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A B S T R A C T 

An abdominal aortic aneurysm (AAA) is a life-threatening cardio-vascular condition. Current surgical 

intervention is based on the maximum diameter threshold of 5.5 cm. Over the past years, two indicators to 

predict potential rupture, the Rupture Potential Index (RPI) and Finite Element Analysis Rupture Index 

(FEARI), had been developed using finite element analysis (FEA), based on the predicted maximum wall 

stress and statistical or local wall strength. The purpose of this study is to develop a numerical model using 

the extended finite element method (XFEM) to understand the initiation/growth of potential rupture and 

predict its location in abdominal aortic aneurysm wall by involving the parameters of failure: the wall stress, 

wall strength, and strain, as well as, investigating the use of 3D-US AAA models instead of CT models. 

Failure analyses were conducted on numerical models of AAA derived from 3D-US and CT images for four 

elected patients to examine the initiation and growth of potential rupture under three different pressures of 

120, 140, and 160 mmHg and three different wall strengths of 0.33, 1.34, and 2.36 MPa respectively. The 

majority of AAAs showed insignificant differences in stress distributions between 3D-US and CT models, 

except for one patient where the 3D-US model remarkably showed higher stress compared to the CT model. 

The location of rupture initiation was predicted reliably for both the models of AAA  which have been 

independently verified with visual predictions by cardio-vascular surgeons. However, the predicted length 

of rupture and the potential penetration (full damage of the wall) varied between the models depending upon 

the applied pressure and the strength of the wall.  

© 2023 University of Al-Qadisiyah. All rights reserved.    

1. Introduction 

       Aortic wall condition is affected by many factors such as smoking, 

hypertension, age,  gender, etc.[1-3], which may cause irreversible 

localized inflation (an aneurysm) leading to ruptures [4]. One of these life-

threatening aneurysms, especially in the event of rupture [5], is called 

Abdominal aortic aneurysm (AAA). Abdominal aortic aneurysms can be 

surgically treated, but it is an expensive procedure associated with a high 

rate of mortality [6, 7]. Therefore, periodic surveillance of AAA to predict 

the risk of rupture and its location prior to surgical intervention is vital for 

saving lives. The current guideline for considering a surgical intervention 

is when the maximum diameter of AAA reaches 5.5 cm [6, 8]. However, it 

has been reported that some cases of aneurysms [9, 10] ruptured before 

reaching the threshold value of 5.5 cm. The rupture process of an aneurysm 

can be interpreted from a mechanical point of view when the maximum 

wall stress of AAA induced from the blood flow exceeds the ultimate 

strength of the AAA wall [11]. To obtain information on the state of stress 

and strain realistic 3D AAA geometries and mechanical properties of 

materials such as aortic wall strength and ultimate strain are necessary 

requirements. 

http://qu.edu.iq/
https://qjes.qu.edu.iq/
https://doi.org/10.30772/qjes.2023.178994
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5082-6917
https://orcid.org/0000-0001-9227-5244
https://orcid.org/0000-0002-4051-110X


WISAM AL-OBAIDI ET AL. /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES   16 (2023) 160–168                                                                                     161 

 

