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Frictional forces play an important rolein rope rescue. Friction force helps control the lowering of rescuers,
however, friction force fights against the rescuer during araise. Since friction in rope rescue can change expo-
nentially with the rope geometry and the coefficient of friction, understanding the factors that affect rope fric-
tion is essential in technical rescue.

By applying asimple friction law derived for a capstan to friction forcesin a break tube, rappel rack, and a

figure-eight, we gain a better understanding of the behavior of these devices. While the conclusions drawn
from this study are not counter to the current beliefs and practices within the rescue community, this study
quantifies why some friction devices perform better than others.

In addition, these same friction laws can be used to better understand the frictional force for arope going
over arock face. For example, the interaction of static and dynamic coefficients of friction can explain the
bouncy ride that rescuers sometimes feel when they are at the end of along haul system. Rope dynamics gener-
ated by friction can be estimated given the amount of rope, the weight of the load, the rope modulus, and the

frictional force.

Friction Law

Tangential forces generated between contacting
surfaces are known as frictional forces. These tangen-
tial forces resist motion up to a point. Experiments
have shown how the limiting tangential force that can
resist motion is proportional to the normal force along
the contact surface. Thus, for impending motion the

frictional force, F; is proportional to the normal force,
Fn

F: = uFy Q)
where U is called the coefficient of friction.

Once the maximum frictional force is exceeded,
then gliding will occur. There will still be resistance to
dlippage, and the magnitude of the tangential force for
adliding surface will also be proportional to the nor-
mal force. However, the frictional force for diding
contact will be lower.

The ratio of the limiting frictional forceto the
normal force for no dlipping is called the static coef-
ficient of friction. For diding surfacesisterm
dynamic coefficient of friction is used. The transi-
tion between static an diding coefficient of friction
isshownin Figure 1.

Automobile drivers know when the tires are dlid-
ing, acar will have less breaking power than if the
tiresare not locked. Anti-lock breaks take advantage
of the fact that dliding friction isless than static fric-
tion.

Friction fores, F,

Moemal Force, Fy,

Figure 1: Friction Law.




Figure 2 shows afriction example for a brick that
must be dlid across afloor. We all know from redl life
experience that even though the two different block
orientations will have a much different contact areas,
the amount of force required to start the block dliding
will be the same for both orientations. If the forces
were different, then construction workers would
alwaystry to stack material so that they would be easy
to dide.

Figure 2: Friction Example.

The force required to dlide the blocks depends
only on the weight of the block and the coefficient of
friction between the block and the dliding surface. In
order to see how the contact area cancels from the fric-
tion equation, consider the normal stress defined as.

o,= F,/A (2

Thefriction stress will be po,, and the frictional force
will be Fr= po, Ato give:
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When the frictional forces are computed using the
assumption that the limiting tangential stressis pro-
portional to the normal stress, the areas council to give
the ratio of the tangent force to the normal force inde-
pendent of the contact area.

To agood first approximation, the independence
of thefriction law to contact areaal so appliesto ropes.
If the load is extreme, then the above equations may
not be accurate. However, the friction law presented
here should provide a very good approximation for
most |oads.

The Capstan Friction Equation
In Figure 3, the differential forcesfor tension of a

rope over adrum are shown assuming impending slip-
ping and no bending strength. Figure 4 shows the fin-

ial equation which is known as the capstan friction
equation. Note that in order to understand the rest of
this paper, the reader need not understand the deriva
tion of these equations. The derivation is presented for
completeness and can be found in J. L. Meriman.

As arope bends over a small segment of a drum,
thetension in arope will increase from T to T+dT in
an angle d6. The normal force is the differential dN,
sinceit actson a differential of area. The frictional
forceis udN, and acts to oppose slippage.

Equilibrium in the x direction requires the sum of
forcesin the x direction equal to be zero,

SF =0 (4)

Tcos%9 + u(dN)—(T + dT) cosd—ze =0 (5

which reduces to
pMdN =dT (6)

if onerecallsthat cosine of adifferential isunity and
the product of two differentials can be neglected.
Equilibrium in they direction, similarly, gives

dN—(T + dT)sin%a 4 Tsin%a =0, @)

which reduces to
dN =Td®6. (8

The normal force can be eliminated from equation
6 and 8 to give adifferential equation for T in terms of
the contact angle 6.

dT
dl - de.
= = H

Integration over the total contact angle gives the ratio
of the tension force in terms of the coefficient of fric-
tion, W, and the contact angle [3.

