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ABSTRACT 

On-orbit hypervelocity breakup models are of increasing importance as the space environment becomes more 

congested and issues of debris lethality and lifetime become more relevant to space operators. One such 

fragmentation model is The Aerospace Corporation’s IMPACT, which simulates debris from explosions and 

hypervelocity collisions. IMPACT is a mass-based, semi-empirical model combining empirical distributions for 

parameters such as number, spreading velocity, fragment dimensions, and AMR, with physical conservation laws 

and boundary conditions. The original empirical relationships were based upon limited ground-test data during the 

early 1990s and were then updated during the late 2000’s following an extensive evaluation of over 11,000 pieces of 

debris from more than three-dozen historical on-orbit fragmentation events. The availability of extensive 

fragmentation data from the DebriSat project, including data for smaller debris fragments, now enables a fresh look 

at the overall model. 

This paper addresses observations from evaluation of specific components of the model, such as mass and density 

distributions, fragment shapes as a function of material, and area-to-mass ratio (AMR) distributions, and discusses 

the integration of these components into a cohesive model. The combination of detailed ground test results with key 

parameters available from on-orbit observations provides a fuller understanding of the implications of any on-orbit 

fragmentation event. 

1 INTRODUCTION 

Orbital debris analysis is of increased importance as the reliance on space-based platforms increases and the space 

environment becomes more congested. One fundamental component of debris analysis is an accurate model of 

debris generation, as the vast majority of lethal debris are from fragmentation events. The debris generation model, 

in turn, supports several classes of analyses, including the assessment of satellite risk from a recently-generated 

debris cloud, the projection of the future debris environment to support debris mitigation strategy development 

efforts, the selection of mission orbits, and the estimation of survivability. Thus, it is important that any model of 

debris-producing events be accurate enough to support this wide variety of analyses. It must also be flexible enough 

to produce meaningful data whether knowledge of the event data is limited to the type and approximate mass of the 

involved object(s) or detailed enough to include knowledge of constituent materials and event conditions. 

 

For nearly 30 years Aerospace has used the fragmentation software IMPACT [1] to model energetic debris-

producing events. The tool combines empirical relationships derived from ground test and on-orbit breakup event 

data with conservation laws and boundary conditions to generate fragment number, mass, spreading velocity 

(velocity change imparted by the fragmentation event), and area-to-mass ratio (AMR) distributions. These 

parameters are critical to subsequent analyses that are concerned with the orbital states and future position of the 

various pieces of debris. The model was updated in 2014 to reflect new understanding from the analysis of data from 

more than three dozen historical on-orbit events. [2] The available on-orbit data is valuable in estimating mass 

distributions, behaviors of large trackable fragments, event energies, and spreading velocities. However, detailed 

information about fragment shapes and sizes is not obtainable from on-orbit data, and the limited data that is 

available is restricted to trackable-sized fragments. Thus, any detailed fragment information about sub-trackable 

fragments must be gleaned from ground tests such as DebriSat. 

1.1 DebriSat 

The DebriSat test is the most thorough and realistic ground test to date. The test involved the collision of a nearly 

600 g projectile with a highly realistic mock satellite at approximately 7 km/s [3]. Unlike some previous tests, the 
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mock satellite was composed of materials consistent with modern satellites, including carbon fiber reinforced 

polymer (CFRP), printed circuit boards, solar cells, Kapton, Kevlar, and multi-layer insulation.   

The experiment, conducted in 2014 at the Arnold Engineering Development Complex, resulted in the creation of 

hundreds of thousands of debris fragments down to 2 mm in size. Approximately 195,000 debris fragments have 

been individually recorded as of July 2019, with approximately 42,000 measured. The University of Florida 

continues to characterize these debris fragments. The physical properties of these fragments, such as material type, 

size, dimensions, and mass, collectively represent an invaluable source of information about debris generation from 

a high-energy fragmentation event involving a vehicle comprised of modern materials. This is particularly important 

as the composition, structure, and scale of satellites are undergoing a significant amount of change with increased 

variation in sizes and materials. These differences must manifest themselves in the debris generation models. 

