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Abstract 

The precise mechanism of rupture in AAAs has not yet been uncovered. The phenomenological 

failure criterion of the coefficient of proportionality between von Mises stress and tissue 

strength does not account for any mechanistic foundation of tissue fracture. Experimental 

studies have shown that arterial failure is a stepwise process of fibrous delamination (mode II) 

and kinking (mode I) between layers. Such a mechanism has not previously been considered 

for AAA rupture. In the current study we consider both von Mises stress in the wall, in addition 

to interlayer tractions and delamination using cohesive zone models. Firstly, we present a 

parametric investigation of the influence of a range of AAA anatomical features on the 

likelihood of elevated interlayer traction and delamination. We observe in several cases that 

the location of peak von Mises stress and tangential traction coincide. Our simulations also 

reveal however, that peak von Mises and intramural tractions are not coincident for aneurysms 

with Length/Radius less than 2 (short high-curvature aneurysms) and for aneurysms with 

symmetric ILT. Additionally, we present three patient-specific AAA models derived directly 

from CT scans, which also illustrate that the location of von Mises stress does not correlate 

with the point of interlayer delamination, suggesting that incorporating cohesive zone models 

into clinical based FE analyses may capture a greater proportion of ruptures in-silico. 
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Introduction 

The reliable evaluation of the rupture risk of a specific abdominal aortic aneurysm (AAA) does 

not currently exist. Nearly all of the criteria which are used by clinicians to indicate the need 

for surgical intervention are based on empirical data (Vorp, 2007). A number of finite element 

frameworks have been proposed in an attempt to improve AAA rupture risk estimates based 

on stress computations, however their ability to accurately predict rupture locations is just over 

50% (Erhart et al., 2016). AAAs are deemed common in the general population with a global 

prevalence of 4.8%, and an 80% mortality rate in the event of rupture (Li et al., 2013). With 

the affected cohort generally presenting with several comorbidities that often render surgical 

treatment also life threatening, this presents a significant challenge to surgeons who search for 

reliable measures to weigh the risk of rupture versus risk of perioperative death to patients.  

The maximum AAA diameter has widely been used to justify the need for surgical 

intervention, with AAAs greater than 5.5 cm in diameter deemed to require elective surgery 

(Kontopodis et al., 2016). However, clinical studies conducted by Darling et al., and Hall et 

al., determined that rupture rates of between 12% and 23% have been reported for AAAs less 

than 5 cm in diameter and rupture rates of 40% have been reported for AAAs greater than 5 

cm (Darling, 1977, Hall, 2000). Such a method is clearly lacking in mechanistic foundation, as 

evident in the more recent drive towards computational based methods of rupture risk (Fillinger 

et al., 2003; Polzer and Gasser, 2015; Venkatasubramaniam et al., 2004; Xenos et al., 2014). 

Most of these models have involved predicting the magnitude and location of peak von Mises 

stress (𝜎𝑣𝑚) in the AAA wall and using this as a predictor for rupture. A rupture potential index 

(RPI) has also been proposed based on the ratio of computed wall stress to an estimate of wall 

strength (based on factors such as family history, gender, AAA diameter and intraluminal 

thrombus (ILT) thickness) (Vande Geest et al., 2006). It was reported by the same authors that 

ILT is present in approximately 75% of AAAs (Vande Geest, 2006) and models incorporating 

ILT result in significant changes in both the magnitude and location of 𝜎𝑣𝑚 in the AAA wall 

compared to simpler models where the ILT is omitted (Doyle et al., 2007). Although these 

phenomenological models have provided advance in terms of clinical integration of 

computational methods, they can only predict an accurate rupture location in 53.8% of cases 

(Erhart et al., 2016), and provide little in terms of insight into the mechanics of 

rupture/delamination of the arterial tissue.  

 



Accurate in-silico predictions of rupture potential indices rely on an in depth 

understanding of the process involved. Haslach et al., reported a stepped rupture surface 

following pressure inflation of rings of arterial tissue (Figure 1(b)), and subsequently state that 

tension experiments do not provide an accurate characterization of aortic rupture nor a valid 

useful measure of the in-vivo aortic rupture stress. The same experiment was carried out on a 

healthy un-notched ring sample, indicating that the tissue need not be ‘diseased’ for rupture to 

occur via intramural delamination (Haslach et al., 2018). It is generally accepted that medial 

degeneration is an essential prerequisite for interface delamination (Hirst et al., 1958), which 

indeed may reduce the pressures required to induce a mixed mode-type failure. Rabin and 

Haslach, (2018) found that the propagation length was longer in aneurysmal versus healthy 

aortic tissues (6.60 ± 4.19 mm vs 2.27 ± 1.20 mm) a result which is in agreement with the 

significantly lower resistance to delamination found in aneurysmal human ascending thoracic 

aortas compared with healthy tissues by Pasta et al., (2012). Additionally, no intimal tear is 

found in up to 12% of aortic dissections indicating the possibility of rupture due to an initial 

intramural failure (Brunet et al., 2020). 

Others have also reported a jagged or kinked appearance of the rupture surface. The 

existence of delamination planes at the rupture zone following tension-inflation inside an X-

ray microtomography setup were reported by Brunet et al., (2020) (Figure 1(c)). FitzGibbon 

and McGarry (2020) also report a step-wise interface delamination of aortic tissue when subject 

to a ring pull test (Figure 1(a)). Dissection-like rupture was found in most burst-inflation 

samples by Romo et al., (2014) who also report that rupture often initiated at a different location 

to the peak stress, while similar experiments by Kim et al., (2012) revealed in certain cases that 

delamination occurred before AAA rupture. Bellini et al., (2017) showed in mice with impaired 

collagen fibrillogenesis (TSP2-null), that although biaxial mechanical tests were not different 

compared to controls, failure tests confirmed that the pressure at which the aorta ruptures is 

significantly lower in TSP2-null mice compared to age-matched controls (640±37 vs. 

