the surface, a) SEM image and b) EDS layered image 

In Figure 14.b, holes appear in black, iron appears in green, and carbon 

appears in red. These two elements are homogenously located except in the voids 

where none of these elements are detected. This means that the chemical composition 

inside the cracks is different from the surface. Using the percent weight composition 

developed by the software as shown in Figure 15, some small quantities of sulfur can 

also be noticed in addition to iron, carbon, and manganese.  

 

Figure 15: The percent weight composition 

a) b) 
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Particles and steel do not have the same behavior because these particles, even 

though very hard, can be removed from steel during the polishing process. Therefore, 

it can be concluded that all the cracks and particles that have been detected with 

ImageJ can be considered as damage and their density which will be presented in the 

following chapters can be used to define the damage variable. 

3.2.3.5 Final SEM observation. 

After applying the aforementioned modifications, it was possible to provide 

good quality SEM images. Two different scales were used to produce the tensile tests 

images; 100 µm (500x) and 50 µm (1000x). In addition, images of scale 200 µm 

(200x) were also produced with higher resolution in order to detect small details that 

are not seen with lower resolutions for validation purposes. 

3.2.3.6 Images analysis – cracks density detection. 

To calculate the density of cracks, the software ImageJ was used to analyze 

the images by detecting the contrast between the pixels which contain cracks and the 

pixels that don’t contain cracks. In other words, it determines the fraction of area 

where the contrast is the highest in which the cracks appear in dark. In order to obtain 

a good average crack density, 5 to 7 different areas on the sample surface between the 

edge and the middle were selected to be analyzed and the average was considered. 

3.3 Phase Three: JC and Energy Damage Models Parameters 

This phase will be concerned with determining the constant parameters in JC 

and Energy Based Damage models using the experimental results. Afterwards, the 

models will be used in order to perform the finite element simulation using the 

software ABAQUS. 

3.3.1 JC model parameters. 

The Johnson Cook model was proposed by Johnson and Cook in 1983. As 

explained earlier, it is considered as the most widely used among other models. The 

model describes the material behavior as a function of temperature, strain, and strain 
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rate empirically without considering their coupling effects. These factors represent the 

material constitutive behavior and is determined as follows: 

σ = �A + B�εp�
n
� �1 + C ∗ ln � ἑ

ἑo
� � �1 −  � T− Tref

Tmelt− Tref
�
m
�             (13) 

where σ is the equivalent stress, εp is the plastic strain, ἑ is the strain, ἑo is the 

reference strain rate, T is the temperature of the sample, Tmelt is the melting 

temperature of the material, Tref is the reference temperature, A is the yield stress of 

the material at a reference deformation conditions, B is the strain hardening constant, 

C is the strain rate strengthening coefficient, n is the strain hardening constant, and m 

is the thermal softening coefficient. 

The equation is constituted of three main terms: 

- The elasto-plastic term which depends on the strain of the material and 

represented by �A + B�εp�
n
�. 

- The viscosity term which depends on velocity of displacement and represented 

by �1 + C ∗ ln � ἑ
ἑo
� �. 

- The thermal softening term which depends on temperature variation and 

represented by [1 −  � T− Tref
Tmelt− Tref

�
m

. 

The tensile tests data that were obtained at different temperatures and strain 

rates will be utilized to determine the constant parameters in the above three terms.  

At the beginning, a reference strain rate and temperature need to be defined in 

order to follow the correct path in determining the parameters. In this case, a strain 

rate of 0.0015 𝑠−1 will be the reference strain rate and the room temperature will be 

considered as the reference temperature. 

3.3.1.1 Constants A, B, and n. 

The constants A, B, and n are obtained using the true stress true strain curve 

produced from the tensile test at a reference strain rate of 0.0015 𝑠−1 and a reference 

temperature of 298 K (25 °C). By using the test data at these specific strain rate and 
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temperature, we can simplify the Johnson-Cook equation leading to have the viscosity 

term and thermal softening term equal to 1 as follows: 

σ = �𝐴 + 𝐵�𝜀𝑝�
𝑛
�                  (14) 

The constant A corresponds to the yield point on the true stress true strain 

curve at which the plastic strain is zero. After determining the constant A, the 

remaining stresses are utilized to determine the strain hardening parameters B and n. 