1.2 Program IMPACT 

Program IMPACT was initially developed to provide inputs for debris risk assessment tools for both ground and 

space risks. The code was semi-empirical and included physics-based relationships as well as trends noted from a 

few limited hypervelocity ground tests and on-orbit breakup observations. As more data has become available, the 

model has been updated to reflect a better understanding of on-orbit breakup events. Ultimately, the model generates 

fragment numbers, masses, sizes, areas and spreading velocities for debris from fragmentation events. Results from 

IMPACT are used by a number of debris environment modeling and satellite risk assessment tools as well as for 

forensic analysis of debris producing events. 

The model includes a number of constituent algorithms, including mass distributions, energy distributions, spread 

velocity distributions, and AMR distributions. Observational on-orbit data has supported the upgrade of many of 

these distributions in the trackable regime, which includes fragments that are large enough to be trackable by the 

U.S. Space Surveillance Network (SSN). Many untrackable fragments are still large enough that a collision with 

them would be mission-ending. The DebriSat database is providing a significant amount of data overlapping the 

trackable regime while also filling the void of data in the untrackable regime. In turn, this data is guiding updates to 

the IMPACT model. 

Within this paper, IMPACT model improvements are evaluated by comparison of the DebriSat data with the 

IMPACT model of the DebriSat event. The IMPACT model of DebriSat assumes the vehicle is 69% aluminum, 

17% steel, 7 percent CFRP, 3 percent low-density materials, and 3 percent copper, based on the known composition 

of the DebriSat mock satellite. All comparisons in this work utilize this model. 

1.3 Modelling Parameters 

Much of the long-term behavior of a debris cloud is dependent on the fragments’ characteristics. In particular, the 

ballistic coefficient, and thus the AMR, of a fragment affects its orbital evolution and longevity; the mass, size and 

shape of a fragment are indicative of its lethality. In IMPACT, the AMR of each fragment is determined from a 

combination of mass distribution, fundamental material thickness, width-to-length ratio, and density distribution. 

2 MASS DISTRIBUTION 

Fragment mass distributions, numbers of fragments as a function of mass, often displayed as a cumulative number of 

a given mass and larger, are an important characteristic of a fragmentation event. Their slopes are generally related 

to the specific energy of the breakup and determine how many total fragments will be expected to be generated by 

the event. The IMPACT mass distribution model is governed by a power law that has been consistent with available 

data to date.  

 

The DebriSat and IMPACT model mass distributions are displayed in Fig. 1.  Dashed lines indicate the number of 

currently-massed fragments and the total number of collected fragments. With only approximately 47,000 fragments 

massed thus far, characterization of DebriSat fragments is not complete, but the IMPACT model appears to be 

consistent with the DebriSat mass distribution. It would be expected that the number of fragments at smaller masses 

would fall below the power law distribution as the smaller masses will include large numbers of fragments below 

the 2 mm size limit set for DebriSat analysis. The mass distribution will be re-evaluated as more fragments are 

measured. 
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Fig. 1. Predicted and currently measured cumulative number of fragments vs. mass 

3 FUNDAMENTAL THICKNESS 

IMPACT assumes that the majority of materials utilized in a vehicle have a fundamental material thickness 

dependent on mass. That is, smaller fragments arise from thinner components, and thicker components yield larger 

fragments. The fundamental thickness distribution is shown in Fig. 2, and the fundamental thickness for a given 

mass bin is then denoted as t(mb). 

 

Fig. 2. IMPACT fundamental thickness distribution 

4 FRAGMENT SHAPE DISTRIBUTIONS 

The model’s mass distribution and fundamental thickness distributions then are mapped to a fundamental area. The 

fundamental area provides a reasonable basis for the approximate sizing of each fragment. It is the largest projected 

area of a fragment of a given mass, assuming that the fragment is a flat rectangular plate with a fundamental 

thickness t(mb):  

𝐴(𝑚𝑏 , 𝑚𝑎𝑡𝑙) =
𝑚𝑏

𝑡(𝑚𝑏)𝜌𝑚𝑎𝑡𝑙  
      ( 1) 

Once this fundamental area is determined, the shape of the fragment can be determined from a sampling of a set of 

fragment parameter distributions. Original IMPACT modeling assumed that most fragments are ellipsoid and 

nugget-like in shape based on available data, which consisted primarily of metallic fragments.   