1120±45 mmHg). Moreover, all 40-week-old mutant aortae failed by delamination, not 

rupture. The jagged plateau region of load-extension plots performed by Pasta et al., (2012) & 

Purslow, (1983) suggests that rupture does not propagate at a steady rate but arrests and 

reinitiates at somewhat regular intervals reflecting the fibrous nature of the wall. Helfenstein-

Didier et al., (2018) describes a similar pattern of rupture in porcine aortic samples of; mode I 

failure of musculo-elastic units followed by mode II separation of the same layer from the wall. 

Furthermore as reported by (Haslach et al., 2015), if tissue failure were solely due to tension-

driven mode I crack opening, radial crack propagation from the tip of the cut notch would be 
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expected, as opposed to the circumferential/longitudinal propagations observed throughout the 

literature (Brunet et al., 2020; Haslach et al., 2011; Hirst et al., 1958; Rabin and Haslach, 2018; 

Sugita and Matsumoto, 2018). Substantiating this point is the fact that a significant volume of 

literature report on ‘dissecting aneurysms’, a distinct pathological condition from traditional 

aneurysms and dissections (Bersi et al., 2020; Cho et al., 2019; Hakimi and Sivakumar, 2019; 

Maus et al., 2018; Phillips et al., 2017; Schriefl et al., 2012; Trachet et al., 2017; Xanthoulea 

et al., 2009). Altogether, these studies suggest that intramural delamination should be 

investigated as a potentially important factor in the process of AAA rupture.  

 

 

Figure 1: (a) Kinking intramural fracture of aortic tissue during ring pull test (FitzGibbon and McGarry 

2020). (b) Step rupture surface in a ring sample shows sequential separation between adjacent radial and 

then circumferential fascicles (Halsach et al., 2011). (c) Delamination planes at the rupture zone following 

tension-inflation inside an X-ray microtomography setup (Brunet et al., 2020). (d) Histological evidence of 

jagged arterial delamination within the medial layer (Wang et al., 2014). (e) Contrast Enhanced CT image 

of impending AAA rupture with stepped rupture surface (Schartz et al., 2007). (f) Complex failure of 

patient-specific AAA wall (Raghavan et al., 2011). 
 

 

In this study, interface delamination between the individual wall layers of the AAA is 

investigated using Cohesive Zone Models (CZMs). Cohesive zone formulations have 

previously been implemented to model the propagation of arterial dissection and plaque rupture 

during balloon angioplasty intervention (Ferrara and Pandolfi, 2008; Gasser and Holzapfel, 

2007). However, cohesive zone modelling has not previously been used to predict interlayer 

delamination in AAAs. Firstly, we present a parametric investigation of the influence of a range 

of AAA anatomical features on the likelihood of elevated interlayer traction and delamination. 



We observe in several cases that the location of peak 𝜎𝑣𝑚 and tangential traction (𝑇𝑡) coincide. 

Our simulations also reveal however, that peak 𝜎𝑣𝑚 and intramural tractions are not coincident 

for aneurysms with Length/Radius less than 2 (short high-curvature aneurysms) and for 

aneurysms with symmetric ILT. Additionally, we present three patient-specific AAA models 

derived directly from CT scans, which also illustrate that the location of 𝜎𝑣𝑚 does not correlate 

with the point of interlayer delamination. Against the backdrop of current AAA rupture risk 

frameworks only achieving accurate predictions for rupture in 53.8% of cases, it appears that 

there may be use for incorporating cohesive zone models into clinical based FE analyses to 

capture a greater proportion of ruptures/dissections in-silico. 

Methodology 

In order to investigate the relationship between interface traction and 𝜎𝑣𝑚, a series of 

parametric investigations on the influence of a range of AAA anatomical features on the 

likelihood of elevated interlayer traction and delamination were performed, each of which were 

subject to the same internal pressure and boundary conditions. We then present three patient-

specific aneurysm simulations derived directly from CT scans. The following subsections 

describe the idealised and patient-specific methodologies. 

2.1 Idealised Cases 

A series of finite element models were created using MATLAB (R2017b, MathWorks Inc., 

Natick, MA, USA) based on a sigmoid function where the radius of the vessel is a function of 

the axial position along the aneurysm length (Figure 2). By altering the parameters of the 

sigmoid function we investigate the effect of the following conditions on the interface 

traction/𝝈𝒗𝒎 relationship; (i) aneurysm curvature, (ii) aneurysm width, (iii) aneurysm 

skewness, (iv) aneurysm ellipticity, (v) symmetric and asymmetric ILT, and (vi) vessel 

anisotropy (Figure 3). 

 



 

Figure 2: Flowchart describing idealised parametric study mesh creation. (a) An initial loft is performed 

along the healthy proximal aortic segment to the point of the aneurysm neck. (b) A sigmoid function 

describes the aneurysm width as a function of the axial location in space. This is lofted onto the previously 

generated healthy aortic segment from (a). (c) The second half of the aneurysm mesh is created in a similar 

manner with allowable symmetric/asymmetric constraints. (d) The element normal thickness vectors are 

defined which allows creation of the external surface elements (e), and finally hexahedral elements are 

created between the two surfaces to define the final aneurysm mesh (f). 

 

The following cases were investigated; (a) Curvature (L/R) – where R (radius) is fixed at 20mm 

and L (length)= [50mm, 40mm, and 30mm] defined by the c2 parameter in the sigmoid 

function, (b) Width (W1) where W1=R*S, (R=20mm, S=[1.00, 0.66, 0.33]) and is implemented 

through a radial shrinkage of the lumen coordinates by the factor S prior to pressure inflation. 