T, B

dT _

< = fude (9)
T, 0

or after integration of equation 9 we get,



T
In-2 = up, 10
nT1 up (10)
which reduces to the capstan equation:
T, = T,e". (11)
pud™

Figure 3: Amontons’ friction law for a flexible belt. (J. L.
Meriam)
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Figure 4: The capstan equation for belt friction.

Figure 4 summarizes the capstan equation for fric-
tion over adrum. Using this simple friction law leads
us to conclude that the frictional forcesfor arope
depends only on three things:

» the tension in the rope
» the coefficient of friction
* the total angle of contact

For the friction model we have considered, the
friction will increase exponentially with the coeffi-
cient of friction and the contact angle. Just like the

sliding contact block, the solution is independent of
the contact area, and thus independent of the radius of
bend and the size of the rope.

Of course the friction on a rope can very greatly
depending on the rope conditions. If the rope is muddy
or wet, then the friction will be reduced. If the rope is
old or the outer sheath is worn, then the friction may
increase. For the examples shown here, we will
assume that the rope is uniform and that the friction is
constant over the length of the rope. The real world
will be different, never the less, we will still be able to
gain understanding of the real world by studying some
“ideal” friction cases.
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Figure 5: Example of exponential function of contact
behavior.

The plot in Figure 5 illustrates the dramatic
increase of an exponential function. For this graph, the
X axis represents the coefficient of friction times the
contact angle. The Y axis gives the ratio of the tension
force T,/T,. Note that for a contact angle of zero or a
friction coefficient of zero, the ratio is 1.0. That's
expected. As the product of the coefficient of friction
and the contact angle increase, the function increases
slowly at first. Then, as with any exponential function,
the value grows rapidly.

For the capstan equation, the contact angle must
be in radians. Recall that 360 degrees or one revolu-
tion is equal to 2tradians.

Capstan Equation applied to breaking
devices

In this section | apply the capstan to some of the
common breaking devices used in rope rescue. For
comparing these different devices, | assumed the same
coefficient of friction for each device. | assumed (did
not measure) the coefficient of friction to be 0.25. The
coefficient of friction for rope on aluminum can vary
according to the rope type and condition. Mud, water,



ice and oil can al affect the coefficient of friction. | coefficient of friction of 0.25. The maximum angle

used u = 0.25 as an average humber for comparison. change should be about 800 degrees, which gives a
breaking force ratio of 31-to-1. The minimum angle
Thetube change with only 5 bars fully spaced is about 4-to-1.
This configuration could be very useful for a particu-
The break tube is designed for lowering rescue larly heavy rope. Note that if only 4 bars are used, then
loads. The ideafor the tube was borrowed from the the breaking force could drop to a dangerously low

sailor’s capstan. As can be seen in the calculations |evel.
shown in Figure 6, the number of wraps will dramati-

cally increase the frictional force. For a 600-pound rescue load, the maximum hold-
ing geometry would require a 30 pounds breaking ten-

For one wrap, the estimated ratio of holding forcesjon. For a load of say 30 pounds below a rappeller,

to load would be 10-to-1. For two wraps, the angle ofthe minimum friction geometry would allow a 120-

turn increases torbor 900 degrees. This will generate pound weight to slide down the rope.

a 50-to-1 load holding capability. The effects of the

exponential can really be seen when three wraps are

used. For this case, the holding ratio jumps to 250 to 1

Rack Friction

For a 600-pound rescue load, one would expect t¢
use 60 pounds of holding power if only one wrap is
used. For two wraps, only 12 pounds would be
required. If the three wraps are used, then only two to
three pounds of holding force are required. The nice
thing about the tube is that the large bending radius
makes it easy to feed the rope, which means that thre
wraps are very easy to use.
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Two =mps T Figure 7: An analysis of break rack friction for different
frictional geometries.

The Figure-eight

| | : The geometry of the figure-eight breaking device
hegle = 3n Angle = b Angle = *x - 2o makes it difficult to estimate the contact angle. My

I =TJl0 T, = T30 T, = Ty/250 estimate was 540 to 630 degrees for the configuration
shown in Figure 8. This should give a holding ratio of

Figure 6: An analysis of the break tubefor different fric- 10-to-1 to about 15-to-1, which is comparable to the

tional geometries. mid-range contact angles for a rappel rack. For a 600-
pound load, a 40- to 60-pound holding force will be
required.

The Rack

. . _ For a heavy rope, the holding ratio cannot be
Figure 7 shows different geometries for the break,.q,ced. For a 30-pound load hanging below the rap-

rack. As can be seen in this illustration, one advantag‘gre”er the rappel weight would need to weigh about
of the rappel rack is the ability to increase the friction, g, p’ounds. The only solution is to “pull” oneself
by changing the geometry. Simply sliding the bars ~ 44.vn the rope.

changes the contact angle. For the average bar posi-
tion (center of figure) | estimated the angle change of
a rack to be 560 degrees or B.2T'his change in

would give an average breaking force of 12-to-1 for a



Which breaking deviceis best?