Recently, good-quality patient-specific models of AAAs are being created 

from medical images CT, MRI, or 3D ultrasound, which can be provided 

by the hospitals. The mechanical properties of AAA can be obtained from 

direct physical tests such as uniaxial or biaxial tensile tests, and also from 

the published literature on previous test data. This information is being 

increasingly utilized in the process of rupture risk assessment using 

numerical approaches such as finite element method (FEM) [12-15], 

computational fluid dynamic (CFD) [16-19] and fluid-structure interaction 

(FSI) [20-23]. The finite element method is able to successfully predict the 

rupture site in a number of studies [24, 25]. For instance, a computational 

model was developed by Vorp et al. [26] to compute the rupture potential 

index (RPI) as a rupture indicator to determine the possibility of rupture in 

AAAs. The mathematical formula of RPI combines the predicted maximum 

wall stress obtained from FEA results with a standalone statistical model 

used to compute the aneurysmal wall strength [27, 28]. The findings of RPI 

have identified the risk of rupture better than the ordinary way of maximum 

diameter criterion [26, 27]. Doyle et al.[29] developed a similar 

computational model to analyze the risk of rupture called Finite Element 

Analysis Rupture Index (FEARI).  This indicator can be defined as the ratio 

between the predicted maximum wall stress of a finite element analysis to 

the local AAA wall strength[30, 31] that corresponds to the predicted 

location of the maximum stress of AAA wall, where FEARI values range 

between 0 (low risk of rupture) and 1 (high potential of rupture) [32]. 

Based on the above, it has been noticed that the following three elements: 

maximum strength, maximum stress, and maximum strain of the AAA wall 

should be taken into consideration in the rupture evaluation analysis. 

However, the previous studies taken one element in consideration which is 

the maximum stress. In other words, when these three failure factors (stress, 

strength, and strain) meet at the same place in the diseased wall, this will 

lead to initiate the rupture in the wall. Interestingly, the Extended Finite 

Element Method (XFEM), a computational method based on the principles 

of fracture mechanics being used to evaluate the failure of materials (cracks 

or rupture[33] ), can be employed to achieve numerical modelling of 

rupture in AAA by engaging the three elements of failure mentioned earlier. 

The purpose of this study is to develop a numerical model using XFEM 

approach to understand the initiation/propagation of potential rupture and 

predict its location in abdominal aortic aneurysm wall by involving the 

parameters of failure: the wall stress, wall strength, and strain, as well as, 

investigating the use of 3D-US AAA models instead of CT models.  

2.  Methodology 

2.1.  Image acquisition and construction of AAA geometry 

Four patients previously diagnosed with AAA had undergone CT and 3D 

US scanning test prior to AAA repairing or urgent evaluation at the 

University Hospital South Manchester were included in this research. 

National Research Ethics Committee (NREC) (13/NW/0468) has granted 

ethical approval of using the scanning data. A similar procedure of 

segmentation using the ImFusion suite [34], see Chapter Four, was 

followed in this work to create the 3D computational models of AAA 

derived from 3D-US and CT scans. Subsequently, all the AAA geometries 

had been exported into Abaqus 2016 [35] for stress and rupture initiation 

analysis.   

2.2.  eXtended Finite Element Method in Abaqus 

Extended Finite Element Method (XFEM) is a numerical solution 

technique based on fracture mechanics that combines the ordinary finite 

element approach and the principle of partition unity to model crack 

initiation and propagation independently of the mesh size[33]. This 

approach can handle high discontinuities of displacement in a solution 

domain by assigning a specific displacement function to enrich and readjust 

degrees of freedom for a finite element. Equation (1) represents the 

conventional finite element with the partition of unity method; in other 

words, the extended finite element method[33]:    

𝒖 = ∑ 𝑵𝒊(𝒙)𝑵
𝒊=𝟏 [𝒖𝒊 + 𝑯(𝒙)𝒂𝒊 + ∑ 𝑭𝜶(𝒙)𝒃𝒊

𝜶𝟒
𝜶=𝟏 ]                                    (1)                                                        

Where: 𝒖 Displacement vector; 𝑵𝒊: standard FE function of the node (i),𝒖𝒊: 

Nodal displacement vectors; 𝑯(𝒙) :Jump function; 𝒂𝒊 : Nodal enriched 

degree of freedom vector;𝑭𝒂: Asymptotic crack-tip functions; 𝒃𝒊
𝜶: Nodal 

enriched degree of freedom vector. 

