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Dynamical Behaviour of a Nylon Climbing Rope
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Abstract

Dynamic behaviour of a nylon climbing rope was studied. Nylon 1lmm
stands up to 3 H/L=1.3 while Manila 12mm breaks at ;~H/L=-0.3 for a falling
weight of 55kg, H being the height of the falling weight and L the length of
the rope. These correspond to impulsive load of nearly 600kg for both ropes.
Calorimetric study was made during shock test and compared to the result of the
measurement of temperature rise during statical tension test. Nearly 600kg which
coincided to above figure was obtained. Nylon ropes show good characteristics for
shock loading but they break easily by lateral file action of a sharp rock edge.
This is .a result of low melting point of it and fusing of the filament at the
fracture is always observed.

Introdution

As nylon has many advantages over manila or other vegetable fibres, its use
as a climbing rope became popular since British Eastern Karakorum Expedition
of 1946. In Japan, it was tried by members of the Mountaineering Club of our
university at Mt. Kaerazu early spring of 1952.17 Nylon ropés of Tokyo Rope Co.
were used by the 1953 and 1954 Manaslu Expedition 'Parties of the Japanese
Alpine Club. Nylon in Japan was developed by Toyo Rayon Co., quite indepen-
dent of western countries and belongs to nylon 6 and has good properties.

At the winter of 1954—5, three successive accidents due to breaking of nylon
ropes had been occurred. These are

1. Dec.28, at eastern wall of Myojin, 11mm rope, one member of the Shino-

nome Club was injured. o
2. Jan, 3, at eastern wall of Mae-Hotaka, 8mm rope, one member of the
Ganryo Club died, and '
3. Jan. 3, between third and fourth peaks of northern ridge of Mae-Hotaka,

1lmm rope, one member of the Osaka City University Mountaineering
Club was injured.

All these accidents are results of very small slip. Thus the investigation to
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44 Dynamical Behaviour of a Nylon Climbing Rope
the causes of these accidents became a grave problem in Japan.

Tilaments of the. Rope Broken

(a) Mechanical Properties )

At first we must study whether there exist any defects or not. The samples
of the ropes broken by the accident 3 were collected and subjected to the
investigation of mechanical properties about its filaments. The results did not
show any defects, as shown in Table 1. For the corﬁparison the results of the

Table I. Properties of rope materials

(A) Construction

Tokyo Rope Co. A British Ropes (Viking)
Di;xmeter of rope 1lmm (1 3/8) 11lmm (1 3/8) s
Structure 3/19/3/12/15 3/19/4/10/33
Total number of filaments 30,810 75,240
Diameter of filament ‘ 43 1t 28 /L A )
CWeight 74 g/m - 84 g/m
“Minimum tensile strength ‘ 1500 kg 1900 kg

(B) Mechanical strength of filament and string

Tokyo Rope Co. British Ropes (Viking)
Temill, sweng® 25.4 kg 44,5 kg
Elongation 2.84 % - 18.6 %
Tensile strength (dry ice) & 25.4 kg
Elongation (v ) 22,0 % e
Knot strength /ordinary strength i 72 % 57 %
—T_e-n:lle strength /denier 11g , 12 g
Tensile strength of rope, calculated 3 1448 kg 2537 kg

Measured by members of the Mizuno Sportiﬂg Goods Co. ) "
Tokyo Rope shows any signs of low temperature brittleness, Also, it shows greater extensibility,

: : 3 4
British Ropes (Viking) are also shown, All the. values of mechanical pr%perties
are means of 19 strings; c‘mev strand of the rope consists of 19 strings. “All the
strings show good and definite mechanical properties. Thus we could not
discover any defects in filaments materials. E

A
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(b) Crystallographic Study

The results of the X-ray analysis with photographic method are as shown in
Fig. 1. Both (a) and (b) show well developed fibre structure. Any distinction
~ was not discovered hetween those of new