3.3.1.2 Constant C. 

Constant C is the strengthening coefficient in JC model. This constant is 

obtained using the tensile test results produced from the three different strain rates of 

0.0015, 0.015, and 0.15 𝑠−1 at the reference temperature of 298 K (25 °C). By using 

the tests results at reference temperature, we can simplify the Johnson-Cook equation 

leading to have the thermal softening term equal to 1. Since constants A, B, and n are 

known at this stage, the JC equation can be rearranged to be: 

σ
�A+B�εp�

n
�
− 1 = C ∗ ln � ἑ

ἑo
�                 (15) 

The term σ
�A+B�εp�

n
�
− 1 is denoted as σc afterwards will be evaluated at yield 

strain, 1% strain, 2% strain, 10% strain, and 20% strain using the data for the three 

different strain rates. The values of σc against the three constant values of ln � ἑ
ἑo
� at 

the three strain rates of 0.0015, 0.015, and 0.15 s−1 will then be plotted. Since the 

ln � ἑ
ἑo
� values are constant for all strain levels, the relationship between ln � ἑ

ἑo
� and σc 

will be almost linear. Therefore, the slope of each line at these strain levels will be 

calculated and the constant C will be the average of these slopes.  

3.3.1.3 Constant m. 

The thermal constant m characterizes is the effect of temperature in JC model. 

This constant can be obtained using the data produced from the tensile test at specific 

strain rate and different temperatures. Usually, the data used to obtain constant m is 

taken from the tensile test at reference strain rate. However, and as will be shown in 
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later sections, due to the strain aging happening in wide region at the reference strain 

rate with higher temperatures, using these data will give inaccurate results. Therefore, 

and since constant C is known at this stage, the data from the tensile tests at strain rate 

of 0.15 s−1 and temperatures of 523 K, 723 K, and 923K were considered. Detailed 

analysis of the strain aging will be addressed in the next chapter. Moreover, since the 

values of constants A, B, n, and C are known at this stage, we can simplify the 

Johnson-Cook equation to be as follows: 

σ

�𝐴+𝐵�𝜀𝑝�
𝑛
� �1+𝐶∗𝑙𝑛� ἑἑ𝑜

� �
= 1 −  � 𝑇− 𝑇𝑟𝑒𝑓

𝑇𝑚𝑒𝑙𝑡− 𝑇𝑟𝑒𝑓
�
𝑚

               (16) 

Rearranging the equation will lead to have: 

ln �1 −  σ

�A+B�εp�
n
� �1+C∗ln� ἑἑo

� �
� = m ln � T− Tref

Tmelt− Tref
�             (17) 

The term 1 −  σ

�A+B�εp�
n
� �1+C∗ln� ἑἑo

� �
 denoted as σm will be evaluated at yield 

strain, 1% strain, 2% strain, and 10% strain using the data for the three different 

temperatures at strain rate of 0.15 𝑠−1. Afterwards, the values of ln σm against the 

three constant values of ln � T− Tref
Tmelt− Tref

� at the three temperatures of 523 K, 723 K, and 

923K will be plotted. Since the ln � T− Tref
Tmelt− Tref

� values are constant for all strain levels, 

the relationship between ln � T− Tref
Tmelt− Tref

� and σm will be almost linear. Therefore, the 

slope of each line at these strain levels will be calculated and the constant m will be 

the average of these slopes.  

3.3.2 Energy based damage model parameters. 

As explained earlier, Abed et al. [10] developed an energy based model that is 

capable of describing the damage evolution in steel using the principles of continuum 

damage mechanics.  

The model describes the damage as the increase in the dissipated energy of the 

material. In other words, the material ability to absorb energy will reduce during the 

  46 
 



loading process until it reaches failure where it will not be able to absorb energy 

afterwards. The concept is illustrated in Figure 16. 

 

Figure 16: Illustration of the model concept [10] 

As shown in Figure 16, the damage resulting from the elastic deformation is 

very small compared to the damage resulting from the accumulation of the plastic 

deformation. Therefore, the model assumes that it is reasonable to neglect the damage 

resulting from the elastic deformation, and it considers that the damage initiates with 

the initiation of plastic deformation.  

The model is expressed as a function of the dissipated energy ratio to the total 

dissipated energy and the damage at fracture as shown in equation (18):  

Ф =  Фf  �
Up
UPT

�
α
                  (18) 

Where Ф is the damage at the point of interest during the deformation process, 

Ф𝑓 is the damage at fracture which is measured using SEM images, Up is the 

corresponding dissipated energy at this point of interest,  𝑈𝑃𝑇 is the total dissipated 

energy, and the exponent 𝛼 is the constant that determines the trend of damage 

evolution throughout the deformation process. Since most steel tend to have similar 

trend for the damage evolution throughout the deformation process, the value of the 

exponent α for C45 steel is assumed to be similar to the one indicated by Abed et. al. 

[10]. 