However, modern materials such as CFRP have a different fracture mechanism. DebriSat fragments are classified in 

six shape categories: bent plates, bent rods/needles/cylinders, flat plates, flexible fragments, 

nuggets/parallelepipeds,/spheroids, and straight rods/needles/cylinders. The majority of DebriSat small CFRP 
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fragments are categorized as straight rods, needles, or cylinders (Strt. Rod/Ndl/Cyl) as shown in Fig. 3, and the 

remaining fragments are primarily flat plates. As seen in Fig. 4, of the currently-measured non-CFRP DebriSat 

fragments, only 25% are nuggets (Nug/Para/Sphe) and the other 75% of fragments encompass all five remaining 

shape categories. This suggests the need for a potential change to the IMPACT fragment parameter distributions for 

smaller fragments.  

 

Fig. 3. DebriSat CFRP fragment shapes 

 

 

Fig. 4. DebriSat non-CFRP fragment shapes 

4.1   Width-to-length ratio 

Two fragment parameter distributions are used to translate the fundamental fragment area into fragment shape 

parameters. The first is the width-to-length ratio. The length is defined as the largest dimension of the fragment, and 

the width is the next largest orthogonal dimension. The ratio of width to length thus defines the overall shape of the 

fragment; small ratios represent needle-like fragments, ratios near 1.0 represent square plates or nugget-like shapes. 

Originally, IMPACT modeled width-to-length ratio (w/l) with a single gaussian distribution with a mean of 0.62 for 

all fragments, consistent with early ground test data where many of the fragments were nugget-like.  However, given 

the needle-like nature of CFRP fragments, the w/l modeling was revised to be material-dependent. After recent 

evaluation of the DebriSat data [4], a lognormal distribution was added for CFRP and CU width-to-length ratios. In 

the plot of the cumulative w/l distribution from all measured DebriSat fragments in Fig. 5, the DebriSat distribution 

has a large peak in w/l around 0.2. The initial measurement of DebriSat fragments focused entirely on small CFRP 

fragments, so the w/l graph is biased due to the large number of CFRP fragments in the data set. A large number of 

non-CFRP fragments remain to be measured and thus the plotted data is not an accurate sampling of the entire data 

set. It is expected that the IMPACT model will closely resemble the DebriSat data once measurements are complete. 
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Fig. 5. DebriSat and IMPACT width-to-length ratio distributions 

A fragment’s length and width can be determined from the fundamental area and a random sampling of the material-

dependent width-to-length ratio distribution. 

4.2 Density ratio 

The third orthogonal dimension of each fragment can be determined from density ratio distributions. The density 

ratio is defined as the measure of the amount of distortion of a fragment material: 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =  
𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠/𝑤𝑙𝑡𝑎𝑝𝑝
     ( 2) 

where l, w, and tapp are the fragments’ orthogonal dimensions. The calculation l*w* tapp is a pseudo-volume, which 

is larger than the true physical volume of the fragment but serves to represent a measure of the amount of distortion 

of the fragment and the variation of its density from that of a solid object with the same dimensions. A density ratio 

close to 1.0 is indicative of a compact nugget-like fragment with its true volume ≈ pseudo volume.  

The density ratio distributions of the materials in DebriSat vary widely. CFRP tends to splinter rather than being 

bent and deformed, so CFRP density ratio values are concentrated near 1.0.  Larger metallic materials can be greatly 

deformed, but the majority of the currently-measured aluminum fragments are small fragments that are solid flat 

plates or nuggets with density ratios near 1.0. The primary usage of copper in DebriSat was as wiring, and thus the 

copper fragments are mainly bent rods with a wide range and somewhat uniform distribution of density ratios.  

The original IMPACT model produced fairly uniform density ratio distributions that did not vary with material, and 

thus did not adequately represent the density ratio distributions of most materials. With version 7.1, the IMPACT 

model has been updated with models for individual materials as suggested by DebriSat data. Figures 6-9 are plots of 

the DebriSat density distributions (fraction of total fragments versus density ratio) for aluminum, CFRP, copper, and 

stainless steel (SS), respectively. Also included in these plots are the modeled density distributions from IMPACT 

v7.1. The tendency for aluminum and CFRP to form dense flat plate or nugget fragments is evident from the peaks 

in Fig. 6 and Fig. 7 at a density ratio slightly larger than 1. As larger aluminum fragments are measured, it is 

expected that the aluminum distribution will change shape. The distribution parameters will continue to be updated 

as more DebriSat fragments are measured. 
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Fig. 6. DebriSat and IMPACT AL density ratio distributions 

