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Abstract 

We describe improvements to the -  porous compaction model for simulating solar system impacts. To 

improve the treatment of highly porous materials, we modified the -  model to account for thermal expansion of 

the matrix during compaction. We validated the improved model by demonstrating good agreement between 

numerically computed Hugoniot curves for porous iron (up to initial porosities ~80%) using the improved -  

model and experimentally-derived Hugoniot data. Moreover, we verified that the model improvements are easily 

implemented into a hydrocode and preserve the efficiency advantage of a strain-based compaction function. We 

used the improved -  porous compaction model in the iSALE hydrocode to reproduce 2-km/s porous-target 

laboratory impact experiments.  The simulation results were in qualitative agreement with the experiments but 

produced craters that were consistently deeper and larger in volume than the experiments.  The results of the 

hydrocode simulations and laboratory experiments show a reduction in crater efficiency with increasing porosity. 

This reduction is more dramatic if the impactor density and velocity are higher. 

Keywords:  impact cratering, hydrocode modelling, porosity, solar system. (please enter 4 or 5 keywords, 10 pt) 

1.  Introduction 

Porosity is an important property of many small solar system objects. Results of the Deep Impact 

experiment, for example, suggest that the impacted comet, Tempel 1, may be as much as 75% pore 

space by volume [1]. It has long been known that porosity has a strong influence on shock wave 

attenuation and shock heating in hypervelocity impacts [2]. The compaction of a substantial volume of 
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pore space can dramatically decrease the peak shock pressure and increase the post shock temperature 

of impact-processed materials.  Hence, pore collapse may play a major role in disruption, melt and 

vapor production, momentum transfer and crater formation, when solar system bodies collide. 

 

Nomenclature 

 Volumetric strain (defined as negative in compression) 

  Distension 

p Pressure (no subscript indicates bulk property) 

 Density (no subscript indicates bulk property) 

E Specific internal energy 

 Gruneisen gamma 

c Bulk sound speed 

s Value of the variable for the solid matrix component 

0 Value of the variable in the initial state 

 Compaction rate parameter 

m Mechanical component of the volume strain 

h Thermal component of the volume strain 

e Volume strain at the elastic limit (onset of plastic compaction) 

c Volume strain at which all pore space is compacted (onset of pure compression) 

x Volume strain at transition from exponential to power-law compaction regimes 

x Distension at transition from exponential to power-law compaction regimes 
 

2.  Modelling porous compaction 

To include the effect of shock-induced pore collapse in hydrocode simulations of planetary-scale 

impacts, which are often computationally expensive, requires an efficient model of compaction.  A 

popular approach in cases where pores are too small to be modeled explicitly is the p-  model [3,4].  In 

this model, compaction is quantified by distension (  = s/ ; the ratio of solid density to bulk density), 

which is equivalent to 1/(1-porosity). If the distension is known the density of the solid matrix 

component can be computed from the product of the bulk density and the distension. A conventional 

nonporous equation of state can then be used to compute the pressure in the solid matrix material from 
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the solid material density s and the specific internal energy E. The pressure in the bulk porous material 

p is then defined as the pressure in the solid matrix component ps divided by the distension: 

 

 
p = f ( , ,E) =

1
ps( ,E) =

1
ps( s,E). (1) 

 

The advantage of this formulation is that the same equation of state (table or formulae) can be used 

to compute the pressure in the solid component of a porous material as would be used for a nonporous 

material of the same composition. The only additional requirement to compute the thermodynamic state 

of a porous material is to derive the distension from another state variable; the so-called compaction 

function.  

In the p-  model the compaction function defines the distension in terms of pressure, which 

conveniently expresses exactly what is measured in laboratory crush experiments. However, due to the 

interdependence of pressure and distension, implementation of the p-  model in a hydrocode often 

requires iterative subcycling to find both simultaneously [5]. An alternative approach, called the -  

model, is to compute the distension from the volume strain [6]. As the volume strain is usually known 

prior to computing the pressure, this approach avoids the need for expensive subcycling making it 

attractive from the perspective of hydrocode efficiency. 