; samples and broken one. Fig. 1 (a) is that

i 4+ "N of 11mm rope and (b) that of Smm rope. As

the latter is hot stretched, it shows slight
Tokyo Rope, 8mm Tokyo Rope, 11mm

hot stretched, after accident, superiority in degree of fibrous structure.
fracture. Fig. 2 shows a record of intensity distribu-
Fig. 1. X-ray diffraction photograph. tion along the equator of the diffraction
20 b S S rings obtained by Geiger

- Y : ;

counter spectrometer with

Geiger Counter automatically variable time

spectiometer
Cu-onticathede

. constant device, designed by
our laboratory and construct-
ed by the Shimadzu Seisaku-

"sho Ltd. As filaments of the
British Ropes belong to nylon
66 their fibrous structures are
not so remarkable. Thus we

Viking Timm could not find any signs of
damage in the .broken rope.

1
Tokyn Rope
Hmm
-« 2o
i

Fig. 2.
Geiger counter spectrograph record,

Theoretical Considerations on Dynamical Behaviours

Many kinds of ropes are subjected to dynamical
test at Gamagori Factory of Tokyo Rope. Co. The
method is as shown in Fig. 3. The ropes are impulsively

N
Lo i 1 stretched by a falling body of 55kg through 45° and
X H 1
i i1 EEE EH 90° edge of hard granite. ‘
1 [ . .
tg\ﬁi iz?ﬁi\;i; As a first approximation, we assume that there is
,‘l “,i“(: “?"‘.‘ no slip at the edge of granite. Then we can say that
1 . . . .
(\ '.' ‘\k :" ‘.‘ the rope is fixed at its upper end. If the weigt W is
s 3See-d Jifted H o and released, the rope will elongate at first

Fig. 3. with impulsive force P. Then we have
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Kx
P= 15 ‘ (1)
and the work done is 16Px - From energetic consideration, we have
W(H+x)=3%Px ' : . (2)
where W is the weight of the falling body. From (1) and (2), we have
' . 2WLx 2WHL_,
K K : : (3)
Therefore
L
E=—sr +—~—,/1 ZKH _ (4)
and
. 1R . ' | :
P W+ W W ¥ ‘ : ' (5) '
As K/W, the second term of eq. (5) is larger than the first one, therefore
P~W 37 4 (52)

and the impulsive force is roughly determined by H/L. )
When friction exists between the rook edge and the rope, (2) becomes as

W (H+x) =P’ x+36P p--1, 8D
where « is the length of horizontal part of the rope. From (6) we have
A 21{(1+,¢ I H, -
& 1+/1 1+/1 /1+ j 5 : (7)

where ' =pn ~Z—. Subtracting (7) from (4), we have

pr_p W KH _Wu” [ KH, .
4P=P'—P 1+/1’(1 WL) 1+2'Y 2 WL (8),

As P without frictional slip is nearly equal to Wy —2{15—1:1— 4 P/ P becomes

, 4P/P= —pa/2L, ' (9)
As s is greater than 0.5, this reaches to several tens per cent. Therefore with
slide-fixing the shock will be reduced considerably.
Impulsive forces for manila and nylon ropes will be calculated from (5a),

and P= 490/ H/L kg for nylon,
P=1050/HJ L kg for manila.

Nylon rope breaks when H/L reaches to 1.3 and manila 0.3, as shown later, then

the ultimate strengths become P=560kg for nylon 1lmm and 580kg for manila

12mm. The knot strengths of these ropes are nearly equal and about 650kg.
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Therefore, the dynamical strength is not much lower than the knot strength.
More rigorous treatment will be seen in Kanesaka’s paper®’ and Sherra Club Report™.

S
T

Height of the weight, m

N

W
T
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Temperature rise. °C
S NN o e

o

% Broken
® Nylon Il mm

Results of the Shock Test™

0 9 mm, hot slretched

" g mm,

O Manila I2mm
© i 24mm

not hot stretched

K Through Karabiner

’

'Dc_mgerous

Safe zone

-~

Fig. 4.

2
Length of the rope, m

From the results of nearly 100
tests a graph shown in Fig. 4 was
obtained. Curves show the bound-
aries®between safe and dangerous
regions and they are nearly straight
when H and L are not so small.
Therefore, breaking stress must be
a function of H/L, as theoretically
expected. Nylon shows much su-
perior impulsive characteristics
compared to manila. Nylon rope
with 11mm in diameter is as strong
as that of manila with 24mm in dia-
meter. In short, we can say that
as to the impulsive strength nylon
is more than four times as strong
as manila.