 

 

Fig. 7. DebriSat and IMPACT CFRP density ratio distributions 

 

 

Fig. 8. DebriSat and IMPACT CU density ratio distributions 
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Fig. 9. DebriSat and IMPACT SS density ratio distributions 

 

From the density ratio distributions, the apparent thickness (tapp, the fragment dimension orthogonal to length and 

width) can be determined as a function of the fragment material density (ρmatl), random selection of density ratio 

(DR), mass (m), width (w), and length (l): 

𝑡𝑎𝑝𝑝 =
𝐷𝑅 𝑚

𝑤 𝑙 𝜌𝑚𝑎𝑡𝑙
       ( 3) 

Density distributions, combined with width-to-length distributions, model the variations in shapes for each material. 

 

4.3 Area-to-Mass ratio 

Collectively, the models of fragment parameters define the distribution of fragment area-to-mass ratios (AMR). A 

fragment’s AMR is indicative of the hazard it poses to other objects in the event of a collision. It also affects the 

fragment’s orbital evolution and lifetime. Ultimately, the effectiveness of the IMPACT mass and shape distributions 

can be assessed by evaluating the resulting AMR-mass distribution. 

It is assumed that the AMR is computed using the average cross-sectional area (ACSA) of a fragment. The DebriSat 

database includes a measure of the physical ACSA. The larger DebriSat fragments, with minimum dimension 

greater than 3mm, were measured with an imager that mapped the fragments’ three-dimensional shapes and are 

denoted as “3D” fragments. The ACSA for these fragments is determined by the average of the projections of each 

fragment [5]. The ACSA of smaller fragments, denoted “2D” fragments, is determined from the fragment’s largest 

two-dimensional area, its perimeter, and its thickness. The AMR is defined as the measured ACSA divided by mass. 

The ACSA calculation used in IMPACT is  

𝐴𝐶𝑆𝐴 = 𝜅(𝑤𝑙 + 𝑤𝑡𝑎𝑝𝑝 + 𝑙𝑡𝑎𝑝𝑝)      ( 4) 

Historically, a value of κ=0.5 has been used and has compared favorably to predictions of AMRs of on-orbit 

fragments. This historical value was based on data from larger, trackable fragments only. It has been noted earlier 

that the smaller fragments have different shape and density characteristics than the large fragments translating into 

different AMR distributions. DebriSat data indicates that a value of κ=0.3 more accurately reflects the calculation of 

ACSA for the currently-measured set of DebriSat data.  

Curve fits to the AMR-mass data from DebriSat and the original IMPACT model are presented in Fig. 10, and curve 

fits to the AMR-mass data from DebriSat and the updated IMPACT v7.1 model are presented in Fig. 11. These two 

plots indicate that the upgrades to the parameter distributions have produced a model that matches well with 

DebriSat data. The large difference between modeled and physical copper ACSA may in part be due to the relatively 

small sampling of copper fragments in this size regime (24 fragments).  

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15

Fr
ac

ti
o

n
 o

f 
fr

ag
m

en
ts

Density ratio

DebriSat

IMPACT v7.1

6025.pdfFirst Int'l. Orbital Debris Conf. (2019)



 

Fig. 10. AMR distribution for DebriSat fragments vs. IMPACT v.6.0 model 

 

 

 

Fig. 11. AMR distribution for DebriSat fragments vs. IMPACT v7.1 model 

5 CONCLUSION 

Fragmentation data from the DebriSat test has allowed for the initial update of key fragment parameter distributions 

in the program IMPACT. The data identified several fragment characteristics where both shape and size dependent 

characteristic distributions would better represent the properties of the fragments. The width-to-length ratio model 

was enhanced to include material-dependent distributions, and the fragment shape model was further improved with 

the incorporation of a material-specific density distribution model. These changes have improved the IMPACT 

model’s ability to adequately represent the variety of fragment shapes and area-to-mass ratios from the 

fragmentation of a modern vehicle. 

The DebriSat data set has already provided valuable insight into the variation of fragment characteristics for 

different materials and for sub-trackable fragments. A significant number of the DebriSat fragments have yet to be 

characterized; as these fragments are processed, the IMPACT model will be re-evaluated and refined.  
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