The break tube with three wraps has by far the
greatest ratio of friction to load. The large bendsin the
tube also make it easy to control. Even though a tube
with three wraps can generate aholding ratio of 250, it
isstill very easy to feed the rope into the tube.

The advantage of the rack isthat moving the break
bars can change the contact angle. For rappels where
the rope has considerable tension, the ability to adjust
the friction can be an advantage.

Figure-eight descending devices cannot be
adjusted under tension, tend to twist the rope, and can
be difficult to control. Based on these calculations,
one can conclude that the figure-eight does not have a
large range of frictional adjustment when compared to
the break rack or the break tube.

While no conclusions should be based on calcula-
tions alone, these simple idealized examples show the
effects of the exponential relation between the friction
contact angle and the minimum/maximum breaking
power of these devices.
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Figure 8: An analysis of the figure-eight breaking device
for different frictional geometries.

Rope Edge Friction

Next we turn our attention to the mechanics of
friction as arope goes over the edge of acliff or rock
face. Asyou might expect, the angle that arope turns
asit goesover the edge can greatly effect the frictional
force. What is unexpected is that the contact area does
not affect the frictional forces.

The example shown in Figure 9 is intended to
illustrate the frictional forces generated as a rope con-

tacts a cliff face. For this example, the coefficient of
friction was assumed to be 0.4. First a 45-degree
change in angle was considered. The increased/
decrease in tension dueto friction wasonly 1.36. For a
more typical 90-degree turn, a1.87 changein tension
occurred. The effect of contact angle really stands out
when for a 135-degree change in angle. This geometry
resultsin 2.60 times more tension. While this high
ratio may be great for lowering, the resulting tension
for arescueload of 600 poundswould be almost 1,560
pounds. Remember that a single prusik will usually
dlip below this load.

The most common rescue situation that could gen-
erate a greater than 90 degree bend would be aridge
that has an anchor located downhill from the top of the
ridge line. Bottom line: avoid large changesin rope
angle.
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Figure 9: An analysis of friction for aropethat goes over
an edge.

Typical Z-system forces

The next example isintended to illustrate the
effect high frictional forces can have on atypical hall
system. The geometry for atypical Z-systemraiseis
shown in Figure 10. A 600-pound rescue load was
used in the computations. The resulting rope tension
generated by two contact points with 45-degree bends
was computed assuming arange of coefficients of
friction. Figure 11 shows the resulting tensions for
each rope segment plotted relative to each other.

For acoefficient of frictionof p = 0.45, the max-
imum force in the rope as almost 1,500 pounds. This
high frictional force almost cancels the mechanical
advantage gained by the 3:1 Z-system.



If we assume that the edges have been protected,
then the friction will drop. Assuming that the friction
coefficient dropsto say, 0.25, then the maximum load
would be less than 900 pounds, which is still high, but
nowhere near the 1,500-pound load. The required haul
force would still be 300 pounds, which resultsin only
a2:1 haul system instead of theideal 3:1. (I did not
account for the loss in the pulleys)

The example shown in Figure 10 also illustrates
that the frictional force depends only on the total
change in angle.

T;=T, B3 = T, B2 giBas
T;=T, gl(Brot Ba3)

(12)
(13)

Figure 10: Ropetensileloadsfor atypical haul system.
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Figure 11: Theforcein rope segments T1 though T4 for the
geometry shown in Figure 10.

Rope Stretch and Bounce due to Friction

Rope stretch can interact with friction in strange
and sometimes dangerous ways. In this section the
forces and strain energy stored in arope will be com-
puted and used to predict the amount of bouncein a
rope system.

Rope stretch

A rope can be viewed as a spring. Asthey are
loaded, they stretch. The amount of stretch depends on
what is called the spring rate or stiffness. Rope stretch
isafunction of the rope size and construction. In gen-
eral, alarger diameter rope will have less stretch under
agiven load than a smaller diameter rope. Figure 12
shows a plot of rope stretch for different ropes. From
this plot, we see that static ropes all fail at about the
same percent stretch. The higher loads for the larger
diameters are the results of more nylon fibers. The
twisted construction of the dynamic rope allowsit to
stretch more before it fails.