The following two steps must meet altogether at one time and one place in 

order to achieve the initiation and propagation of rupture (crack) within the 

AAA wall. Firstly, the ratio of the predicted wall stress to the assigned wall 

strength (0.33, 1.34, and 2.35 MPa) should reach the critical value of a 

failure factor (ƒ  =1) [33]  which can be represented by the maximum 

principal damage criterion as in the following equation: 

𝒇 = |
𝑨𝑨𝑨𝒔𝒕𝒓𝒆𝒔𝒔𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅

𝑨𝑨𝑨𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉
|                                                                           ( 2)                                                                                                       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The process of damage criteria and damage initiation in 

extended finite element simulation used in this work. 
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Secondly, a damage evolution parameter, maximum strain, corresponds to 

displacement at failure should be defined and reached. Then, the 

aneurysmal wall starts to rupture. In the event any one of these two steps or 

both does not fulfil the damage criteria, the rupture does not occur. 

Contours of maximum principal stress and virtual 3D rupture are to be 

requested, see Figure 1.  

2.3. Mechanical properties of the blood vessel 

Non-linear mechanical properties of blood vessels (AAAs) previously 

extracted from the uniaxial tensile test [36] that have been widely used in 

several studies [21, 25, 37-39] were employed. The material library within 

Abaqus 2016 [35] provides a variety of mathematical models to express the 

nonlinear behaviour of aneurysmal tissues. In this case, a 2nd order 

polynomial strain energy mathematical model was utilized: 

𝑾 = 𝑪𝟏𝟎(𝑰𝟏 − 𝟑) + 𝑪𝟐𝟎(𝑰𝟏 − 𝟑)𝟐                                                            (3)                                                                                         

Where W = strain energy, I1= the first invariant of the left Cauchy-Green 

tensor and C20= 1.881 MPa / C10= 0.174 MPa are constants that represent 

the mechanical wall properties of AAA. The vessel was imposed to behave 

as isotropic, incompressible, hyperelastic-structure [36, 40]. Further 

material properties are required by XFEM solution to reach the rupture 

(crack) initiation and propagation in AAA, such as ultimate strength and 

strain. Regarding ultimate strength, Raghavan et al.[30]showed that the 

ultimate regional strength of the AAA wall ranged from 0.336 to 2.35 MPa. 

Damage criteria of maximum principal stress within Abaqus 2016 [35] was 

employed to involve the following failure strength of (0.336,1.343 and 

2.35 MPa) of the aortic wall in the simulation. In addition, the damage 

evolution factor is presumed to be the maximum strain of 0.15[30]. 

2.4.  Mesh study and improving the convergence analysis 

XFEM approach in Abaqus 2016 [35] is supposed to be independent of the 

element’s size. However, it has been observed that mesh refinement affects 

the length of the rupture slightly. In this analysis, geometries of AAA walls 

were meshed in Abaqus 2016 [35] using a hybrid 4-nodes tetrahedron 

(C3D4H) volumetric element. A systematic mesh independence was 

performed on AAA1 3D-US, and CT models with low strength, which 

exposed to a static pressure of 160 mmHg as other pressures of 120 and 

140 mmHg will be within the range. The purpose of mesh verification is to 

investigate the mesh refinement sensitivity against the length of rupture, see 

Table 1.  

Table 1. Mesh independence performed on AAA1. 

No significant change has been observed in terms of the rupture length 

between mesh 4 and 5 in both CT/3D-US models. Therefore, settings of 

mesh 4 were applied to all geometries. Furthermore, the following settings 

parameters had to be modified to aid convergence the rupture (crack) 

initiation analysis successfully: 

a) Analysis control: in most of FEA simulations (continuous domain), 

default time incrimination parameters I0 = 4 and IR = 8 are utilised to 

conduct a good performance[41]. However, in rupture (crack) 

initiation (discontinuous displacement), using default time settings 

may lead to cutbacks and abortion of the analysis. Thus, the values of 

I0 and IR in this work were changed to 8 and 10, respectively, to 

increase the number of attempts of each increment and avoiding the 

cutbacks[42]. 

b) Damage initiation tolerance: The initiation of damage sometimes 

may cause convergence issues[43]. In particular, when the value of 

the calculated stress at a specific element is higher than the specified 

magnitude, then the increment size will be reduced by Abaqus 2016 

[35]. Subsequently, the specified value of initiation stress cannot be 

reached in an iterative process, damage tolerance of 0.05 (default) 

should be defined to initiate the damage in this case. However, to 

avoid the convergence issues in this study, damage tolerance of 0.001 

was prescribed. 

c) Modifying the number of increments: the number of increments IA 

was modified to be 50 for the same reason mentioned above. 