2.1 The original -  model   

The full -  compaction model of [6] comprises four regimes that describe the compression of a 

pristine porous material up to, and beyond, its fully consolidated state: elastic compaction, exponential 

compaction, power-law compaction, and compression: 
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However, rather than compute  directly from these equations, the hydrocode implementation of 

this model computes the compaction rate, d /d , in each regime and then updates the distension using 

the relationship: 

 

 
n+1 = n +

d

d

d

dt
t , (3) 

 

here the subscripts n and n +1 denote the old and the new time levels, respectively. 

The main portion of the compaction function is the exponential compaction regime, which occurs  

for volumetric strains between e and x. In this regime, the rate of compaction is:  

 

 d

d
= , (4) 

 

where 0 is the initial porosity and  is a parameter that accounts for the different compaction behaviour 

of different materials and types of porosity.  = 1 corresponds to the idealized case where all pore space 

is crushed out before the matrix starts to compress;  < 1, if matrix compression occurs concurrently 
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with pore-space compaction. For all materials studied so far,  is very close to 1, which is indirect 

support for this form of the compaction function. Note that compressive strain is negative in this 

definition.  

The exponential compaction regime transitions into the power-law compaction regime at a 

volumetric strain of x and a distension of x. In this regime, compaction is less rapid (as a function of 

volume strain) than in the exponential compaction regime, and transitions smoothly into the final 

compression regime at the volumetric strain where all porosity is compacted out ( c). The compaction 

rate in the power-law compaction regime is:  

 

 d

d
= 2(1 x )

c

( c e )
2 . (5) 

 

 

In the compression regime, for volume strains   c, the distension is 1—porosity is zero—and  

the compaction rate is zero. 

2.2 Improvements to the -  model 

2.2.1 Elastic compaction 

In the elastic compaction regime, which corresponds to volumetric strains up to the elastic 

threshold strain e, Wünnemann et al. [6] assumed that the distension does not change (d /d  = 0). In 

reality, porosity decreases slightly with increasing pressure and (negative) volume strain in this regime 

and this porosity is regained if the material is subsequently released to ambient pressure. An important 

consequence of this reversible compaction is that the elastic wave speed of the pristine porous material 
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can be substantially lower than the elastic wave speed in the solid material. As described by Herrmann 

[3], the bulk sound speed of the porous material at zero pressure can be found by differentiating 

Equation (1) with respect to density at constant entropy and evaluating at p = 0.  In this case, 

rearrangement gives a definition of the change in distension with respect to volume strain at zero 

pressure: 

 

 d

d
= 1

c( )2

cs0
2

 

 
 

 

 
 , (6) 

 

where cs0 is the bulk sound speed of the solid material at zero pressure and c( ) is the bulk sound speed 

of the porous material, which is a function of .  Following [3], we assume that this expression is valid 

for all pressures in the elastic regime and that c varies linearly with ; that is,  

 

 
c( ) = cs0 +

1

0 1
c0 cs0( ) , (7) 

 

where c0 is the bulk sound speed of the pristine porous material at zero pressure. Hence, c( 0) = c0 and 

c(1) = cs0.  

 We note that this modification also implies that the distension at the end of elastic compaction and 

the onset of permanent compaction e is slightly less than the initial distension of the pristine porous 

material 0. 
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2.2.2 High porosity compaction 

A limitation of the original -  model is that it prescribes a form for the compaction function that 

does not allow for the solid part of the porous material to expand relative to its initial density [7]. For 

example, assuming that compaction is governed by Eq. 2b with e = 0 (i.e.,  = 0e ), and noting that  

ln( 0/ ) = ln( s0/ 0 s), the density of the solid matrix material as a function of volume strain is given 

by 

 

 
s = s0e

( 1)
. (8) 

 

Thus, as volume strain is negative in compression, defining  < 1 implies that the density of the 

matrix will always be greater than its initial density; s > s0. For low (<50%) porosity materials this 

assumption is perfectly adequate, but for highly porous materials the extreme heating caused by pore-

space collapse during compaction can cause significant expansion of the solid component of the porous 

material [e.g., 2].  In such cases the original -  model does not predict correctly the shape of the 

Hugoniot curve at high pressure (see Fig. 1). 