Calorimetric Study

Fig. 5 shows the temperature rise during statical tension test. The curves

~
v

0 40
Elongation, %

Fig. 5.

60

70

80

are corrected for heat loss

Load during tension test. As the
] L’;ja work required to break 11lmm
1400 nylon rope by statical tension
:zo:: test is 15 cal, if the total
%0t work is converted to heat,
600 "the temperature must rise
‘2‘; about 45°C. Therefore, about
2,, 56% of the energy is con-

verted to heat. From the
stress-strain curve, work re-

+ For many kinds of climbing manila ropes, a study was made by Minamiddit)
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quired to stretch the rope from 60% to 80% is 6.7 cal. and corresponds to
temperature rise of 20°C.  On the other hand, actual temperature rise is 16.5°C and
about 80% of the total energy is converted to heat at this stage. On the
contrzlry, at the initial stage, ie. 0~40%, 3.6 cal. of work corresponding to the
temperature rise of 11°C is required, while the actual temperaturé rise is only
- 1.6°C. Therefore at the initial stage, the most of the work done by stretching is
stored as an elastic energy.

In dynamical tests, either in actual ropes or in model experiment, after several
up and down oscillation the falling body ceases its motion. During this last stage
almost all the elastic energy of the rope will be converted to heat and then the
temperature must rise. The result of the measurement of the temperature rise is

-

as shown in the following table.

Table II. _
Tf:mpetature rise during dynamical test

3 Distance of the observed
No. Sample L m, Hm. Temperature rise, °C. point from the rock
I edge, mm,
obs. calc,
i manila 12 -3 2 broken 1.2 1.2
1 manila 12 3 2 broken 2,2 2.2 150
2 nylon 11 2 4 safe 5.0 4.0 200
3 nylon 11 3 5 broken 4.0 5.4 400
4 nylon 8 3 3 broken 4.3 5.8 400
5 nylon 8 3 2.5 safe 4,2 4.7 400

As we can see in the table, temperature rise in nylon do not much exceed
4°C except at the experiment No. 2. At No. 2 as the temperature was measured
at a point 200mm apart from the edge of the rock, while the slip of about
300mm has been observed, the rise of temperature would be inﬁuenced“by
frictional heat evolution. Then 4°C is nearly the limit of the temperature rise
and an energy exceeding the correspoding amount will remain as a residual
 kinetic energy of the falling body. From this temperature rise, the work to be
done to break the rope and consequently ultimate impulsive strength may be
calculated. This becomes about 500kg and nearly coincides with the above-mentioned

value, 560kg, calculated from eq. (5a).
Vibration of a Falling Body after Dynamical Test

Fig. 6 is a sketch of a high speed photograph of a nylon rope, It shows large
up and down motion-and very slow lateral motion appeared when the falling
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from these photographs. The falling body sinks at first and the string is stretched.
Then the body is raised by the restoring force of the string. The motion of the
falling body below the natural length of the string is sinusoidal while jumping
by restoring force above the natural length is parabolic. The amplitude becomes
almost zero after several up and down motion. Free energy of the system
decreases as a manner shown in a curve Fig. 8. The gain of potential energy
when the falling body reaches to the maximum height is about 11.5 joule and
502 of the initial potential energy before the body is fallen. The curve (a) of
the Fig. 8 shows change of the length of a part of the string near the weight.
The maximum elongated state of this part occurs slightly before the lowest state
of the falling body, i.e. the longest state of the over-all length of the string. This
latter state will be the very instance when the initial tension wave has just
reached to upper end of the string. As this time intef\'/al becomes about 0.005
sec, the velocity of this tension becomes about 300m/sec. This figure is smaller
than the expected value. But as the stress-strain curve of nylon rope belongs to
a typical S-type, the velocity of tension wave will be fairly small when tension is
fairly small. If tension increases, the velocity will increase also. Therefore,
when the velocity of impulse is high enough the wave started at one end after
the string is elongated will superpose upon the wave stai‘ted in an early stage.
And this place means a dangerous spot as the stress concentration will occur at
this point. In climbing ropes, as the velocity of fall is not so high, such super-
position will not be appeared and the dangerous spot will always coincide with the

. knot or the fixed point of the rope.