2.5. Boundary conditions 

All aneurysms were constrained upstream and downstream at all 

directions[44] to simulate the fixed position of the aorta. The presence of 

intraluminal thrombus and flow forces (shear stresses) were excluded from 

this simulation because the thrombus can effectively decrease the wall 

stress[44, 45], and the shear stresses were considered negligible due to no 

blood flow [46, 47]. In addition, the surrounding organs were imposed, not 

causing a load at the outer wall of blood vessels, which means the residual 

stresses in the AAAs wall assumed to be zero[45]. The local variances of 

the blood vessel thickness cannot be captured by the CT scan; hence, it was 

presumed to be 2 mm [38, 48-50] and uniformly distributed at all regions 

of the AAA wall. Hypertension contributes to the formation of AAA and a 

key factor causing the rupture[51]. Therefore, the AAA geometries were 

pressurized uniformly to the maximum systolic pressure of 120, 140, and 

160 mmHg[12]  assuming the patients had hypertension.  

3. Validation of XFEM simulation 

It is worth to mention here that the use of extended finite element method 

XFEM in predicting the rupture site in abdominal aortic aneurysms AAAs 

is a new idea; therefore, there is no numerical data available in the literature 

to examine the reliability of the current results. On the other hand, due to 

the complexity of the patient-specific AAAs geometry, seeking for 

experimental work to rupture an idealized AAA was ideal for examining 

the validity of the XFEM model. Interestingly, Doyle et al.[52] performed 

an experimental work to observe the relation between the rupture site and 

the location of the maximum stress obtained from the FEA simulation for 

the same AAA silicone model. Therefore, Doyle et al.[52] work was chosen 

to validate and compare the XFEM results in terms of predicting the rupture 

site and stress distribution. 

 CT model 3D-US model 

Mesh No 

No. of 

elements 

Rupture 

length (mm) 

No. of 

elements 

Rupture 

length (mm) 

1 163091 9.7 148040 12.5 

2 231007 9.8 207375 12.8 

3 364585 9.9 342055 13 

4 415025 9.9 399279 13.3 

5 684552 10 515631 13.3 
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3.1. Creating of idealized AAA geometry and Silicon Sluggard 184 

material properties 

The geometry of the idealized AAA replica was widely used in previous 

studies [53-56], see figure 2. The experimental rig was replicated 

numerically using the same boundary conditions and material properties. 

The mechanical properties of Sluggard 184 silicone were extracted 

mechanically from tensile test data. It was found that the 3rd Ogden strain 

energy function within Abaqus 2016 [35]  material library captures and fits 

quite well the hyper-elastic behavior of this material. Table 2 shows the 

material coefficients used to characterize the 3rd Ogden strain energy 

function, see equation (1), of the Sluggard 184.  

W(λ1,λ2,λ3)= ∑
2μi

αi
2 (λ1

αi+λ2
αi+𝜆3

αi-3)N
i=1                                                        (4) 

 

Table 2: Material coefficients of 3rd Ogden strain energy for Sylgard 184. 

 μ α 

1 -304.235 1.2667 

2 148.232 1.5962 

3 157.156 0.9075 

 

3.2. Boundary conditions and Mesh generation 

Two values of static pressure were used in the current numerical simulation. 