The limitation of the original -  model is evident from the following thought experiment: consider 

a porous material heated but kept at zero pressure. As the temperature rises, the density of the matrix 

material will decrease; hence, the volume of the matrix will increase, occupying more of the void 

volume, and the distension (porosity) should decrease. However, as no (negative) volume strain has 

occurred the -  model will not produce any crushing. 

To analyse this problem further, consider a porous material where the pressure in the solid matrix 

component is described by the stiffened gas equation of state  
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 ps( s,E) = cs0
2( s s0) + s ( s)(E E0) . (9) 

 

Using the frequently good approximation, s ( s)  s0 ( s0) = s0 s0, and rearranging, gives: 

 

 
s = s0 +

ps
cs0

2
s0 s0

cs0
2 (E E0). (10) 

 

From this it is evident that during compaction, where ps and E increase monotonically, the density 

of the solid material is equal to the reference density plus a density increase due to compression ps/cs0
2
 

minus a density decrease due to thermal expansion s0 s0(E  E0)/cs0
2
. By enforcing the condition that s 

> s0 the original -  model implicitly assumes that the latter term, describing thermal expansion, is 

negligible and, hence, that s0e
( 1)

= s0 + ps cs0
2
. In other words, the original -  model assumes that 

the volume strain is entirely mechanical (due to compression and compaction) and that no (significant) 

component of the volume strain is due to thermal expansion.  

If the total volume strain  is the sum of a mechanical component m and a thermal component h, 

then the mechanical volume strain required by the -  model can be found by subtracting the thermal 

volume strain from the total volume strain. Following the thought experiment above, subtracting the 

(positive) thermal volume strain from the total volume strain would imply a negative mechanical 

volume strain, which implies crushing occurs.  

Defining the mechanical volume strain as 
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m = ln 0

m

 

 
 

 

 
  (11) 

 

and the thermal volume strain as 

 

h = ln m
 

 
 

 

 
 , (12) 

 

where m is the bulk density of the porous material neglecting thermal expansion, and assuming that 

matrix expansion is described by the stiffened gas equation of state, the thermal volume strain is given 

by 

 

 

h = -ln 1 s0

cs0
2 (E E0)e

(1 ) m

 

 
 

 

 
 . (13) 

 

If  is close to 1 and the thermal volume strain is small, this equation simplifies to 

 

 
h =

s0

cs0
2 (E E0) . (14) 

 

 To improve the treatment of highly porous materials in planetary-scale impact simulations, 

therefore, the -  model can be modified by using the mechanical volume strain, equal to the total 

volume strain less the thermal volume strain (Eq. 14), in place of the total volume strain in Eq. 2 and 5. 

This modification is most efficiently implemented into a hydrocode by redefining the volume strain rate 
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used in Eq. 3 as 

 

 d

dt
=
d

dt total
s0

cs0
2

dE

dt
 (15) 

 

and using this mechanical volume strain rate (dropping the m subscript) to update the mechanical 

volume strain  and distension .  Using the Mie-Gruneisen or Tillotson equation of state, this requires 

no additional input parameter (for Tillotson, s0 = a + b; see [8] Appendix II). 

3.  Verification and Validation 

To validate the improved -  model, we computed Hugoniots for iron of several different porosities 

and compared our results with experimental data [3, 9]. To verify implementation of the improved 

model into the iSALE hydrocode [6], we performed several planar impact calculations to generate 

numerical Hugoniot data. 