The dissipated plastic energy can be determined using equation (19), where σ 

and ε are the true stress and true strain, respectively 
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𝑈𝑝 =  ∫ σdεpεp
0                   (19) 

3.4 Phase Four: Coupled Damage-Plasticity Constitutive Modeling 

The coupling effect of damage and plasticity will be studied in this phase by 

integrating the energy based damage model into the JC model to accurately capture 

the stress strain behavior of C45 steel. This will be done using equation (2) as 

previously discussed in Chapter 2. In this case, the effective stress will be calculated 

using the JC relationship described in equation (13) and the evolution of damage will 

be determined according to equation (18). 

3.5 Phase Five: Finite Element Simulation 

The main objective of this phase is to simulate the same experimental 

scenarios using the finite element software ABAQUS in order to verify the results of 

the JC model. The software ABAQUS was chosen because of its capabilities to 

conduct nonlinear analysis and simulate different loading scenarios. Moreover, the JC 

model is already implemented in ABAQUS and therefore, no need to numerically 

integrate the constitutive equations into the finite element code. 

First, verification of the JC model parameters will be performed by simulating 

a simple uniaxial axisymmetric tensile specimen as shown in Figure 17. Due to 

symmetry, a quarter of the specimen will be considered with a mesh of one element. 

Model verification will be compared with all experimental loading cases. 

Afterwards, finite element modeling will be extended to simulate quasi-static 

tests and drop hammer experiments using the verified JC model parameters. The 

details of the simulation along with the results obtained are addressed and discussed 

in Chapter 5.  
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Figure 17: Simple axisymmetric element subjected to tensile loading rate 
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Chapter 4 : Experimental Tests, JC Model, and Energy Damage Model 

Results and Discussions 

4.1 Tensile Tests 

Quasi-Static tests with three different rates of deformation were performed on 

C45 structural steel at room and high temperatures. The resulting measured stresses 

and strains were recorded and converted into true stresses and true strains 

respectively. The true stress-true strain curves for tensile tests at room temperature 

and strain rates of 0.0015s-1, 0.015s-1, and 0.15s-1 are shown in Figure 18. 

 

Figure 18: True stress-true strain curves at room temperature for different strain rates 

As shown in Figure 18, the yield stresses along with the ultimate stresses are 

increasing with the increase of the strain rate. This is a typical trend of steel in general 

and high strength steel in specific. Also, the point of fracture is happening at lower 

strains with the increase of strain rate. With the increase of strain rate, the loads are 

increasing but the time taken to apply these loads is the same. Thus, more strain 

energy density is getting absorbed by the material at constant time of load application. 

When the material absorbs energy, it increases the stress induced within the 
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microstructure of the material leading to have higher stress values at the same strain. 

Accordingly, the material will reach its maximum capacity of energy absorption at 

earlier point. This explains why with the increase of strain rate, the yield and ultimate 

point are increased and why the fracture happens at earlier point of strain. 

Despite the above mentioned, it can be noticed that the trend of the stress 

strain curve is similar regardless of the values achieved. In other words, the main 

difference is the yield point and the point of fracture. If the yield point is the same, the 

curves will be almost identical. The increase in yield stress is interpreted physically as 

the resistance of initial dislocation by the “Peierls barriers provided by the lattice 

itself.” This indicates that the “viscous-thermal” part of the flow stress at room 

temperature is mainly controlled by the yield stress and nearly independent of the 

plastic strain [72]. The quasi-static tensile tests were extended to investigate the 

mechanical response of C45 steel at higher temperatures. For that purpose, three 

temperatures of 523 °K, 723 °K, and 923 °K at two quasi-static loading rates were 

considered. The true stress-true strain curves for these high temperature tests are 

shown in Figures 19 and 20 for strain rates of 0.0015s-1 and 0.15s-1, respectively. 

 

Figure 19: True stress-true strain curves at high temperatures for strain rate of 0.0015s-1 
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Figure 20: True stress-true strain curves at high temperatures for strain rate of 0.15s-1 

The yield point of metals in general is not easily determined at elevated 

temperatures as compared to the case for room temperature. For that reason, the 

determination of the yield stress of metals at high temperatures has been identified 

differently by various design codes. According to Wang et al. [85], the European 

Convention for Constructional Steelwork [86] and the AISC [87] identify the yield 
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identifies the yield point as the interpolation between 0.2% offset and 0.5% nominal 
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[89] and Eurocode 4 [90], it is defined at 0.2% strain offset. After investigating all the 
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research in which the yield point was defined at 0.2% offset.  
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temperature of 923 °K is almost flat, which indicates that the strain hardening at this 

high temperature level is diminished, and the remaining are denoted as athermal 

stresses [28, 32, 72, 73] 

The same observations can be made on the true stress-true strain curves shown 

in Figure 20 for thermal tensile tests performed at strain rate of 0.15s-1. However, it is 

clearly shown that the stresses for the specimen at temperature of 723 °K are higher 

than the stresses at 523 °K. Such a jump in the stress value is attributed to what is 

called the dynamic strain aging (DSA) phenomenon that is usually encountered in 

high strength ferrite and austenite steel and at different combinations of temperatures 

and strain rates. 

