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Introduction: Although the theory of Roche 

[1] for the tidal disruption limits of orbiting 

satellites assumes a fluid body, a length to diameter 

of exactly 2.07:1, and a particular body orientation, 

the theory is commonly applied to the satellites of 

the solar system and to small asteroids and comets 

passing nearby a planet.  Clearly these bodies are 

neither fluid nor generally that elongated, so a more 

appropriate theory is needed. Here we present 

selected exact analytical results for the distortion 

and disruption limits of solid spinning ellipsoidal 

bodies subjected to tidal forces. A detailed 

presentation is given in Holsapple and Michel [2].  

This study uses the same approach as the studies of 

spin limits for solid ellipsoidal bodies given in 

Holsapple [3] and Holsapple [4].  

Strength of Rocks, Soils and Ices: We use the 

Drucker-Prager strength model with zero cohesion. 

It is the appropriate model for dry granular materials 

such as sands and rocks, for rubble-pile asteroids 

and comets, and for all larger satellites, asteroids 

and comets where the cohesion is small compared to 

gravity pressures. The strength is characterized by 

an angle of friction φ, which can range from zero to 

90°.  The case with zero friction angle has no shear 

strength whatsoever, so it is the model for a fluid or 

gas. Typical dry soils have angles of friction of 30°-

40°. Since the fluid case is included in the theory as 

a special case, the classical results of Roche [1] and 

Jeans [5] are included and re-derived in their 

entirety; but the general solid case has much more 

variety and applicability.   

Stress states at Failure: The distribution of the 

stresses at a limit failure state are given (Holsapple 

[1]), for an ellipsoidal body with a, b and c semi-

axes, in body-fixed coordinates by  
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Then the Drucker-Prager failure state has the 

stresses satisfying 
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Here kx, ky, and kz are determined from the body 

forces of self-gravity, spin and tidal forces, and 

depend on the aspect ratios α=c/a, β=b/a, on the 

mass ratio of the secondary to the primary, p=m/M, on 

the distance d to the center of the primary, and on the 

secondary orientation relative to the primary;  and φ is 

the angle of friction of the material. These equations 

can be solved for the dimensionless scaled tidal 

disruption distances to get the form 
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where R is the primary radius, and ρ and ρP are the 

mass densities of the secondary and primary. 

Application to Satellites: For a small satellite 

orbiting a planet in a spin-locked circular orbit, the 

scaled tidal disruption distance δ  for a body with a 

typical angle of friction of 30° and for the entire range 

of aspect ratios α and β is shown in Fig. 1.  The 

smallest limit distance is δ=1.543 for a spherical 

satellite, and δ>4 for very elongated ones.  These 

values can be compared to the Roche limit of δ=2.445 

for a fluid body, but that fluid body can only exist with 

the very peculiar aspect ratios α=0.483  and β=0.511.  A 

solid body with φ=30° can exist outside of its limit 

distance with any shape.  

The Table 1 shows 34 of the satellites of the Solar 

System and a comparison to the present theory.  The 

bold-faced entries are those inside the fluid tidal limit. 

None are inside their solid tidal disruption limits, even 

with an angle of friction as low as 20°.  (Note that the 

fluid distance results, for φ=0°, ignores the fact that the 

bodies are not the required fluid shapes.) 

Passing Bodies:  A small body passing a large 

one can have a multitude of orientations, spins and 

distances, all of which affect the closest approach.  For 

zero spin, and the long axis pointing towards the 

primary center, a contour plot of closest scaled 

distance δ   is shown as Fig. 2.  Here a spherical fluid 

body can pass as close as δ=1.357. 
99942 Apophis:  This near Earth asteroid has 

garnered a lot of attention because of its upcoming 

close flyby in 2029, when it is estimated to pass at a 

distance of 5.6±1.4 Earth's radii.  The possibility of a 

major tidal distortion is then of some interest. 

Following Scheeres et al. [6] we assume aspect 

ratios α=0.57 and β=0.71. The bulk mass density of 

Apophis is unknown.  Using the theory here, the 

minimum bulk density required to avert tidal 

disruption has been calculated, it is shown in Fig. 3.  