The first pressure was 120 mmHg, representing the average systolic 

pressure in the cardiac cycle, subject to the internal wall of the idealized 

AAA with a uniform thickness of 2 mm. The purpose of applying this load 

was to compare the stress profile between Doyle et al.[52] and the XFEM 

model along a path starts from the beginning of the AAA sac to a point 

above the bifurcation.  The second load 364.5 mmHg was applied until the 

AAA reaches the threshold of rupture initiation in order to compare the 

location of rupture initiation and stress distribution in the idealized AAA 

between the experimental, FEA, and XFEM results. The numerical model 

was constraint from moving and rotating at proximal and iliac part 

representing the experimental rig. Idealized AAA was meshed in Abaqus 

2016 [35] using linear and hybrid-tetrahedral of type 3D stress-element 

(C3D4H). Later, mesh independence study was implemented as reported in 

section Mesh study and improving the convergence analysis; by increasing 

the number of cells and investigate whether it influences the length of 

rupture. The number of elements that found to be satisfactory the accuracy 

of numerical results were 362705 elements.  

3.3. Predicted stress distribution and rupture locations 

Figure 2 shows a comparison of the predicted stress distributions and 

rupture initiation location between the XFEM approach and the 

Experimental/ FEA simulation of Doyle et al.[52]. The red spot at the very 

left hand of Figure 2 refers to the initiation of rupture observed 

experimentally (proximal inflection) which is in correspondence with the 

predicted rupture site (proximal inflection) by the XFEM model (very right 

hand of Figure 2) at the same load of 364.5 mmHg. In regards to stress 

distribution, the overall tendency was consistent between the FEA and 

XFEM results with an insignificant difference due to using two different 

numerical approaches. These comparisons showed that the XFEM results 

in good agreement with experimental results[52] and previous numerical 

studies[57], as well as showed the ability of the XFEM model in predicting 

the rupture site numerically.  

 

 

Figure 2. Comparison of the present rupture locations and stress 

distribution with the experimental work of Doyle et al.[52]. 

Figure 3. Comparison of wall stress profiles between FEA Doyle et al. 

and XFEM model. 

3.4. Stress trends comparison (FEA vs. XFEM) results 

The FEA results of Doyle et al.[52] investigated the effect of wall thickness 

on the stress trends at 120 mmHg. For the purpose of validation of this 

work, stress profile from the FEA solution of Doyle et al. [52] for idealised 

AAA with 2 mm thickness was nominated for comparison with stress 

profile of the same geometry of 2 mm thickness obtained in XFEM 

solution.  shows a comparison of the AAA wall stress trends between FEA 

[52] and the XFEM work. It can be seen that the wall stress profiles were 

fairly comparable, in which the inflection areas (proximal and distal) 

observed to have high stresses (first peak/ second peak). However, the 

maximum diameter region was noticed to have lower stress (between the 

peaks). Rupture risk indicators, RPI and FEARI, mentioned in the 

introductory part, used the finite element method to predict the site of 

rupture, which did not involve the strength and strain in the rupture analysis. 

In this study, three failure parameters (stress, strength, and strain) were 
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taken into consideration by developing a numerical model of AAA in the 

extended finite element approach. Comparison of wall stress distribution 

and rupture initiation/propagation between 3D-US and CT models were 

obtained to examine the eligibility of using 3D-US AAA models in the 

rupture analysis. 

3.5. AAA wall stress 

Comparisons of wall stress distribution in all patients are presented in 

colour-coded contours in which areas of maximum and minimum stresses 

are symbolised by red and blue colours respectively. Figure 4, Error! 

Reference source not found., Figure 6, and Figure 7 show different 

orientations of AAAs: front, left side, right side, and back in order to 

facilitate the comparison process.  

Figure 4. Shows predicted wall stress distribution in AAA1 obtained by 

XFEM. 

Figure 5. Shows predicted wall stress distribution in AAA2 obtained by 

XFEM. 

Figure 6. Shows predicted wall stress distribution in AAA3 obtained by 

XFEM. 