Figure 1 shows example Hugoniots (for iron with a porosity of 75%) computed using the original -

 model and the improved model. The Tillotson equation of state was used to model the solid matrix; 

the -  model parameters used were  = 0.98, e = 0, x = 1 (i.e., no elastic or power-law compaction 

regimes). The improved -  model correctly predicts the shape of the high porosity Hugoniot, which 

has an inversion at a pressure of ~10 GPa; between 10 and 100 GPa density decreases with increasing 

pressure. The original -  model fails to correctly represent this behavior. The square data points in Fig. 

1 are the results of iSALE planar impact calculations using the improved -  model with the same 

model parameters, demonstrating the successful implementation of the modified compaction model. 



Collins et al. / Proceedings of the 11th Hypervelocity Impact Symposium 

 

 

Fig. 1.  Hugoniot curves for porous iron with an initial porosity of 75% calculated using the original -  model and the 

improved -  model.  In contrast to the original model, the improved model allows the solid matrix material to expand when 

crushed to high pressure and correctly predicts the shape of the high-porosity material Hugoniot curve. 

Figure 2 shows comparisons between Hugoniots computed using the improved -  model and 

experimentally-derived shock data from a low-pressure data set [3] and a high-pressure data set [9]. The 

Hugoniot curves shown in Fig. 2a were computed using the Mie-Gruneisen equation of state to 

represent the solid iron matrix, with parameters listed in Table 1, and with the -  model parameters 

listed in Table 2. For these Hugoniot calculations an elastic and power-law compaction regime was 

included.  In this case, the Hugoniot is calculated in parts as described by [3]; the computed distension, 

pressure and specific internal energy at the elastic-plastic transition (subscript e) are also given in Table 

2. We note that, as with the p-  model, different model parameters (c0, e, , x) defining the 

compaction function are required for each initial porosity. The Hugoniot curves shown in Fig. 2b were 

computed using the Tillotson equation of state to represent the solid iron matrix, with parameters listed 
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in Table 3, and with the -  model parameters listed in Table 4. For these Hugoniot calculations a 

power-law compaction regime was included, but no elastic regime. Separate non-porous equations of 

state were preferred for the two pressure regimes primarily because the Mie-Gruneisen equation of state 

gives a better fit to the iron Hugoniot data for pressures less than several GPa, whilst the Tillotson 

equation of state gives a much better fit to nonporous iron Hugoniot data for higher pressures. In 

addition, using Mie-Gruneisen in the low-pressure case allowed direct comparison with results using 

this same equation of state and the p-alpha model [3].  

Both figures (2a & b) show good agreement between the experimental data and the computed 

Hugoniot curves for initial porosities up to ~80%. Only the data for initial distensions of 10 and 20 

(porosities of 90 and 95%) are not adequately fit by the -  model combined with the Tillotson equation 

of state. It is likely that the inability of the modified -  model to fit the Hugoniot data for extremely 

high porosity materials is at least in part due to the simplifying assumptions used to derive Eqs. 13 and 

14 (e.g., the use of a stiffened-gas EoS and neglecting higher-order terms). 

We note that the -  model parameters that give the best fit to the low-pressure shock data for 

porous iron are not entirely consistent with the -  model parameters that give the best fit to the high-

pressure shock data.  For example,  = 0.99 gives the best fit to the low-pressure data for an initial 

distension of 1.63; whereas,  = 0.97 gives the best fit to the high-pressure data for the most similar 

initial distension, in this case, of 1.82. This discrepancy is in part, but not entirely, due to the different 

nonporous iron equations of state used to represent the solid matrix in each case. For example, the zero 

pressure bulk modulus in each case was 167 GPa (Mie-Gruneisen) and 128 GPa (Tillotson). Using just 

the Tillotson equation of state to fit both the low- and high-pressure data produces a more (but not 

perfectly) consistent set of -  model parameters compared to those obtained using separate equations 
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of state for the different regimes. For example, the values for  and x (only) that give the best fit to the 

low-pressure data using the Tillotson equation of state are shown in parentheses in Table 2. We expect 

that using a more sophisticated equation of state for nonporous iron that gives a good fit at both high 

and low pressure may provide consistent compaction model parameters at both high and low pressure. 