According to Wang et al. [91], dynamic strain aging is basically a 

phenomenon that occurs due to the interaction between “diffusing solute atoms” and 

“mobile dislocations” in the material. It usually occurs after “critical strain” at 

specific “regime” of strain rate and temperature. The authors stated that the range of 

temperatures at which this phenomenon occurs is between 20% and 50% of the 

melting temperature. The effect of DSA can be expressed in the material as “serrated 

flow”, “negative strain rate sensitivity”, and “peaks or plateaus on flow 

stress/temperature plots.”  

The DSA behavior can be clearly noticed when the stresses variations with 

temperature are plotted for different strain levels as shown in Figure 21 and Figure 22 

for the lower and higher strain rates considered. The peaks/jumps in the flow stress 

are clearly noticed at temperature of 523 °K and partially at temperature 723 °K for 

strain rate of 0.0015s-1 and at temperature of 723 °K for strain rate of 0.15s-1. 
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Figure 21: Stress variations against temperature for strain rate 0.0015s-1 at various strain levels 

 

Figure 22: Stress variation against temperatures for strain rate 0.15s-1 at various strain levels 
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4.2 Drop Hammer Test 

Two Drop Hammer tests with strain rate equivalent to 390s-1 and 550s-1 were 

conducted on C45 structural steel at room temperature. The resulting measured strains 

and stresses have been recorded and converted to true strains and true stresses 

respectively. The true stress-true strain curves for both loading scenarios adopted in 

the experimental program explained earlier are shown in Figure 23. 

 

Figure 23: True stress-true strain curves for drop hammer test at strain rates of 390s-1 and 550s-1 
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4.3 SEM Analysis and Damage Model Parameters 

After implementing the procedure discussed earlier to measure the area of 

cracks at fracture using the ImageJ software [92], the results obtained are shown in 

Table 6. Sample images obtained using the SEM machine are shown in Figure 24 for 

strain rate of 0.15s-1 at various temperatures.  

 

Figure 24: SEM images of fractured damaged surfaces at different temperatures for strain rate 

of 0.15s-1, a) T = 298 °K, b) T = 523 °K, c) T = 723 °K, and d) T = 923 °K 

a) b) 

c) d) 
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Table 6: SEM analysis results 

Temperature (°K) Strain Rate Damage Ф at Fracture 

Room Temperature 

(298) 

0.0015 0.05 

0.015 0.064 

0.15 0.09 

523 
0.0015 0.07 

0.15 0.11 

723 
0.0015 0.1 

0.15 0.15 

923 
0.0015 0.16 

0.15 0.21 

The results shown in Table 6 are also illustrated in bar charts as shown in 

Figure 25, which clearly explains the increasing pattern of the damage values with the 

increase of temperature and strain rates. The results are reasonable since the higher 

the temperature and the strain rate, the higher the stress induced on the microstructure 

of the material. This will lead to form more micro-voids and cracks leading to more 

area lost within the microstructure of the material. 

The results shown in Table 6 have been used in order to determine the energy 

based damage model parameters. As discussed earlier, the model is represented by 

equation (18), where the term Фf is taken from the results shown in Table 6. The 

value of the constant α which describes the trend of the damage evolution was 

assumed as 2.0 similar as obtained from [10].  

 

Figure 25: Damage Ф at fracture for each rate of deformation at all temperatures 
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The damage evolution results for C45 steel are presented in Figure 26 for all 

loading combinations considered. The damage grows at a higher rate with the increase 

of strain rate except for the case at temperature 723 °K. This is because of the strain 

aging phenomenon that leads the material to gain more strength regardless of the 

temperature increase at higher rates. Also, the strain aging can be noticed affecting the 

damage evolution at a temperature of 523 °K. However, the damage still grows at a 

higher rate with the increase of the strain rate but with lesser difference than the room 

temperature and the 923 °K.  Overall, the results seem to be reasonable and they seem 

to follow the trend that the high strength steel follows at these conditions [10].  