 

 

Figure 7. Shows predicted wall stress distribution in AAA4 obtained by 

XFEM 

Values of AAA wall stress ranged from the lowest 0 MPa dark blue to the 

highest 0.4 MPa dark red in AAA1, AAA2, AAA3, and AAA4 

sequentially. In general, it can be observed noticeable differences in the 

stress distribution between CT and 3D-US models of AAA, to be more 

specific in the high-stress areas. Low-stress regions of zero MPa in CT and 

3D-US AAA models can be simply observed in the bifurcation areas 

showing no significant influence by increasing the pressure. However, 

regions of high stress 0.4 MPa in all patients are observed to grow with the 

increase of the applied pressure significantly. It is also noticed that the 

location of maximum wall stress remains unaffected by the increase of the 

load magnitude. AAA4/3D-US in Figure 7 attracts the attention because it 

shows high sensitivity to pressure magnitude by producing high wall stress 

of 0.4 MPa, where the red colour almost covers all the aneurysm. In 

contrast, it is apparent that the stress distribution in CT models increases in 

a consistent way. The red patches are seen in many places in all patients CT 

and 3D-US AAA models, but which one of these spots is more likely to 

rupture? The functionality of using XFEM approach comes to reduce the 

potential sites of rupture by picking the weakest red spots in the AAA wall 

where the failure parameters meet together and representing the failure as a 

3D crack in the aneurysmal wall.  

3.6 Initiation and propagation of rupture 

 

The initiation and propagation of rupture were successfully examined for 

three different values of pressure and strength by employing the XFEM 

approach in CT and 3D-US AAA models. A measurement analysis was 

conducted to measure rupture length in each model of AAAs, based on the 

increasing of luminal static pressure and wall strength.  

Most interestingly, the initiation of rupture is not observed for the average 

1.35 MPa and the maximum 2.35 MPa wall strength, even for the 

160 mmHg pressure. In contrast, the rupture is observed that begins 

initiating almost in all aneurysms (CT and 3D-US) when the AAA wall 

assigned to a low wall strength of 0.33 MPa, then propagates with 

intensifying of pressure.  illustrates a comparison of rupture length between 

CT and 3D-US models of AAAs at different pressures and AAA low wall 

strength. Evidently, in , 3D-US AAA models show high tendencies to 

rupture than the CT models. For instance, the rupture in CT models of 

AAA1 and AAA3 did not initiate when it pressurised at 120 mmHg, unlike 

3D-US models that start rupture.  
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Figure 8. Comparison of rupture length in all AAAs (CT vs. 3D-US) at 

three different pressures (120, 140, and 160 mmHg) for the lowest wall 

strength of (0.33 MPa) 

 

 

Figure 9. Predicted rupture initiation and location in AAAs wall at160 

mmHg and 0.33 MPa wall strength. 

 

Furthermore, the rupture is observed to propagate with the increase of the 

pressure and, of course, the source of models, where the 3D-US models of 

AAAs showed high propagations in rupture than the CT models for the 

same pressure loads. Furthermore, in , the rupture length of AAA4 /3D-US 

at 160 mmHg is 26 mm, while the CT model is 13 mm. 

Strengthening the AAA wall by assigning mean and high wall strengths of 

1.34 and 2.35 MPa respectively reveal that the rupture did not occur in both 

CT and 3D-US models despite the increase of pressure magnitude. The 

length of rupture is not showing whether a full (rupture) penetration occurs 

in the AAA wall or not. Therefore, failure (rupture) in the AAA wall can 

be virtually demonstrated by presenting 3D contours of rupture to show the 

threatening of bleeding in the AAAs wall. Figure 9 shows the rupture in the 

CT and 3D-US AAA models for 160 mmHg and low wall strength in all 

patients. In terms of rupture locations, it is observed to be fairly identical in 