(c) Skewness (C2,1/C2,2), where C21 =7 and C22=[7, 11, 15] which defines the degree of axial 

asymmetry along the aneurysm length. (d) Ellipticity (W1/W2), where W1 is as previously 

defined above and W2 =[1.00, 0.90, 0.80], which is implemented through a circumferentially 

descending multiplicator that is applied to the lumen coordinates to achieve varying degrees of 

aneurysm ellipticity. (e) ILT (symmetric/asymmetric), symmetric ILT is simply achieved by 

offsetting the internal lumen coordinates inwards by the symmetric ILT thickness t1. 

Asymmetric ILT is achieved by defining the internal lumen and filling the void between the 

lumen surface and the internal wall surface with tetrahedral elements using GIBBON 

(Moerman, 2018). 

 



 

Figure 3: Idealised parametric study geometries created using Matlab. (a) Curvature (L/R) – where R is 

fixed at 20mm and L= [50mm, 40mm, and 30mm], (b) Width (W1) where W1=R*S, (R=20mm, S=[1.00, 

0.66, 0.33]). (c) Skewness (C2,1/C2,2), where C21 =7 and C22=[7, 11, 15]. (d) Ellipticity (W1/W2), where W1 is 

as previously defined above and W2 =[1.00, 0.90, 0.80]. (e) ILT (symmetric/asymmetric). 

 

Vessel Anisotropy: 

Material anisotropy is considered using a bilinear type formulation (Fereidoonnezhad et al., 

2020) where the strain energy function is given as 

Ψtot = Ψiso +Ψ𝑎𝑛𝑖𝑠𝑜 
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where 
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and 𝜓01 and 𝜓01 are two constants which ensure the continuity of strain energy. 

𝐸1𝑓 and 𝐸2𝑓 are slopes of the linear regimes, 𝐷1𝑓 and 𝐷2𝑓 are the values of the nominal fibre 

strain at the end of the first linear regime and at the beginning of the second linear regime. The 

bilinear strain-stiffening fibre model is placed in parallel with a linear neo-Hookean matrix 

𝛹𝑖𝑠𝑜(𝐂) =
𝐾

2
(𝐽 − 1)2 +

𝜇

2
(𝐼1̅ − 3) 

where 𝐾 is the effective bulk modulus, 𝜇 is the effective shear modulus, and 𝐼1̅ is the first 

invariant of the isochoric right Cauchy-Green Tensor (𝐂 = 𝐽−
2

3𝐂). 

 

A Levenberg-Marquardt based optimization algorithm is used to determine the parameters that 

fit the experimental data. Figure 4 below shows the simulated stress-strain response (SIM) 

with the experimental data of Vande Geest et al., (2006) overlaid. 

 

 

Figure 4: (a) Example of discrete fiber orientation applied to aneurysm model based on internal lumen 

surface and primary axis method. Collagen fibers are defined with respect to each individual element 

orientation and prescribed via the anisotropic material formulation such that the material captures the 

stress-strain response to AAA uniaxial tension experiments. (b) Experimental tension experiments of Vande 

Geest et al., (2006) (EXP) with finite element model result overlaid (SIM).  
 

The interface between each artery wall layer is modelled using the non-potential-based SMC 

and NP2 CZMs presented in (Máirtín et al., 2014; McGarry et al., 2014) (SMC model is used 

in separation and NP2 model is used in compression/over-closure); 
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where 𝑇𝑛 is the traction in the normal direction; 𝑇𝑡 is the traction in the tangential direction; ∆𝑛 

is the normal component of the interface separation vector; ∆𝑡 is the tangential component of 

the interface separation vector; 𝜎𝑚𝑎𝑥 is the normal interface strength; 𝜏𝑚𝑎𝑥 is the tangential 

interface strength; 𝛿𝑡 is the tangential interface characteristic length; and 𝛿𝑛 is the normal 

interface characteristic length. Values of maximum interface strengths in the normal (𝜎𝑚𝑎𝑥) 

and tangential (𝜏𝑚𝑎𝑥) directions are based on dissection experiments of human aortic tissue 

following autopsy (Sommer, 2008). Specifically, an interaction strength of 𝜎𝑚𝑎𝑥 = 𝜏𝑚𝑎𝑥 =

16𝑘𝑃𝑎 and a critical cohesive interface length of 𝛿𝑐 = 10𝜇𝑚 is chosen. 

2.2 Patient-Specific Cases 

Patient-specific CT scans (1.25 mm slice thickness) were obtained with permission from the 

Western Vascular Institute, University College Hospital, Galway. DICOM (Digital Imaging 

and Communication in Medicine) files containing the CT data were imported into Mimics© 

(v14.11, Materialise, Belgium), a specialised image processing software, for segmentation and 

reconstruction. An illustration summarising the reconstruction process, from CT scans to final 

geometry, is shown in Figure 5. A thresholding range was first chosen to ensure the 

incorporation of the entire ILT (a CT slice of the original geometry is shown in Figure 5(c)). 

After the creation of the initial geometry, each CT slice was carefully examined and edited to 

establish a more accurate model of the ILT geometry (Figure 5(d)). Additionally, a number of 

smoothing iterations were performed to remove sharp edges and other surface artefacts. The 

integrity of the final AAA geometry was ensured by creating a polyline representation of the 

AAA geometry. Any discontinuity in a polyline indicated that additional reconstruction 

iterations were required (Figure 5(e)). The polyline growing tool was utilised to ensure that 

there were no holes present in the geometry. Fifteen control points (a measure of the number 

of smoothing iterations performed) per slice, were chosen based on previous work which 

established the optimum number of control points required without losing geometry accuracy 



(Doyle et al., 2007). The final reconstructed 3D geometry of the ILT (for Patient A), including 

the vertebral column, is shown in Figure 5(f). In total, three AAA geometries, shown in Figure 

5(g,h,i), were analysed. For the remainder of this study these AAA geometries will be referred 

to as Patient A, Patient B and Patient C. 