 

Figure 26: Damage Ф evolution in the material for different strain rates and temperatures 
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constitutive model where the integration of the model will better simulate the 

degradation of the material as discussed here.  

4.4 JC Model Parameters 

As mentioned previously, the constant A corresponds to the value of the yield 

point on the true stress true strain curve at a reference strain rate and a reference 

temperature). This value is estimated to be around 230 MPa. After determining the 

constant A and by using the regression analysis explained in Chapter 3, the values of 

B = 1260 and n = 0.43 were obtained using the experimental strain hardening results 

at the same reference temperature and strain rate.  

Considering the above obtained strain hardening constants and using the 

experimental stress-strain results for different quasi-static loading rates, at room 

temperature only, the values of σc were plotted against ln � ἑ
ἑo
� as per equation (15) at 

the three strain rates of 0.0015s-1, 0.015s-1, and 0.15s-1. Accordingly, the slope of each 

line at these strain levels was calculated and averaged to determine the constant value 

C = 0.030. 

Finally, the constant m was determined after plotting the values of ln σm as 

per equation (17) in Chapter 3 versus the three constant values of ln � T− Tref
Tmelt− Tref

� at 

the three temperatures of 523 °K, 723 °K, and 923 °K and for different plastic strain 

levels. The slope of each line at these strain levels was calculated and the constant m 

was taken as the average of these slopes. Accordingly, the resulting average value of 

exponent m was around 0.9. 

Based on the abovementioned constants identification procedure, the final 

form of the JC equation can be defined as follows: 

σ = �230 + 1260�εp�
0.43

� �1 + 0.030 ∗ ln � ἑ
ἑo
� � �1 −  � T− Tref

Tmelt− Tref
�
0.9
�   (20) 

The temperature and strain rate variations trends of the flow stresses for C45 

steel predicted using JC model (equation 20) was initially verified by direct 

comparisons with experimental results. Figures 27 and 28 compare the stress variation 
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with temperature predicted using equation (20) with their experimental results 

counterpart. In general, the JC model shows acceptable comparisons at certain strain 

values and realistically captures the nonlinear trend of C45 steel over the range of 

temperatures and strain rates considered. However, some deviation can be noticed in 

regions where the strain aging is active. According to Voyiadjis and Abed [93], the 

DSA effect becomes active when the aging time is equal to the waiting time of mobile 

dislocations which in turn increases the obstacle strength by certain amount (i.e., 

jump). Therefore, in order to predict this stress increase, an additional mathematical 

expression involving the DSA physical characterization is required. For this reason, it 

is fair to say that the C45 material constants obtained in this study for the JC model is 

more applicable at room temperature conditions. This is confirmed by the good 

comparison shown in Figure 29 between the JC model predictions and experimental 

results at room temperature for different strain rates. Therefore, the finite element 

simulations presented in the next chapter will be focused on simulating experimental 

tests at room temperature only. 

 

Figure 27: Temperature vs stress at different strain levels for strain rate of 0.0015s-1 
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Figure 28: Temperature vs stress at different strain levels for strain rate of 0.15s-1  

 

Figure 29: Strain rate vs stress at different strain levels for temperature of 298 °K 
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Chapter 5 : Finite Element Simulation 

The main objective of the finite element (FE) simulation presented in this 

chapter is to verify the applicability of JC model and energy-based damage model to 

simulate the same experimental coupon and drop hammer tests. The FE modeling was 

conducted using ABAQUS 6.14 [94] and was limited to experiments conducted at 

room temperatures but under different quasi-static and dynamic loadings. Three 

different FE models were developed to achieve the above objective. The first FE 

model considers a simple one element axisymmetric problem to verify the accurate 

implementation of the coupled JC-damage model and its capability to reproduce the 

experimental stress strain curves at the range of temperatures and strain rates 

discussed earlier. The second problem is concerned with simulating the quasi-static 

tensile tests that were performed in the experimental program at room temperature 

only. As for the third problem, the drop hammer test is simulated and compared with 

the experimental results. 

5.1 Simple One-Element Axisymmetric Test 

A simple one-element uniaxial tensile test is considered to validate the finite 

element implementation of the coupled damage-JC model prior to simulating any 

other problems. For that purpose, the axisymmetric one-element model was subjected 

to the same range of temperatures and loading rates adopted in the experimental 

program. As shown in Figure 17, the dimensions considered for this analysis was 

20mm of both sides of the element. Only quarter of the problem is considered in the 

analysis due to symmetry with restriction of displacement in the x-axis direction for 

the left side and in the y-axis direction for the bottom side of the element. 