Nylon as a Climbing Rope

Nylon climbing ropes have greater tensile strength and extensibility aan' :
resist shock loading. They are ilexible and easy to handle, even when wet or
part-frozen. There is no danger of deterioration through rot and mildew. These
properties offer the greatest advantage to the climber, But among the advan-
tageous - properties mentioned above, high resistance to shock loading involves
some ambiguities, It is true, as to our experiments of actual ropes nylon shows
greater strength than manila, i.e. about four imes as strong as manila. Notwith-
standing, nylon ropes has been broken with very small shock loading. This
contradiction will be a serious problem for the climber.

A key to solve this problem lies on the difference of the mechanism of
fracture. At a rope which is broken by sudden fall, abrasion due to longitudinal
sliding is not observed but melting and welding of the filaments at the fractured
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section. On the contrary, ropes subjected to the experiments and shown high
resistance to shock loading show remarkable surface abrasion due to longitudinal
sliding on the granite edge. Considerable part of the kinetic energy of the falling
body would be released by this sliding friction. Therefore if such longithdinal
sliding occurs, the rope will not be easily broken. On the other hand, if such
sliding is not present the impulsive forces concentrate at the knot or fixed point
and a dangerous state will occur. When this fixed point is a Karabiner, the rope
will resist against considerable amount of tensile shock load. This will also be
true in a knot.

If the edge is as sharp as a cutting tool, the rope will be cut with extremely
small load. Mukoyama and Kinoshita®) obtained 219kg for 53°21’ steel wedge and
Ishioka®) 69kg for 47° wedge. (8 mm) Once lateral slip occurs in addition to the
wedging action of the sharp edge of a rock, as the work to move the rope
laterally is fairly large, abrasion will occur always at the same section of the
rope. Then the heat evolved by this cutting action of the rock edge becomes a
considerable amount and the temperature is raised and a dangerous state will
occur. That is softening at the local section. Therefore, breaking of the nylon
ropes at above-mentioned accidents must be attributed to such melting. or soften-
ing action of the edge of the rock. Melting and fusing of the filaments will be
seen. Crystal structure of the filaments near the fractured part of the rope
broken by the third accident above was studied by Mukoyama and Kinoshita
with X-ray method and by E. Tanaka?) with polarizing miéroscope method. The
former demonstrated inferior degree of fibrosity due to melting and the latter
observed scattering of the crystal axis of the filament near the broken part. All
these show melting or softening due to heat evolution. According to the experi-
ment of Toyo Rayon Co., 8mm ‘nylon rope was broken by 40 kg tensile load with
lateral slip of only 25cm on a sharp edge of a rock collected at Mt. Tsurugi.
Therefore, if such lateral sliding occurs in addtion to the wedge action of a
sharp edge, the rope becomes to a very dangerous state. If coefficient of friction
is 0.5 and all the energy is converted to heat, evolved heat becomes about 12 cal;
this quantity is enough to melt the rope of 2mm length. Such easy melting or
softening is due to low melting point of nylon.

With polarizing microscopic study of fracture of stretched nylon fibre, we
found flow and distortion of crystallites near the fracture surface for a specimen
cut by a filing. For a fibre cut by a sharp knife, any signs of deformation of
crystallites were not observed even at an immediate vicinity of the fracture
surface.

Thus, most part of the work to cut the fibre is converted to heat to raise
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the temperature of it.

‘On the other hand, manila do not break with such short lateral sliding. But
its resistance to shock loading is very low. . :

Above experiments on actual ropes were performed at Gamagori Factory of
Tokyo Rope Co. The authors wish to express their sincere thanks to late K. Oka,
E. Takayanagi, S. Koreki and other members of the Company. Also the authors
wish to thank to the helps of members of the Technical Research Laboratory of

the Mizuno Sporting Goods Co.
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