CT and 3D-US models. For instance, in Figure 9, the rupture tends to 

happen in the right and left lateral very close to the bifurcation area in 

AAA1 and AAA4, respectively. However, AAA2 and AAA3, rupture 

occurs in the left and right lateral far of the bifurcation regions. In terms of 

full rupture in AAA wall, AAA1 and AAA3 show that the rupture occurs 

in the internal layer of the AAA wall, whereas the rupture in AAA2 happens 

in the external layer see Figure 9; which did not lead to full failure in the 

AAA wall. However, both CT and 3D-US models of AAA4 show full 

damage in the external and internal layer of the AAA wall, which means 

full penetration (blood leakage) happens in this patient, see Figure 9. In 

other words, this patient AAA4 has a high likelihood of rupture and death 

than other patients because of blood leakage. 

4. Discussion 

Prior researches about rupture risk assessment in abdominal aortic 

aneurysms have well documented the efficiency of employing finite 

element analysis in predicting the location of rupture [12, 15, 25, 37, 58-

61] by identifying the location of maximum stress in the AAA wall and 

reducing the life-threating of unpredictable rupture. Applying non-patient-

specific simplified boundary conditions such as linear (isotropic) wall 

material properties and uniform static pressure were good enough to 

successfully implementing wall stress analysis [46, 57, 62, 63]. However; 

this study needed to involve patient-specific AAA models from two 

different sources and non-linear material properties to obtain more precise 

results [30, 36].  

The current results of wall stress distribution presented in Figure 4, Error! R

eference source not found., Figure 6 and Figure 7) showed that the 

increase of internal pressure on the AAA wall led to a significant increase 

in the area of maximum wall stress as well as the magnitude, whatever it 

would be the wall strength. Stress distribution varied throughout the 

patients owing to many factors such as geometrical differences like 

tortuosity, the inflection of the AAA surface, irregular shapes [59, 64], and 

asymmetric [57, 59, 64]. Moreover, using different sources of images (CT 

and 3D-US) and the segmentation process play an important role in the 

stress distribution as well. It was observed that the distribution of wall stress 

highly influenced by the pressure value (hypertension hypothesis)[65], 

numerical solution, and model source, where 3D-US models showed 

overestimation in the wall stress distribution as reported in FEA work by 

Kok et al. [12]. AAA4/3D-US in Figure 7 undoubtedly overestimated wall 

stress (red area) compared to the CT model of the same patient. However, 

it did not have multi- rupture despite the wall stress 0.4 MPa overcame the 

wall strength 0.33 MPa in many locations. This proves that the rupture site 

needed the three elements of rupture to meet together in one place in order 

to damage the aneurysmal wall. 

It was observed that the strength of the AAA wall did not affect the stress 

distribution; however, it affected the rupture initiation and propagation in 

both CT and 3D-US models of AAAs, for instance: The weak AAA wall 

that had low wall strength of 0.33 MPa was shown high trendies to rupture 

than other values of strength 1.33 MPa and 2.35 MPa. More interestingly, 

locations of maximum wall stress did not change with increasing pressure 

in both CT and 3D-US models. In addition, no relationship was found 

between maximum wall stress location and the maximum diameter of the 

aneurysms [37, 60, 66].  

XFEM approach used in this analysis provides detailed information regards 

the predicted stress distribution, rupture length, and shape, unlike the FEA 

method that provides only stress contours. It was observed that the AAA 

models regardless the source of imaging did not show any chances of 

rupture when the wall assigned average and high strength values, because 

these models of AAAs despite exposing to relatively high pressure 140 and 

160 mmHg, it was not sufficient to generate high stress in the AAA wall 

that overcomes the average and high strength values of 1.35 and 2.35 MPa. 