Instantaneous loading profiles in terms of three velocities equal to 1.5 × 10-5 m/s, 1.5 

× 10-4 m/s, and 1.5 × 10-3 m/s were applied to ensure strain rates of 0.0015s-1, 0.015s-

1, and 0.15s-1, respectively. The JC material constants used in this analysis are listed in 

Table 7 and the description of the problem is shown in Figure 30. 

Table 7: JC parameters implemented into the finite element simulation 

Parameter 𝜀𝑜 (s-1) 𝑇𝑟𝑒𝑓 (°K) 𝑇𝑚𝑒𝑙𝑡 (°K) A (MPa) B (MPa) n C m 

Value 0.0015 298 1793 230 1260 0.43 0.03 0.9 
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Figure 30: Simple axisymmetric problem description: a) Cylindrical specimen subjected to 

loading. b) Quarter of the cylindrical specimen with boundary conditions 

The step time of the simulation was defined as per the time needed during the 

experimental tests for the material to fail. Finally, a predefined temperature of the 

same value as the experimental tests scenarios were considered and defined in the 

initial time step of the simulation. It should be mentioned that the adiabatic heat effect 

is included in the analysis for high strain rates of 0.15s-1 only. For this purpose, the 

inelastic heat friction coefficient of value 0.1 and specific heat of value 500 J/Kg.K 

are defined in the material parameters [72]. 

After setting up the model, the analysis was submitted to obtain the uniaxial 

stress-strain results. The element with its deformed shape is illustrated in Figure 31 

for a selected case scenario. Figure 32 shows a very good comparison at room 

temperature between the stress-strain results predicted by the JC model and 

experiments. The coupled JC-Damage model was capable to predict the values and 

trends of the stresses up to fracture for the three different loading rates. On the other 

hand, the model was unable to capture the dynamic strain aging phenomenon 

encountered at temperatures of 523 °K and 723 °K as clearly shown in Figures 33 to 

34. As mentioned earlier, dynamic strain aging phenomenon is a very complicated 
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process and; therefore, a physical-based constitutive term that is able to capture this 

increase in strength at the microstructural level is required. Despite that, the results 

shown are promising and the present JC model can be considered efficient to model 

the material response particularly at room temperature.  

 

Figure 31: ABAQUS model of the one-element before and after deformation a loading scenario of 

strain rate = 0.0015s-1 and T = 298 °K. 

 

Figure 32: Stress-strain curves at T = 298 °K for strain rates of a) 0.0015s-1, b) 0.015s-1, and c) 
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Figure 33: Stress-strain curves for strain rate 0.0015s-1 at a) T = 523 °K, b) T = 723 °K, and c) T = 

923 °K 

 

Figure 34: Stress-strain curves for strain rate 0.15s-1 at a) T = 523 °K, b) T = 723 °K, and c) T = 

923 °K 
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5.1.1 Effect of damage. 

This section is intended to show an example of the effect of including the 

energy-based damage evolution on the overall stress-strain response by comparing the 

experimental results with JC model prediction with and without including the damage 

model. For the comparison to be fair, it has to be between loading scenarios where the 

model captured the behavior almost successfully; in other words, for loading 

scenarios that are not affected by the dynamic strain aging phenomenon. Hence, 

loading scenarios at room temperature and 923 °K for loading rates of 0.0015s-1 and 

0.15s-1 were considered in this comparison as shown in Figure 35. 

 

Figure 35: Comparison between experimental results, JC model, and coupled plasticity-damage 
JC model for a) Strain rate = 0.0015s-1 at T = 298 °K, b) Strain rate = 0.15s-1 at T = 298 °K, c) 

Strain rate = 0.0015s-1 at T = 923 °K, d) Strain rate = 0.15s-1 at T = 923 °K 
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Figure 35 is clearly showing how the integration of the energy based damage 

model into the JC equation succeeded in capturing the failure mode in the material 

behavior. The JC model without including the damage is increasing without failure 

while including the damage has captured the fracture mode in the material for 

different loading scenarios. Overall, the application of the present model shall be only 

limited to room temperature. It needs to be verified with more experimental data to be 

verified for higher temperatures. 

5.2 Quasi-Static Test Simulation 

The verified and validated JC model was then utilized to simulate the quasi-

static tensile tests at room temperature in order to further explore the accuracy of the 

present modeling. Due to the strain aging phenomenon, the quasi-static tests 

conducted at high temperatures will not be simulated. 