 

Figure 5: Outline of the reconstruction steps taken to create final AAA geometry. CT scans of the aneurysm 

(Patient A) in the sagittal and transverse planes are shown in (a) and (b) respectively. The initial and final 

aneurysm ‘mask’ in the transverse plane is shown in (c) and (d) respectively. The initial and final 3D AAA 

geometry together with surface polylines is shown in (e) in (f) respectively with the position of the vertebral 

column also indicated. (g,h,i) indicate final AAA geometries (1,2,3) for three clinical cases. 

 

After importing the ILT geometry into Abaqus, intima, media and adventitia layers were 

generated by offsetting the geometry from the abluminal surface of the ILT. In each of the 

idealised and patient-specific cases the individual layer thicknesses are based on those reported 

in Concannon et al., (2019). A slightly-compressible Neo-Hookean hyperelastic constitutive 

formulation is utilised to describe the AAA wall layers and intraluminal thrombus. The 

properties for each wall layer are estimated from published properties of arteries (Gao et al., 

2006; Kohn et al., 2015; Teng et al., 2015). Unless otherwise stated, the effective stiffness of 

the intima, media and adventitia layers are 2.9MPa, 1.8MPa and 10.8MPa respectively. The 

properties of the intraluminal thrombus (ILT) are based on the study of (Wang, 2001) with a 

stiffness of 0.428MPa assigned to the ILT in this study. An internal pressure of 200mmHg is 

applied to simulate blood pressure acting on the AAA wall. The AAA geometry is partially 

constrained in the proximal and distal regions, representing the crux of the diaphragm and the 



common iliac bifurcation in-vivo. A tie constraint is applied between the aneurysm and the 

vertebral column surfaces. An increase in finite element mesh density from 5000 to 50000 

elements results in only a ~1% increase in the computed wall stress. Therefore, a mesh density 

of 5000 elements is used for all analyses presented in this study. Hexahedral elements were 

used to ensure high accuracy at the interface. 

Results 

We first investigate a suite of parameterised geometries that capture the typical spectrum of 

AAAs which present clinically and observe in most cases that the location of peak 𝜎𝑣𝑚 and 𝑇𝑡 

coincide. There are, however, certain cases where the locations do not coincide, which suggests 

that a cohesive zone model should be used in addition to 𝜎𝑣𝑚 in finite element-based rupture 

risk models. Additionally, we present three patient-specific AAA models derived directly from 

CT scans, which also illustrate that the location of peak 𝜎𝑣𝑚 does not correlate with the point 

of interlayer delamination. 

 

3.1 Idealised Cases 

Aneurysm Curvature (L/R): 

The baseline geometry in each case is presented in the first row of Figures 6-11, and consists 

of an anteriorly distending AAA, with a width (R) (in-plane distance from central axis to 

anterior bulge) of 20mm, axial length (L) of 50mm, wall thickness of 1mm, and healthy 

proximal and distal segments of 10mm radius and 20mm length. Figure 6 illustrates the effects 

of altering the curvature (L/R) of the aneurysm on the 𝜎𝑣𝑚/𝑇𝑡 relationship. In the baseline 

geometry (L/R=2.5), the peak 𝜎𝑣𝑚/𝑇𝑡 locations are coincident, at the aneurysm neck. For an 

aneurysm with (L/R=2.0), the peak 𝜎𝑣𝑚 moves slightly towards the origin while the peak 𝑇𝑡 is 

near the peak bulge with a separation distance of ~17mm.  Similarly, for an aneurysm with 

(L/R=1.5), the peak 𝜎𝑣𝑚 moves slightly closer again to the origin, while the peak 𝑇𝑡 is near the 

peak bulge with a separation distance of ~22mm.   



 

Figure 6: Effect of Curvature (L/R) on the peak 𝝈𝒗𝒎/𝑇𝑡 relationship. (a) Baseline geometry (L/R=2.5): peak 

𝝈𝒗𝒎 and 𝑇𝑡 are coincident at the aneurysm neck. (b) L/R=2.0: peak 𝝈𝒗𝒎 and 𝑇𝑡 are not-coincident, and (c) 

L/R=1.5: peak 𝝈𝒗𝒎 and 𝑇𝑡 are not-coincident. 

 

Aneurysm Width (𝑊1): 

Next, we investigated the effect of varying the aneurysm width on the peak 𝜎𝑣𝑚/𝑇𝑡 relationship. 

In each case (𝑊1 = 1.00, 0.66, 0.33), although the peak 𝜎𝑣𝑚 and 𝑇𝑡 values reduce with 

decreasing aneurysm width, they remain coincident at the aneurysm neck (Figure 7).  

 

Figure 7: Effect of Width (𝑾𝟏) on the peak 𝝈𝒗𝒎/𝑇𝑡relationship. (a) Baseline geometry (𝑾𝟏 = 𝟏. 𝟎𝟎), (b) 

𝑾𝟏 = 𝟎. 𝟔𝟔, and (c) 𝑾𝟏 = 𝟎. 𝟑𝟑. In each case the peak 𝝈𝒗𝒎 and 𝑇𝑡 are coincident at the aneurysm neck, 

and L=50mm. 

 



Aneurysm Skewness (𝐶2,1/𝐶2,2): 

By altering the ratio of the 𝐶2,1 to 𝐶2,2 parameters in the sigmoid function, the skewness of the 

aneurysm can be altered. In each case (𝐶2,1/𝐶2,2 = 1.00, 0.64, 0.47) the peak 𝜎𝑣𝑚 and 𝑇𝑡 are 

coincident however their location follows the tighter radius of curvature at the aneurysm neck 

(Figure 8). 

