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ABSTRACT 

This paper compares the performances of three numerical approaches (Lagrangian, ALE 
and control volume) for modelling large and rapid compressions applied to a short cylindrical 
pipe representing a portion of the intestines. While not being able to simulate sustained fluid 
flow, the Lagrangian approach provided similar results as the ALE for moderate levels of 
compression. However, it was the stiffest approach for larger compression levels, and had 
numerical issues for extreme compressions. While the ALE did not have these issues, its 
computing cost was very high, which could be problematic for large models. The control 
volume approach had the lowest computing cost and seemed promising for larger 
compressions. However, its response was the softest and further investigations are needed to 
define its dependency to modelling parameters. 
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INTRODUCTION 

One cause of abdominal organ injuries during frontal automotive impacts is a very large 
and rapid compression of the abdomen due to the penetration of the safety belt. This could 
result in fluid flow within the hollow organs leading to internal pressure variations and stress 
variations in the membrane of the organ. In existing finite element models (e.g. Humos, 
Thums, etc), the hollow organs are simplified and typically lumped together in a single 
component made of solid elements. In this approach (Lagrangian formulation), the finite 
element mesh moves with the material and large flows would correspond to extreme 
deformations of the elements. Therefore, if large flows were to occur, this modelling approach 
may lead to numerical errors, incorrect load transfers, and could be problematic if injury 
prediction was attempted for hollow organs based on membrane stresses. Thus, the objective 
of the current study is to compare this approach with possible numerical alternatives. As no 
experimental description of this problem was found in the literature, three different modelling 
approaches were evaluated and compared with one another; (1) a Lagrangian solid mesh 
(LAG) (2) an Arbitrary Lagrangian-Eulerian formulation (ALE) and (3) a Control-Volume 
approach (CV). In the ALE approach, the mesh is independent of the material points and thus 
allows simulating the fluid flow and the fluid-structure interactions. The control-volume 
approach is more simplified and only takes into account the pressure in the fluid which is 
assumed to be homogenous. As a first step, comparisons were performed using a highly 
simplified model to reduce the number of parameters and the complexity of the problem. 

METHODS 

In the current study, large and rapid compressions in the intestines were simulated using a 
highly simplified model (Figure 1) in Ls-Dyna3D. A portion of the intestines was represented 
as a closed ended pipe (length = 200 mm, inner diameter = 50 mm and thickness = 5 mm) 
filled with a fluid. The pipe was placed on a rigid surface and impacted transversely with a 
rigid cylindrical impactor (diameter = 50 mm) moving at a constant speed of 5 m/s. An 
automatic surface to surface contact with soft constraint formulation (SOFT=1) was defined 
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to simulate the interaction between impactor-pipe and pipe-rigid ground. No boundary 
conditions were applied. 

 

Fig. 1 Simulation setups used in the present study for (a) Lagrangian, (b) Control-Volume and 
(c) ALE approaches 

The outer pipe was modelled using 936 four-noded Belytschko-Tsay membrane elements 
(ELFORM # 9) with elastic material model (MAT # 1) in all cases. Material parameters for 
the intestinal membrane (Modulus = 5E+05 Pa, Poisson’s ratio = 0.3) were taken from 
Yamada (1970). 

In the Lagrangian approach, the inner fluid was modelled using 3,240 8-node solid 
hexahedral elements (single integration point with exact volume integration hourglass 
control). Surface nodes of the 8-node solid hexahedral elements were shared with the outside 
pipe membrane elements. This approach was selected to attempt to simulate the fluid 
boundary layer formation near the surface. In the ALE approach, a background “Eulerian” 
mesh, surrounding the pipe, was modelled with 49,632 single point ALE multi material 
element formulation (ELFORM # 11) and MAT_VACUUM (MAT # 140) material model. 
The fluid inside the pipe was initialized using the initial volume fraction geometry option. 
Fluid-structure interactions between pipe and inner fluid were simulated by defining the 
penalty based “constrained - Lagrange in solid” coupling feature in Ls-Dyna3D. Fluid 
elements, in both Lagrangian and ALE approaches, were assigned the null material model 
(MAT # 9) in combination with a linear polynomial Equation of State (EOS) model, which 
requires density, bulk modulus and viscosity as material inputs. In the control-volume 
approach, the inner fluid was simulated using a linear fluid definition (i.e. linear pressure-
volume relation) with density and bulk modulus as the material input parameters. Since it was 
observed that the mass of the fluid was not included in the total mass during the simulation, 
the density of the pipe membrane was increased to account for the fluid mass 

Because properties could not be found in the literature, the fluid inside the pipe was 
approximated by using the bulk modulus and density of water (2E+09 Pa and 1000kg/m3, 
respectively) and the viscosity of liquid food. The effect of fluid viscosity was investigated by 
using four different values in the Lagrangian and the ALE formulations: 8E-04 Pa.s 
(corresponding to water), and three values proposed for tomato ketchup: 1, 10 and 100 Pa.s 
(Baker et al. 2004). The results from the three numerical approaches were compared in terms 
of impact force time history, von Mises stresses in the membrane, and computing cost. 