However, this result demonstrates the importance of deriving compaction model parameters from shock 

data in the regime of interest and the danger of applying compaction model parameters derived in one 

regime to another regime. 

 

                   
 

Fig. 2.  Comparisons between Hugoniot data for porous iron and curves calculated using the improved -  model for (a) low 

pressure and (b) high pressure shock data. The agreement between the model and experimental data is good for initial 

porosities up to 80%. 
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Table 1.   Mie Gruneisen equation of state parameters for iron at low-pressure  

Parameter Value 

s0 (g cm
-3

) 7.813 

cs0 (km s
-1

) 4.63 

s0 1.67 

  

 

Table 2.   -  porous compaction model parameters for iron at low pressure using the Mie Gruneisen equation of state for non-

porous iron (Table 1). Values in parentheses were found using the Tillotson equation of state for non-porous iron (Table 3). 

Parameter Value 

0  1.12 1.35 1.63 2.37 3.6 6 

c0 (km s
-1

) 4.5 4. 3. NA NA NA 

e (  10
-3

) 4.5 3.5 3. 0. 0. 0. 

 0.94 

(0.83) 

0.966 

(0.94) 

0.99 

(0.98) 

0.995 

(0.997) 

0.999 

(0.999) 

>0.9999 

(>0.9999) 

x 1.05 

(1.05) 

1.05—1.1 

(1.05—1.1) 

1. 

(1.—1.05) 

1 

(1.1—1.15) 

1 

(1—1.15) 

1 

(1—1.15) 

e 1.1197 1.3488 1.6272 2.37 3.6 6 

pe (GPa) 0.637 0.325 0.13 0 0 0 

Ee (kJ kg
-1

) 0.203 0.975 0.041 0 0 0 

Table 3.   Tillotson equation of state parameters for iron 

Parameter Value 

s0 (g cm
-3

) 7.8 

cs0 (km s
-1

) 4.05 

A (Ks0 = s0cs0
2
; 

GPa) 
128 

B (GPa) 105 

a 0.75 

b 1.5 

s0 (a + b) 2.25 

Ezero (MJ kg
-1

) 9.5 

Table 4.   -  porous compaction model parameters for iron at high pressure 

Parameter Value 

0  1.82 2.9 10 20 

e (  10
-3

) 0 0 0 0. 

 0.97 0.98 0.985 0.99 

x 1.15 1.15 1.15 2.25 
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4.  Application to solar system impacts  

The original -  model was used in the iSALE hydrocode [6] to investigate the effect of low-

moderate target porosity on cratering efficiency [6], melt production [10] and ejection velocity. Results 

of those studies show that, for the same impactor properties, craters formed in porous targets are 

smaller (in volume and diameter) than those formed in nonporous targets. In addition, ejection 

velocities and the momenta of ejecta thrown from the growing crater are lower when the target is 

porous. At the same time, the presence of porosity significantly reduces the critical pressure required 

for shock melting, which enhances melt production in impacts. This effect is reduced but not totally 

diminished by faster shock wave decay in porous materials, so that, all other things being equal, impact 

melt production is greater when target porosity is higher.  