As shown earlier, the quasi static tensile tests performed at room temperature 

were conducted using coupon specimens with rectangular cross-sections as shown in 

Figure 7. Due to symmetry, only a quarter of the specimen was modeled using the 

same dimensions listed in Table 3 for the experimental program. Plane stress elements 

of size 0.001, were considered in the FE simulation with a uniform mesh 

configuration throughout the specimen as shown in Figure 36. A displacement-control 

loading was applied at one end of the specimen in terms of velocities of V1 = 2.5 

mm/min, V2 = 25 mm/min and V3 = 250 mm/min which were the same applied during 

the experiments. Moreover, a predefined room temperature of 298 °K was assigned to 

the whole specimen at the initial step for all cases. It should be mentioned that 

isothermal heat condition with constant temperature throughout the deformation was 

assumed for all loading rates except for the higher rate of V3 = 250 mm/min where 

10% of the heat generated from the plastic work was assumed to stay inside the 

material throughout the deformation which adds up to the initial temperature.  
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Figure 36: Mesh density of plain stress elements used in the FE simulation 

Figure 37 shows a sample deformation process for the specimen at V = 2.5 

mm/min. The deformed specimen clearly illustrates the necking failure mode 

encountered during the experimental tests. Additionally, the force-displacement 

results obtained from the FE modeling compare very well with their experimental 

counterparts for all loading rate considered as shown in Figure 38. 
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Figure 37: Sample deformation process for strain rate 0.0015s-1 at room temperature, a) Un-

deformed specimen, b) Deformed specimen, and c) Overlapping of deformed and un-deformed 

plot. 

a) b) c) 
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Figure 38: Force-Disp. curves at T = 298 °K for a) V = 2.5 mm/min, b) V = 25 mm/min, and c) V 

=  250 mm/min 

5.3 Drop Hammer Test Simulation 

The final step in the present finite element simulation is to simulate the drop 

hammer tests using the verified JC-damage model. The two drop hammer tests 

conducted during the experiments were simulated in this study using the same 

dimensions, hammer weights and drop heights as listed in Table 4. Because of its 

cylindrical shape, the specimen was modeled using axisymmetric finite element 

formulation at which only half of the specimen was simulated.  
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The FE modeling of the drop hammer test included three main parts; the 

hammer, the specimen, and the rigid ground (base). Each part was meshed using 

axisymmetric elements but with different mesh configurations as given in Table 8 and 

also displayed in Figures 39 through 41. The specimen was uniformly meshed with 

overall element size of 0.0004 as shown in Figure 39. The hammer and the ground 

parts were meshed with two different mesh controls; the regions of the contact with 

the specimen were modeled using fine mesh configurations of 0.0004 whereas, a 

coarse mesh configuration was assigned to the regions away from the contact. The 

mesh configurations for the hammer and the rigid ground are illustrated in Figures 40 

and 41, respectively. The ground was modeled as rigid cylindrical dense material with 

height of 0.5m and diameter of 0.3m. 

Table 8: Mesh size for drop hammer test simulation 

Location 
Mesh Size 

Hammer Specimen Ground 

Contact Area 0.0004 0.0004 0.0004 

Non-Contact Area 0.001 Not Applicable 0.001 

 

Figure 39: Mesh configuration for the specimen used in the drop hammer test 
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Figure 40: Mesh configuration for hammer mass used in the drop hammer test 

 

Figure 41: Mesh configuration for the rigid base used in the drop hammer test 

To simulate the actual loading conditions encountered during the experiments, 

the free falling of the hammer was simulated by assigning a gravitational load with 

acceleration equal to 9.81m/s. The contact between the surfaces was defined as a 

surface to surface contact with all self-contact interaction.  
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The ground was restricted from movement in all directions. Since these types 

of tests results in a moderate velocity impact and high strain rate of deformation, 

adiabatic deformation was considered in the analysis by assuming only 50% of the 

heat generated from the plastic work is dissipated outside. The simulation was then 

submitted and the deformation process was successfully captured for each loading 

scenario. Figure 42 shows an example of drop hammer deformation process at 

different time increments. 

 

Figure 42: Deformation process for strain rate 550 s⁻¹ 

The accuracy of the drop hammer FE simulation was also verified by 

comparisons with the experimental results in terms of the dimensions of the deformed 

specimens and the corresponding force-displacement results. The final dimensions of 

the sample compared to the experimental results are shown in Table 9. The 

comparison shows that the FE simulation was able to capture the deformed 
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configuration of the specimen. Also, Figure 43 shows a sample comparison between 

the test deformed shape and the FE simulation deformed shape. 