 

Figure 8: Effect of Skewness (𝑪𝟐,𝟏/𝑪𝟐,𝟐) on the peak 𝝈𝒗𝒎/𝑇𝑡 relationship. (a) Baseline geometry (𝑪𝟐,𝟏/𝑪𝟐,𝟐 =

𝟏. 𝟎𝟎), (b) 𝑪𝟐,𝟏/𝑪𝟐,𝟐 = 𝟎. 𝟔𝟒, and (c) 𝑪𝟐,𝟏/𝑪𝟐,𝟐 = 𝟎. 𝟒𝟕. In each case the peak 𝝈𝒗𝒎  and 𝑇𝑡 are coincident, 

however their location follows the tighter radius of curvature at the aneurysm neck, and 𝑪𝟐,𝟏=7. 

 

Aneurysm Ellipticity (𝑊1/𝑊2): 

Next, we investigate aneurysm ellipticity and observe that 𝜎𝑣𝑚 and 𝑇𝑡 always coincide. In our 

baseline axisymmetric simulation (W1/W2=1.00) 𝜎𝑣𝑚 and 𝑇𝑡 are coincident and identical 

circumferentially at the aneurysm neck, as ellipticity increases (W1/W2=[0.90, 0.80]), both 𝜎𝑣𝑚 

and 𝑇𝑡 decrease to a minimum at the minor axis width (Figure 9). 



 

Figure 9: Effect of ellipticity (𝑾𝟏/𝑾𝟐) on the peak 𝝈𝒗𝒎/𝑇𝑡 relationship. (a) Baseline geometry (𝑾𝟏/𝑾𝟐 =
𝟏. 𝟎𝟎), (b) 𝑾𝟏/𝑾𝟐 = 𝟎. 𝟗𝟎, and (c) 𝑾𝟏/𝑾𝟐 = 𝟎. 𝟖𝟎. In each case the peak 𝝈𝒗𝒎 and 𝑇𝑡 are coincident, 

however both decrease to a minimum at the minor axis width, and 𝑳/𝑹=2.5. 

 

Intraluminal Thrombus (ILT): 

The presence of intraluminal thrombus has been reported previously as having a positive 

(Leung et al., 2006; Vorp and Vande Geest, 2005) and negative (Kazi et al., 2003; Speelman 

et al., 2010) effect on aneurysm rupture risk. Here we include both symmetric and asymmetric 

ILT in our parametric study. In the symmetric ILT case, the peak 𝜎𝑣𝑚 and 𝑇𝑡 do not coincide, 

with the 𝜎𝑣𝑚 maximum at the aneurysm belly (point of maximum radius) while the 𝑇𝑡 resides 

at the aneurysm neck (point at which healthy aorta and aneurysm meet). In the asymmetric ILT 

case, the peak 𝜎𝑣𝑚 and 𝑇𝑡 do coincide at the aneurysm neck. In each case here, L/R=2.5, and 

C2,1/C2,2=1.00 (Figure 10). 



 

Figure 10: Effect of ILT on the peak 𝝈𝒗𝒎/𝑇𝑡 relationship. (a) Baseline geometry (No ILT), (b) Symmetric 

ILT, and (c) Asymmetric ILT. In the case of symmetric ILT, the peak 𝝈𝒗𝒎  and 𝑇𝑡 do not coincide, however 

in the case of asymmetric ILT they do at the aneurysm neck. 

 

Finally, we investigate the effect of material anisotropy on the peak 𝜎𝑣𝑚/𝑇𝑡 relationship. By 

employing a bilinear type constitutive model that captures the strain-stiffening of collagen 

fibers we can capture the stress-strain behaviour of AAA tissue (Vande Geest et al., 2006). 

Applying these fitted parameters to the pressure inflation of the baseline AAA geometry, we 

observe that the peak 𝜎𝑣𝑚 resides at the aneurysm belly in the anisotropic model whereas in 

the isotropic model it resides at the aneurysm neck. In both the isotropic and anisotropic case 

however the peak 𝜎𝑣𝑚 and 𝑇𝑡 are coincident (Figure 11). 

 

Figure 11: Effect of material anisotropy on the peak 𝝈𝒗𝒎/𝑇𝑡 relationship. (a) Baseline geometry (isotropic), 

(b) Baseline geometry (anisotropic). In the case of isotropic model, the peak 𝝈𝒗𝒎  and 𝑇𝑡 coincide at the 

aneurysm neck, however in the anisotropic model they coincide at the aneurysm belly.  

 



3.2 Patient-specific Cases 

Patient A: 

The computed 𝜎𝑣𝑚/P distribution for Patient A, where individual AAA wall layer properties 

are assigned and an ILT is included, is shown in Figure 12 in order to compare locations of 

𝜎𝑣𝑚/P concentrations in the AAA wall with computed interface delamination locations. In 

Figure 12 contour plots of the 𝜎𝑣𝑚/P distribution in the adventitia (Figure 12(a)) and media 

layer (Figure 12(b)) are presented, with a selection of nodes in the computed interface 

delamination patches highlighted for comparison of location (black circles). It is evident that 

the predicted location of interface delamination at the adventitial-medial (A-M) interface does 

not coincide directly with the location of maximum 𝜎𝑣𝑚 in the adventitia layer (Figure 12(a)). 

Furthermore, predicted interface delamination at the intimal-medial (I-M) interface (Figure 

12(b)) do not coincide with the peak 𝜎𝑣𝑚 location in the media layer. In particular, the 

computed delamination location in the anterior region (circled) at the I-M interface coincides 

with a region in which the computed magnitude of 𝜎𝑣𝑚 in the media layer is relatively low. It 

is important to note that initiation of delamination does not appreciably alter the distribution of 

𝜎𝑣𝑚/P throughout the AAA wall. In contrast, when the ILT is neglected (Figure 12(c)), 

predicted interface delamination locations at the adventitia-media interface roughly coincide 

with the peak 𝜎𝑣𝑚/P region in the adventitia layer. This can be attributed to the fact that 

omission of the ILT leads to significant bending of the AAA geometry above the aneurysm 

neck, thereby inducing both high interlayer shear tractions and high 𝜎𝑣𝑚/P in this location. 