The required density values are far less than any 

known asteroid, so we conclude it is extremely 

unlikely to experience any tidal readjustments during 

its passage in 2029.  
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Fig. 1.  Contour plots of closest orbiting 

distance for a spin-locked satellite with an angle of 

friction of 30°. The small arrows indicate the 

changes of aspect ratio when the tidal limit is 

exceeded; those distinguish between regions of 

disruption and regions of global readjustment of 

shape. 

 

Fig. 2. Contour plots of closest orbiting distance 

for a zero-spin passing body with an angle of 

friction of 30°. The small arrows indicate the 

changes of aspect ratio when the tidal limit is 

exceeded and distinguish regions of disruption or 

shape change. 
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Fig. 3.  Minimum mass densities for Apophis to 

experience tidal disruptions. 

 
Table 1.  Tidal disruption limits for 34 satellites of the 

Solar Sytem. 
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Planet Satellite ρ /ρp α , β  d/R φ  = 0° φ  = 20° φ  = 40° 
Earth Moon 0.6 1 61.3 2.91 2.07 1.69 

Phobos 0.38-0.56 0.70, 0.80 2.8 3.16 2.30 1.98 Mars 

Deimos 0.33-0.43 0.73, 0.81 6.9 3.39 2.46 2.11 

Metis 2.10 0.57, 0.67 1.79 1.92 1.45 1.28 
Adrastea 3.38 0.65, 0.87 1.80 1.64 1.20 1.03 

Amalthea 1.35 0.56, 0.61 2.55 2.22 1.71 1.52 

Jupiter 

Thebe 1.13 0.72, 0.84 3.11 2.68 1.71 1.46 

Pan 0.57 0.66,0 .66 2.06 2.53 1.53 1.33 
Atlas 0.70 0.41, 0.83 2.12 2.53 1.79 1.53 
Prometheus 0.91 0.46, 0.68 2.15 2.53 1.99 1.77 
Pandora 0.91 0.56, 0.80 2.19 2.53 1.91 1.66 
Epimetheus 0.91 0.80, 0.80 2.34 2.53 1.84 1.56 
Janus 0.94 0.79, 0.98 2.34 2.51 1.79 1.50 
Mimas 1.69 0.91, 0.94 2.86 2.06 1.47 1.22 

Methone 1.74 (?) 1 2.99 2.04 1.45 1.18 

Pallene 1.74 (?) 1 3.25 2.04 1.45 1.18 

Enceladus 1.92 0.96, 0.96 3.67 1.98 1.41 1.16 

Thetys 1.44 0.98, 0.99 4.55 2.17 1.55 1.26 

Telesto 1.45 0.50, 0.83 4.55 2.17 1.67 1.45 

Calypso 1.45 0.53, 0.53 4.55 2.17 1.71 1.53 

Dione 2.07 1 5.82 1.93 1.37 1.12 

Helene 2.17 0.83, 0.89 5.82 1.90 1.36 1.14 

Polydeuces 1.74 1 5.82 2.04 1.45 1.18 

Saturn 

Rhea 1.80 1 8.13 2.02 1.44 1.17 

Cordelia 1.00 (?) 1 1.95 2.46 1.75 1.42 
Ophelia 1.00 (?) 1 2.10 2.46 1.75 1.42 
Bianca 1.00 (?) 1 2.32 2.46 1.75 1.42 

Uranus 

Cressida 1.00 (?) 1 2.42 2.46 1.75 1.42 
Naiad 0.78 (?) 1 1.95 2.67 1.90 1.54 
Thalassa 0.78 (?) 1 2.02 2.67 1.90 1.54 
Despina 0.78 (?) 1 2.12 2.67 1.90 1.54 
Galatea 0.78 (?) 1 2.51 2.67 1.90 1.54 

Neptune 

Larissa 0.78 (?) 1 2.97 2.67 1.90 1.54 

Pluto Charon 1.06 1 17.3 2.41 1.71 1.39 
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