 

Figure 43: Comparison between the experiment deformed specimen and the FE simulation 

deformed specimen, a) Experiment deformed specimen and b) FE simulation deformed specimen 

overlapping with the un-deformed specimen 

Table 9: Final Dimensions of Specimens, Experiment and Model 

Strain Rate (s-1) 
390 550 

Experiment Model Experiment Model 

Final Height (mm) 8.33 6.317 6.86 6.36 

Final Diameter (mm) 11.1 13.0136 12.75 12.98518 

 The FE simulation results for the force-displacement relationship were also 

compared with the experiments for both loading scenarios as presented in Figure 44. 

The FE model, as can be seen from the figure, successfully captured the trend of force 

versus deformation with slight deviation from the experimental values. This deviation 

could be attributed to the fact that, during the experiment, the hammer was 

rebounding causing this variation in the forces. 

a) b) 
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Figure 44: Contact forces-displacement curves for strain rates a) 390s-1 and b) 550s-1 

The good comparisons presented in this chapter may surely be attributed to the 

accurate description of the material response through the coupled JC-damage model 

definition Therefore, it is efficient to conclude that the present JC model can be 

extended to simulate different structural problems with different loading scenarios but 

within the room temperature. 
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Chapter 6 : Conclusion and Remarks 

6.1 Summary and Conclusions   

The C45 steel is increasingly being used as structural material in the oil and 

gas industry. The material response to typical loading conditions experienced in such 

environment needs to be tested and evaluated. Hence, a comprehensive assessment of 

the thermo-mechanical response of this type of high strength steel is timely and 

necessary for design purposes. 

This research studied the thermo-mechanical behavior of C45 structural steel 

based on the results of a series of experimental tests that were conducted by other 

researchers at different levels of temperatures (298 °K – 923 °K) at strain rates up to 

550s-1. The corresponding true stress-true strain results were utilized to identify the 

material constants for the Johnson-Cook (JC) constitutive equation which was 

required to understand quantitatively the deformation behavior of this material. 

Scanning electron microscopy (SEM) was utilized to understand the microstructure of 

the material and measure the internal micro-cracks and voids for C45 steel at fracture 

for each test condition. The SEM results were then implemented in an energy-based 

damage model to define the evolution of damage throughout the deformation process. 

The damage model was integrated into the JC plasticity model to accurately describe 

the flow stress of C45 steel. The coupled JC-damage model was then implemented 

into the finite element software ABAQUS to simulate the experimental tests. The FE 

model developed in this analysis was verified using the experimental results 

conducted prior to this research work. The main objective of the numerical analysis 

was to develop a robust FE model that could be extended to simulate other structural 

problems that involve the use of C45 structural steel subjected to different loadings. 

Based on the approach followed above, the following conclusions can be 

drawn: 

- The quasi-static tests results at high temperatures revealed the typical 

degradation trend of the thermal stresses with temperature increase. However, 

dynamic strain aging (DSA) took place at certain combination of temperatures 

and strain rates which increase with the strain. The DSA is usually 
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characterized by the sudden jump in the thermal stress variation with 

temperature. This DSA phenomenon was clearly observed at 523 °K for the 

case of 0.0015s-1 strain rate and at 723 °K for the higher rate. 

- The yield stress increased with the increase of strain rate and decreased with 

temperature except in the regions where the DSA is active. On the other hand, 

the strain hardening was found to be almost rate-independent at room 

temperature. However, the rate dependency behavior of the material increased 

with temperature. 

- A constitutive description of C45 steel is required to simulate the flow stress 

of the material. Thus, the experimental results and observations should be 

included and addressed properly in order to have a suitable flow stress model 

for this material. In this research, the empirical relation of JC constitutive 

model was selected to describe the material response. The DSA effects; 

however, were not captured in the present model. 

- The JC model parameters extracted from the experimental results showed 

promising results at room temperature and fair matching at higher 

temperatures except for the regions where DSA is occurring. 

- The energy-based damage model successfully captured the damage evolution 

within the microstructure of the material and the failure mode beyond the 

ultimate point. Therefore, the model is recommended to be used for different 

metals and at different loading regimes. 

 

6.2 Limitations and Future Research 

The application of this research outcomes is limited to the loading conditions 

considered in the present experimental program to get accurate results. Any other 

scenarios intended to be implemented shall consider further experimental tests and 

exploration. Also, the DSA phenomenon should be studied further in order to 

understand its effect on the material response. To capture such effect, a physical-

based constitutive model should be developed to accurately describe the plasticity 

behavior of C45 steel. The model should be able not only to address the plastic 

deformation that is attributed to the motion of dislocations but also to include the 

plastic flow in the range of temperatures and strain rates where diffusion and creep are 

dominant, i.e., the regions where DSA is active.  
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