 

Figure 12: Distribution of computed von Mises stress over pressure in (a) the adventitia layer and (b) the 

media layer at an applied lumen pressure (P) of 150mmHg for Patient A. Computed regions of interface 

delamination do not coincide with areas of peak von Mises stress. (c) indicates the distribution of computed 

von Mises stress over pressure in the adventitia layer at an applied lumen pressure (P) of 93mmHg for 

Patient A where the intraluminal thrombus (ILT) is omitted. The position of the vertebral column (VC) is 

also indicated. 

 

 

 

 



Patient B: 

Next, computed delamination regions for Patient B are analysed when individual wall layer 

properties are assigned and the ILT is accounted for. A significant region of delamination is 

predicted at the I-M interface to the right of the vertebral column (VC) as shown in Figure 

13(a). The associated interface shear traction evolution for a selection of nodes in the 

delamination patch are also depicted in Figure 13(a). Following initial interface delamination, 

computed at 142mmHg in the bottom left quadrant of the delamination patch, the interlayer 

crack front propagates towards the top right quadrant of the delamination patch following an 

increase in lumen pressure to 195mmHg. The progression of the interlayer crack front is shown 

in Figure 13(b)-(f) as the lumen pressure is increased from 142mmHg to 195mmHg. The 

computed 𝜎𝑣𝑚/P distribution in the media layer (when the ILT is included) is presented in 

Figure 13(g). A selection of nodes in the delamination patch are superimposed for comparison. 

The initial delamination region, highlighted by circle ‘B’, does not correlate with a significant 

𝜎𝑣𝑚/P concentration. In fact, the computed 𝜎𝑣𝑚/P in this region is relatively low (≈ 0.06MPa). 

Further increase in lumen pressure causes propagation of the delamination patch longitudinally 

upwards, eventually reaching a region of high 𝜎𝑣𝑚/P (highlighted by circle ‘A’). Crucially, 

however, delamination initiation does not occur in a region of high 𝜎𝑣𝑚/P. 

 

Figure 13: (a) Computed interface shear traction as a function of applied lumen pressure at the intima-

media interface for Patient B. A significant region in which the critical cohesive characteristic distance is 

exceeded (𝚫𝒕 𝜹𝒄⁄ > 𝟏) is shown on the right together with the position of the vertebral column (VC). The 

initial computed delamination region is also indicated. The delamination patch is also shown for a lumen 

pressure of: (b) 142mmHg; (c) 160mmHg; (d) 170mmHg; (e) 180mmHg and (f) 195mmHg. (g) Distribution 

of computed 𝝈𝒗𝒎/P in the media layer at an applied lumen pressure (P) of 142mmHg for Patient B. While 

a region of interlayer delamination (delamination patch A)  coincides with peak 𝝈𝒗𝒎/P, the computed region 

of initial interlayer delamination at the intima-media interface (delamination patch B) does not coincide 

with region of peak 𝝈𝒗𝒎/P. 



Patient C: 

Delamination regions for Patient C are analysed next, when inhomogeneous wall layer 

properties are assigned and the ILT is included in the model. A region of delamination is 

predicted at the A-M interface just above the position of the vertebral column (VC) as shown 

in Figure 14. The associated shear traction evolution for two nodes in the delamination patch 

is also depicted. Initial interface delamination is computed at 188mmHg. Following complete 

interlayer delamination at this node, characterised by a rapid decrease in interface traction, 

delamination is computed in an adjacent node in the delamination patch at 190mmHg. No 

interlayer delamination is computed at the I-M interface. The computed 𝜎𝑣𝑚/P distribution in 

the adventitia layer is presented in Figure 14(b) and Figure 14(c) for the posterior and anterior 

AAA sides respectively with the nodes in the delamination patch superimposed for comparison. 

It is evident that 𝜎𝑣𝑚/P concentrations do not coincide with predicted computed delamination 

locations. Furthermore, no interlayer delamination is computed on the anterior side where two 

regions of high 𝜎𝑣𝑚/P are computed. 

 

Figure 14: (a) Computed interface shear traction as a function of applied lumen pressure at the adventitia-

media interface for Patient C. A significant region in which the critical cohesive characteristic distance is 

exceeded (𝚫𝒕 𝜹𝒄⁄ > 𝟏) is shown on the right together with the position of the vertebral column (VC). (b,c) 

posterior and anterior distribution of computed 𝝈𝒗𝒎/P in the adventitia layer at an applied lumen pressure 

of 188mmHg for Patient C where the intraluminal thrombus (ILT) is included. Computed regions of initial 

interlayer delamination at the adventitia-media do not coincide with region of peak 𝝈𝒗𝒎/P. Individual wall 

layer properties are chosen for the intima, media, and adventitia layers. The position of the vertebral 

column (VC) is also indicated. 



Conditions Required to Cause I-M Delamination Prior to A-M Delamination  

For Patient A, A-M delamination is computed prior to I-M delamination (initial delamination 

is computed at 132mmHg in the A-M interface as opposed to 138mmHg at the I-M interface). 