The improved -  model enables us to extend our numerical investigation of impact on porous 

targets to porosities up to 70-80%. Such high porosities are typical of many known asteroids and 

comets, as well as the planetesimals that accreted to form the terrestrial planets and satellites. Here we 

present the results of several suites of impact simulations that examine the effect of target porosity on 

cratering efficiency—the displaced mass of the crater scaled by the mass of the impactor.  Figure 3 

shows cratering efficiency as a function of target porosity for four simulation sets and for a set of 

complementary experimental data [11]. The experimental data (crosses) are from a series of centrifuge 

experiments in which cylindrical polyethylene (density 0.93 g/cc) projectiles with a length and diameter 

of 12 mm were shot at approximately 1.9 km/s into several different porosity targets at elevated 

gravitational accelerations approximately 500 times Earth’s surface gravity (500G). The targets were 

composed of a mixture of flintshot sand, ash and perlite and had typical compressive strengths of 20-40 

kPa and tensile strengths less than 10 kPa.   
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The closed symbols in Fig. 3 show results for several sets of hydrocode calculations that 

approximated the impact conditions of the laboratory experiments, but used different values for target 

cohesion (Y).  In these simulations, the impactor was modeled as a 14-mm diameter sphere (same mass 

as the experiment), using the Mie-Gruneisen equation of state parameters for polyethylene. 

Gravitational acceleration was 500G; impact velocity was 1.9 km/s. The porous targets were modeled 

using the improved -  model with  = 0.98 ( x = 1; e = 0) and an ANEOS-derived equation of state 

table for quartzite to model the solid matrix.  The strength of the target was modeled using a Drucker-

Prager strength model ( J2 Y + μp, where J2 is the second invariant of the deviatoric stress tensor) 

with a cohesion Y and a constant effective coefficient of friction μ = 0.58.  Model results are shown for 

Y = 10 kPa, 40 kPa and 100 kPa.  The closest fit to the experimental data in terms of crater efficiency 

was obtained with a target cohesion of 100 kPa, which is higher than the compressive strengths 

measured by [11]; however, the shape of these modeled craters was not consistent with the experiments. 

The models that assumed a target cohesion of 100 kPa produced craters that were consistently deeper 

and narrower than the craters formed in the experiments.  Closer agreement to the experiments in terms 

of crater diameter was achieved with a target cohesion of 40 kPa, although these modeled craters were 

also deeper and more voluminous than the craters formed in the experiments. Evidently, more 

simulations (and, perhaps, experiments) are required to establish the reason(s) for the discrepancy 

between the models and experiments.  The most likely explanation is that the simple strength model 

used in the simulations does not adequately represent the strength of the porous targets in the 

experiments. Nevertheless, the relative effect of porosity on cratering efficiency is consistent between 

the experiments and the hydrocode simulations. 

Figure 3 also includes the results of a simulation suite (solid symbols) that used a larger projectile 
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density (2.65 g/cc; quartzite), higher impact velocity of 5 km/s and zero target cohesion. These impact 

conditions are more representative of solar system collisions. In this case, the reduction in cratering 

efficiency with increasing porosity is more dramatic than in the experiments and lower velocity 

numerical calculations, which may reflect a change from strength-dominated cratering in the 

experiments to gravity-dominated cratering in the 5-km/s impact simulations. 

 

Fig. 3.  Cratering efficiency (cratered mass/impactor mass) as a function of porosity for suite of iSALE simulations and 

laboratory experiments [11]. Model details are described in the text. 

 

5.  Conclusions 

We describe improvements to the -  porous compaction model for simulating the compaction of 

highly porous materials in impact simulations. We demonstrate good agreement between numerically 
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computed Hugoniot curves for porous iron (up to initial porosities ~80%) using the improved -  model 

and experimentally-derived Hugoniot data. Moreover, we verify that the model improvements are 

easily implemented into a hydrocode and preserve the efficiency advantage of a strain-based 

compaction function. 

We used the improved -  porous compaction model in the iSALE hydrocode to reproduce 2-km/s 

porous-target laboratory impact experiments.  The simulation results were in qualitative agreement with 

the experiments but produced craters that were consistently deeper and larger in volume than the 

experiments.  The results of the hydrocode simulations and laboratory experiments show a reduction in 

crater efficiency with increasing porosity. This reduction is more dramatic if the impactor density and 

velocity are higher. 
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