RESULTS 

All simulations were run without error until 99% of pipe compression. However, the 
elements under the impactor were highly distorted towards the end of simulation for the LAG 
models. In consequence, model comparisons will only be performed up to 95% compression 
in the current paper. At 95% compression level, the hourglass energy was between 12.1% 
(LAG_100Pa.s) and 34% (for LAG_water) of the total energy (whereas it was zero in other 
two formulations).  

          (a)            (b)     (c) 

302 IRCOBI Conference - Hanover (Germany) - September 2010



IMPACT FORCE responses are plotted in Figure 2 as a function of compression in the pipe 
for the three formulations. The impact forces for all formulations were similar up to 60% of 
compression irrespective of the variation in fluid viscosity. The responses of the three 
formulations diverged for higher compression levels.  
The CV formulation had the softest response, followed by the ALE and the LAG approach. 
When applicable, the stiffness increased with the increase in fluid viscosity. At 95% 
compression, the differences were very large (4.8 kN for the LAG 100 Pa.s, against 2.34 kN 
for the ALE 100 Pa.s and 0.98 kN for CV). 

 
Fig. 2 Comparison of impact force as function of the percentage of compression in the pipe 

for Lagrangian, ALE and Control-Volume formulations for different values of fluid viscosity 

VON MISES STRESSES in the pipe are compared among the three formulations at 95% 
compression in Figure 3. Stresses in the pipe differed among the three formulations for both 
peak value and stress distribution along the axis of the cylinder. Maximal stresses were higher 
in the LAG (range 250-300 KPa) than in the ALE (range 200-250 KPa) and the CV (range 
150-200 KPa). For the viscosities simulated, stresses in the LAG were more localized at the 
center (i.e. just below the impactor) whereas higher stresses and volumetric bulging were 
clearly visible at the ends of the pipe for the ALE and CV. 

 
Fig. 3 Comparison of von Mises stresses in the outer membrane at 95% compression level for 

Lagrangian, ALE and Control-Volume formulations for different values of fluid viscosity. 
The viscosity value is irrelevant for the CV. 

The SIMULATION COSTS of each formulation are compared in Table 1. If considering the 
elapsed time per thousand cycles on a Core i7 2.67 GHz machine (Win32), the CV was the 
cheapest (2.85 s/Kcycles) and ALE was the costliest (596.75 s/Kcycles, or 180 times more 
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than LAG and 217 times more than CV). LAG had a much higher elapsed time than CV 
despite nearly similar cost per thousand cycles because of a much lower average time step. 
ALE was the most expensive option (by far). 

Table 1 Comparison of computing cost among the three numerical approaches 

 Total 
Kcycles 

Total 
Elapsed 
Time (s) 

Time/ 
Kcycles 

Av. Tstep 
(µs) 

LAG 30.847 103 3.33 0.52 
ALE 1.974 1178 596.75 5.11 
CV 0.297 3 2.75* 33.90 

*Due to the short elapsed time, the cost per cycle was computed using longer duration 
simulation without impact (2 s or 60,210 cycles)  

DISCUSSION 

In all cases, the fluid inside the pipe was modelled with the same bulk modulus and 
density (i.e. of water). However, both choices of formulation and viscosity had large effects 
on the response. For the LAG formulation, the higher stiffness response and the higher 
membrane stresses could be due to the contribution of the hourglass control and to highly 
distorted elements at large compression levels. Full integration could not be used as it resulted 
in numerical instabilities before reaching large compressions. The soft response of the CV 
formulation could be explained by at least two possible reasons: (1) The shear effects in the 
fluid are not taken into account, (2) the lack of fluid mass – which cannot necessarily be 
compensated by the added mass in the membrane. In consequence, there is no transient 
stiffening due to flow/inertia of the fluid. The importance of this transient component on the 
global stiffness response needs to be further investigated (as a function of material and 
geometrical parameters). 

CONCLUSIONS 

Three numerical approaches for modelling abdominal hollow organs were compared in 
the current study using a very simplified organ model. Very significant differences were 
found between the three approaches for large compression levels. While the ALE allows 
simulating a fluid flow, its computing cost may not be compatible for the use in a full body 
finite element model. The Lagrangian approach seemed relatively effective for moderate level 
of compression (50-60%). However, it was stiffer than the other two approaches for larger 
compression level and had issues with hourglass and element distortion. The control volume 
approach seemed promising to simulate an overall response at a very low computing cost but 
more research is needed to better understand the relationship between modelling parameters 
and stiffness value. However, the comparison of the simulation results with experimental data 
is needed to validate these first conclusions, and a testing protocol is currently under 
preparation. 

Other future work could include the use of more complex models to better represent the 
geometry and material properties of the hollow organs, as well as the study of the effect of 
loading and boundary conditions.  
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