However, it has been observed through CT imaging that dissections primarily occur at the I-M 

interface in aneurysms (Hyodoh, 1996). Additionally, it has been reported that the intima is a 

mechanically significant layer of considerable thickness and stiffness for human aged arteries, 

in contrast to healthy cardiovascular tissue where the intima is relatively thin (Holzapfel, 2007, 

2005). Therefore, considering Patient A, an investigation into the conditions which lead to A-

M delamination prior to I-M delamination is carried out. Specifically, both the intima thickness 

and stiffness are doubled. Results are summarised in Table 1. As reported above, initial 

delamination occurs at the lateral right (LR) location of the A-M interface prior to I-M 

delamination at a lumen pressure of 132mmHg for an intima thickness of 0.17mm and 

𝐸intima=2.9MPa. I-M delamination is computed at a higher pressure at the lateral right (LR) 

and anterior bulge (ANT) locations at 138mmHg and 168mmHg, respectively. An increase in 

intima stiffness to 𝐸intima=5.8MPa also results in an initial A-M tear computed at 131mmHg 

in the lateral right aneurysm location. Interestingly, the increase in intima stiffness also 

increases the pressure at which I-M delamination is computed in the lateral right location 

(146mmHg), relative to the less stiff intima. Additionally, for the increased intima stiffness, no 

delamination is computed in the anterior region of the aneurysm. It is evident in Table 1 that 

an increase in intima thickness (0.34mm) significantly reduces the pressure at which I-M 

delamination are computed, regardless of intima stiffness. Specifically, I-M delamination is 

computed prior to A-M delamination for 𝐸intima=2.9MPa while interlayer delamination are 

computed at approximately the same pressure for 𝐸intima=5.8MPa. Therefore, it is evident that 

accurate intima stiffness and thickness measurements are crucial in order to accurately predict 

initial AAA dissection locations.  

 

 

 

 

 

 

 

 



Table 1: Table summarising the influence of intima thickness and intima stiffness (𝑬𝒊𝒏𝒕𝒊𝒎𝒂) on initial 

delamination pressure and location for Patient A. A-M and I-M refer to the adventitia-media and intima-

media interfaces, respectively. Areas LR, LL and ANT refer to lateral right, lateral left, and anterior AAA 

locations, respectively.  All pressures are given in mmHg.   

 

 
Intima thickness=0.17mm Intima thickness=0.34mm 

E intima 2.9MPa 5.8MPa 2.9MPa 5.8MPa 

A-M 132 (LR) 131 (LR) 120 (LR) 117 (LR) 

I-M 138 (LR) 

168 (ANT) 

146 (LR) 115 (LR) 

111 (LL) 

118 (LR) 

 

Discussion 

A key finding of the present study is that the location of delamination initiation does not always 

coincide with locations of peak 𝜎𝑣𝑚 in the artery wall, which suggests that further measures in 

addition to 𝜎𝑣𝑚, including interface shear strength should be included to improve rupture 

potential predictions for AAAs. Previous studies have modelled the AAA wall as a single 

homogenous entity, using the peak computed 𝜎𝑣𝑚 as a predictor for rupture (Doyle et al., 2007; 

Elger, 1996; Inzoli et al., 1993; Mower, 1993; Raghavan, 2000; Raghavan and Vorp, 2000; 

Stringfellow, 1987; Vorp, 1998). However, the specific rupturing mechanism of the tissue has 

not been considered in such formulations. Several experimental studies have reported jagged, 

stepwise mixed-mode failure surfaces of arteries; (FitzGibbon and McGarry, 2020; Brunet et 

al., 2020; Haslach et al., 2015, 2011; Helfenstein-Didier et al., 2018; Pasta et al., 2012; Purslow, 

1983; Romo et al., 2014) indicating that interlayer dissection represents a critical step in the 

rupture process of AAA tissue and should be considered in computational based RPIs.  

Firstly, in order to gain insight into the morphological factors that govern the 

relationship between peak 𝜎𝑣𝑚 and 𝑇𝑡, a parametric investigation is performed on a suite of 

aneurysm geometries that capture the typical spectrum of AAAs which present clinically. In 

several cases the location of peak 𝜎𝑣𝑚 and 𝑇𝑡 coincide, however in a select few there are 

significant discrepancies between peak locations. Where aneurysm curvature is concerned, a 

high L/R ratio of 2.5 results in coincident peaks in 𝜎𝑣𝑚 and 𝑇𝑡 at the aneurysm neck, as the L/R 

ratio decreases however, the locations of peak 𝜎𝑣𝑚 and 𝑇𝑡 become non-coincident. The width 



of the aneurysm, (W1), has no effect on the location of peak 𝜎𝑣𝑚  nor 𝑇𝑡, only their magnitudes, 

and they remain coincident as the value of W1 decreases. Similarly, aneurysm ellipticity has no 

effect on the coincidence of peak 𝜎𝑣𝑚 and 𝑇𝑡 as the W1/W2 ratio decreases. In the baseline 

axisymmetric simulation (W1/W2=1.00) 𝜎𝑣𝑚 and 𝑇𝑡 are identical circumferentially at the 

aneurysm neck, as ellipticity increases (W1/W2=[0.90, 0.80]), both 𝜎𝑣𝑚 and 𝑇𝑡 decrease to a 

minimum at the minor axis width. Investigation into the skewness of aneurysms reveals that 

varying the c21/c22 ratio does not influence the coincidence of peak 𝜎𝑣𝑚 and 𝑇𝑡, however their 

location follows the greatest curvature at the aneurysm neck. For a symmetric ILT, the location 

of peak 𝜎𝑣𝑚 is non-coincident with the peak 𝑇𝑡 location, whereas for an asymmetric ILT, their 

locations are coincident at the aneurysm neck. Finally, as part of our parametric study we 

investigated whether the inclusion of anisotropy influences the coincidence of peak 𝜎𝑣𝑚 and 

𝑇𝑡. The inclusion of an anisotropic material law resulted in a shift of the peak 𝜎𝑣𝑚 and 𝑇𝑡 from 

the aneurysm neck to the aneurysm belly, however in both the isotropic and anisotropic case, 

they remained coincident. 

In the second part of this study interlayer delamination is simulated for three AAA 

geometries reconstructed from patient-specific CT scans. In Patient A delamination initiates at 

the A-M interface with initial delamination computed at a lumen pressure of 132mmHg. 