The stiffness of arope can be used to compute the
tension based on the change in length

T =K*d (14)

The stiffness depends on the length of rope and the
rope modulus. The rope modulus s the slope of the
load deflection curve for a unit length of rope. The
stiffnessis defined as

K =MIL. (15)

A long rope will not be as stiff asashort rope. PMI 11
mm static has a modulus of about 19555 Ibs. Asan
example, a 200 ft rope would have a stiffness of

K =19555lbs/200 ft = 97.7 Ibg/ft (16)

A 200 ft rope supporting 1000 lbs would stretch:
T =K*d a7
or

d=T/K (18)

to give E = 1000/97.7 = 10.2 ft.
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Figure 12: Tensileload for different ropesasa function of
rope stretch.(William Srorage and John Ganter)

The strain energy in aropeis energy that is stored
astheropeisstretched. A good analogy is the rubber
band on a sling-shot. As the rubber is pulled back, the
stretching stores elastic energy that is released when
the sling shot is released. For the sling shot, the strain
energy is converted to kinetic energy and resultsin the
projectile being ‘shot’.

The strain energy is the energy that is stored as
rope is stretched. The energy is the product of the

shots made of steel.) The amount of strain energy
depends on the square of the tension.

Recall from figure 1 that the static coefficient of
friction (non-sliding) is higher than the dynamic coef-
ficient of friction (sliding). When the sliding starts, the
litter will jerk upwards, even if the haul team is pull-
ing smoothly

When the static slipping force is exceeded, the
energy is released and the strain energy is exchanged
for kinetic energy. This results in a rescue load being
sling-shot upwards. The change in strain energy can
be computed by solving for the tension in the ropes
before and after the slip.

2 2
L(T,—T3)

ASE =
2M

(22)

whereT, andl, are the rope tensions before and

after slip. If we assume that the change in strain
energy is converted in potential energy (bounce) then
the height of bounce is given by

ASE = APE = Wh (23)
whereW is the weigh anti is the change in height.
Figure 12 shows a typical three-point contact

problem for a lip. Shown in Table 1 is an Excel spread
sheet that can be used to compute the tension in the

stretching force times the distance that the rope e|0nrope, as well as the bounce that results when the rope

gates.

SE = [Tdb (19)

Substituting equation 14 and 15 in to 19 gives

_ TL
SE = J’—M dt or (20)
_ L 2
SE = 5T (21)

Equation 21 allows the strain energy to be calcu-
lated once the load and rope type is known. From
these formula, we see that the longer the rope, the

more strain energy stored for a given tension. A stiffer| Pounce

rope will have a higher modulus and will not store as

slips.
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Figure 13: An analysis of stain energy, friction and

much strain energy. (You do not see very many sling-



Different lengths, angles, and coefficients can be
entered, and the table will re-compute the forces and
the bounce.

The changein strain energy before and after the
dlip is assumed to be equal to the change in the poten-
tial energy. The bounce will be roughly twice the
height of the change in potential energy predicted.

Table 1: Tension and dlip for system.
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When the haul system istensioned, the rope will
dide at the top two points. However, the lowest point
will not slip until the friction is exceeded. The strain
will build up, and energy will be stored in the rope.
When the tension in the rope exceeds the slip tension,
the rescue load will slip. This motion reduces the coef-
ficient of friction and allows the rope to side past the
friction points until the tension is reduced. This sud-
den slip will occur even if the haul rate isvery slow.

This stick/dlip type motion is similar to the
dynamic release of energy during an earthquake. The
rope storesits energy until the dlip friction is exceeded
and alowsit to release. For 600-foot haul systems, a
bounce of over 6 feet is not uncommon.

Summary

Friction forcein arope depends primarily on three
things:
e The load on the rope
» The coefficient of friction
» The angle that the rope turns through

The angle and coefficient of friction can cause
an exponential change in rope tension!

cient of friction can drastically affect the behavior of
all rescue systems.

As a first example, we compared the ideal fric-
tional force for lowering devices. The break tube, the
rappel rack, and figure-eight all can work well when
supporting loads in the 100- to 200-pound range, pro-
vided that 10 to 20 pounds of breaking force can be
maintained. However, when much higher rescue loads
are involved, we see that the tube has the best ratio of
breaking force to rescue load. The adjustable spacing
on the bars of the rack give it a great range of fric-
tional force.

The frictional forces that are generated as a rope
goes over a lip were computed using the capstan fric-
tion equation. While it is counter intuitive, the capstan
frictional equation predicts that force going over a
edge is independent of the edge radius. The validity of
these equations still need to be field tested to see if
these ideal friction laws indeed apply to rescue rope.

The exponential change in friction forces with the
angle of bend is quite surprising and can catch the
most experienced rescuer off guard.
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We have used a simple friction law for a flexible
belt over a drum and applied it to several different res-
cue situations. The exponential change in rope tension
that results from a change in contact angle or coeffi-
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