Bar charts in  showed a comparison of rupture length that propagates with 

the increase of the internal pressure when the AAA wall has a low strength 



166                            WISAM AL-OBAIDI ET AL /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES   16 (2023) 160–168 

 

of 0.33 MPa. 3D-US models of AAAs firstly started rupture of a length 

ranged between 3 mm to 7 mm at low 120 mmHg, which then started 

propagating with the increase of the rupture to reach a range between 

12 mm to 26 mm at 160 mmHg. On the other hand, CT models of AAAs 

showed fewer chances of rupture despite the exposure to the same boundary 

conditions. For instance, AAA1 and AAA3 did not rupture at 120 mmHg, 

whereas AAA2 and AAA4 tend to have rupture of length varied from 3 mm 

to 4 mm at the same pressure. Then, CT models of AAAs that ruptured and 

those who did not; started initiating and growing the rupture when the 

internal pressure increased. It is evident from the bar charts that 3D-US 

AAA models predicted the rupture earlier than the CT models, as well as 

the rupture site was identical in both.  

Although the comparison of rupture propagation in  was helpful in terms of 

providing the relation between pressure and length of rupture in both CT 

and 3D-US models, the rupture shape and blood leakage is still vague. 3D 

representation contours of rupture obtained from the XFEM approach in 

Figure 9 were vital to understanding whether the rupture led to full 

penetration in the AAA wall or not. The failure in the AAA wall was 

evident to happen in the internal wall, firstly where the stress intensity is 

maximum in the AAA wall, as observed in AAA1 and AAA3 in Figure 9. 

However, the rupture occurred at the external layer of the wall in AAA2. 

The 3D-US/CT AAA4 predicted failure in both layers of the wall, which 

means blood leakage, and would have required urgent surgical intervention. 

The rupture contours can be used to give a good indication of whether the 

patients need urgent surgery or not.  As there is no thrombus formation in 

AAA3, the predictions of stress and rupture initiation are likely to be more 

accurate. In other words, the potential of rupture risk in AAA3 may be very 

close to reality. Figure 9 also shows that the AAA walls fail in the 

longitudinal directions rather than the circumferential, which is in good 

agreement with the literature [31]. The XFEM model can be developed for 

patients regularly to examine the failure/penetration in the AAA wall by 

comparing the crack length, stress, and penetration to decide which AAA 

has more potential rupture.  

This work has some limitations, such as: ignoring the thrombus in this work 

was based on findings of Venkatasubramanian et al.[25] that successfully 

predicted the rupture site without including the thrombus in his work. 

Furthermore, other studies [45, 67, 68] have found that the thrombus acts 

as a mechanical cushion and working on reducing the wall stress. 

Supposing the aneurysmal walls have one value of strength is the second 

limit of this study, which, in fact, the wall strength is varying locally in the 

whole wall[30]. 

5. Conclusion 

XFEM, being based on the principles of fracture mechanics, is shown to be 

suitable for the assessment of rupture potential in the abdominal aortic 

aneurysm. The good agreement of rupture predictions between the XFEM 

method and the experimental work in the abdominal aortic aneurysm was 

found to be applicable for biological materials. The findings of this method 

provide detailed information about the rupture, such as stress distribution 

on the aneurysmal wall, length of rupture, site of rupture, and potential of 

blood leakage, unlike the conventional FEA method that just predicts the 

rupture site. In addition, the XFEM approach picks only the weak red 

patches among others that overcome the maximum wall strength, stress, 

and strain, which reduces the chances of potential rupture in other sites 

despite having maximum wall stress. In terms of using 3D-US images 

instead of CT in rupture analysis, it is found that the 3D-US models of AAA 

show good similarity in predicting the rupture site and predicting the 

leakage of blood. However, US image-based models show a higher risk of 

rupture than CT based models. In other words, XFEM findings show that 

3D-US is eligible for periodic rupture analysis during the monitoring 

process of AAA patients due to the availability, no radiation, and 

affordability of the 3D-US.  Accordingly, the approach used here plays as 

a diagnostic tool for surgeons that may help them to determine if the AAAs 

require for surgical interventions. The limitations of the current work are as 

follows: the intraluminal thrombus should be included in the simulation and 

a more group of patients are needed to increase the prediction reliability. 
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