Delamination at the I-M interface initiates at a lumen pressure of 138mmHg. These predictions 

of delamination initiation are supported by the study of  (Fillinger et al., 2002) where AAA 

rupture is reported at a lumen pressure of 142mmHg, indicating that the assumed values of 

interface strength are in the correct range for AAA tissue. Interface strengths of up to 140kPa 

(Ferrara and Pandolfi, 2008; Gasser and Holzapfel, 2006) however have been reported for 

healthy human tissue, as evident in the fact that healthy tissue does not tend to dissect at 

pressures as low as 140mmHg. Simulations for Patient B predict delamination initiation at a 

lumen pressure of 142mmHg, again identical to the rupture pressure reported by (Fillinger et 

al., 2002). However, the delamination location is very different to that computed for Patient A. 

In the case of Patient B, delamination initiates in the I-M layer, on the lateral right side of the 

aneurysm far from the neck region. While delamination initiates at a higher lumen pressure for 

Patient B, the crack front propagates at a much higher rate than that computed for Patient A, 

so that a very large delamination patch exists at a lumen pressure of 200mmHg. Finally, initial 

interlayer delamination is computed at the A-M interface for Patient C at an increased lumen 

pressure of 188mmHg, with no delamination computed at the I-M interface. The pronounced 

differences between the delamination predictions, in terms of initiation pressure, location and 



crack front propagation highlight the critical importance of understanding geometric variation 

of AAAs.  

The presence of an intraluminal thrombus (ILT) has been reported in approximately 

75% of AAAs (Vande Geest, 2006). In addition to the importance of modelling the AAA wall 

as an inhomogeneous structure, this study also demonstrates the pronounced effect of the ILT 

on interlayer shear tractions. The presence of the ILT significantly alters the location of 

interlayer shear traction concentrations in comparison to simulations in which the ILT is 

excluded. In all cases the removal of the ILT resulted in the prediction of interlayer 

delamination near the vertebral column. This highlights the importance of the constraining 

effect of the vertebrae, which results in high concentrations of interlayer tractions if a AAA 

does not present with an ILT. It is therefore suggested that the vertebral column should be 

represented in all AAA models. Interestingly, when the ILT was removed from the three 

patient-specific geometries used in this study, rupture initiated at a lower lumen pressure in all 

cases relative to simulations in which the ILT was included. The effect of the ILT on AAA 

wall stress has been reported previously (Doyle et al., 2007; Wang, 2002). The present study 

furthers emphasises the importance of the ILT in terms of interlayer tractions and delamination 

prediction in an inhomogeneous wall.   

The finding of the present study which shows that delamination locations do not always 

coincide with locations of 𝜎𝑣𝑚 concentrations is broadly supported by the study of 

Georgakarakos et al., in which it has been reported that aortic blebs, associated with increased 

risk of rupture, do not correlate with peak 𝜎𝑣𝑚 computed for a homogeneous AAA wall 

(Georgakarakos, 2010). Additionally, Romo et al., (2014) report that rupture locations were 

not coincident with locations of maximum stress following pressure inflation of thoracic aortic 

aneurysms.  Intimal flaps and false lumens have been reported in the clinical literature for 

aneurysms, again suggesting that interlayer dissection is an important mode of damage, 

potentially contributing to total rupture (Hyodoh, 1996; Ring, 2000). Moreover, considering 

that interface strengths of 140kPa (Gasser and Holzapfel, 2006) and 202kPa (FitzGibbon et al., 

2020) have been reported for healthy tissue and that the crack propagation length of aneurysmal 

tissue is ~3 times that of healthy tissue (Rabin and Haslach, 2018), it is certainly plausible that 

some factor governing interface strength is compromised in aneurysmal tissue. This is 

supported by our simulations which reveal that delamination can precede the critical 𝜎𝑣𝑚 

required to cause rupture using the RPI criterion, highlighting the importance of the inclusion 

of cohesive zone models into computational based rupture prediction frameworks. 



This study has a number of limitations. First of all, passive, hyperelastic materials are 

assigned to the AAA wall layers and ILT. In reality the remodelling process involved in AAA 

evolution is a complex one involving the degradation of elastin fibres, increase in collagen 

crosslinking and a reduction in the contractility of the AAA wall (Carmo, 2002; Henderson, 

1999; Lopez-Candales et al., 1997; Rizzo, 1989; Sakalihasan, 1993; Wilson and others, 2001). 

Important initial steps have been taken to develop an active remodelling constitutive 

framework to describe the evolution of a AAA (Watton and Hill, 2009; Watton, 2004). 

Following the prediction of delamination using a cohesive zone approach, inter-layer damage 

could be simulated using element removal techniques (Feerick and McGarry, 2012). The 

micro-structural mechanisms of delamination and rupture should also be investigated using 

micro-mechanical representative volume elements (Dowling et al., 2013; McEvoy et al., 2018) 

in which the influence of cell contractility on the micro-scale stress distribution is considered 

(Reynolds et al., 2014; Weafer et al., 2013). More advanced constitutive laws considering cell 

contractility could also readily be included however it is expected that such detail will not 

change the stress distribution in the aneurysm wall which is primarily governed by the pressure 

and wall thickness. Residual stresses, which exist in the AAA wall in-vivo (Holzapfel et al., 

2000), and wall shear stress induced by blood flow (Peattie, 1996) were also neglected in this 

study. 

           In conclusion, delamination locations are not always found to correlate with locations 

of 𝜎𝑣𝑚 concentrations, suggesting that 𝜎𝑣𝑚 in the AAA wall should not be relied upon as the 

sole mechanical indicator of rupture risk, particularly given the experimental evidence of a 

mixed-mode rupture surface. Furthermore, initial interlayer delamination pressures and 

locations, in addition to the rate of delamination propagation are found to be highly influenced 

by the geometric variations. With current AAA rupture risk frameworks only predicting rupture 

in 53.8% of cases, the addition of cohesive zone models into clinical based FE analyses may 

improve their accuracy and provide additional information to surgeons in terms of whether the 

risk of rupture outweighs the risk of surgery for patients. 
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