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Overview

 Simple models
— Very simple
— Wexler
 More complications
— Damping
— Carabiner friction
— Belayer behavior
 What you can do with the simple models
— Estimate forces and times
— Figure out how often to place gear
— Evaluate ropes
— Test testing laboratories
» Experimental results
— Magdefrau data
— Belay and sharp edge tests
— Humidity
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where the energy goes
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The Simple Model

Fig. 2a.

Fig. 2b.

Simple mass/spring oscillation:
J =ky=-my
Boundary conditions:

— L2 1 2
mgh_ Zmymax - Zkymax

Solutions:
’k
o= ,—
m
2mgl’F
S sin(wt
y «‘f B ()

V = 4J22FI cos(wt)

2gFM .
y= —1’ - sin(wr)
m

y = _M |2eF cos(wt)
m [

Load rate:
d y
. 40 =M 1’_2gF cos(at)
Fig. 2d. dt !

Based on Wexler, 1950
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The Wexler Equation

Conservation of energy dictates that the climber’s gravitational potential
energy before the fall is equal to the spring energy stored in the rope after the fall:

1
mgh + mgy = Eky2

Solve for y and ignore the imaginary root:

1
2 2
mg+\/m g +42kmgh mg+\/m2g2+2kmgh
y: =
2L k
2

The maximum tension in the rope (the Wexler equation):

M M
I =mgll+ 1+2—ﬁ =mg| 1+ [1+2——ff
m.g L m.g
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Contributions to terms In the
Wexler equation

K e
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mgh +mgy =L ky’
T = mg(l+\/1+2]‘nf—§)

Friction over the top
carabiner increases the
rope modulus.

Belayer behavior and
damping reduce the
guantity under the
radical sign.



Kinematics
\/ Graphs

(simple

/\ spring)
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Friction Over the Top Carabiner

Big Picture Free Body  Forces in the — AT < MT sin AO
Diagram Radial and
ik - AT < UTAB
AT
X — 2> —UA0D
(4 > Y T—AT =T +uN T
T, T 7 N = T'sin A AT S I LA
C _ —_ > |-
6 4 ~
2]})—27’0 /l/ Trig Supstitution, In7" > Me &
::r‘]ltuegg Titggbndary Tb >T € ~Ho
Conditions, Write 46
Answer u ~ 0339 =T,e HY

The dependency of the friction coefficient on mass,
velocity, diameter, rope coating, and temperature

has not been investigated
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Pavier Model & Damping

3 kNs

March 6, 2006

35 kN

20 kN

Spring in series with spring/dashpot
parallel combo

Provides general idea of damping coefficient

Produces close match between model
and experiment

Matches with the observation that climbing
ropes are not far from critical damping/more
than half the energy is lost in each cycle

No model for why this works
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Silly Math Tricks with Rope
Hangtag Info

data point

from rope

label (maximum
farce and dynamic
i elongation)

forceddisplacement curve

Force (kN)

Rope Stretch (m)

The hang tag provides the force and
% rope extension. The length of rope
and the fall height are defined by the
test standard.

LR

2 uiaa (28 mXx guiaa)

N

The ratio of heat to spring energy: Vo =
S
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Ui 30 kgx9.8m/s” x (4.6 m + (2.8 mxe, ))— 2Fum(2.8 m X guiaa)
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GROMF Conditions

Table #: Generic, run of the mill fall (GROMF) characteristics

quantity symbol value Units
Mass of climber m, 80 Kg
Acceleration of gravity g 10° m/s?
Rope modulus M 24000 N
Rope length L 30 M
Free fall height H 2 M
Fall factor 1 1/15
Spring constant of rope k=M/[ 800 N/m
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GROMF Estimates

Approximate GROMEF results based on modeling the rope as a simple spring

quantity symbol | value | units

Time of free fall t 0.6 |s
Time from rope engagement to dead-point t 0.1 |[s
Time of rope stretch (total) t 1.2 |s
Time, top to bottom of fall (t.+t/2) 1.2 |s
Rope stretch Yoo 32 |m
Total fall height (free fall height + rope stretch) h+y 52 |m
Velocity at the end of free fall v, 6.3 |m/s
Velocity at dead-point v 7.1 |m/s
Maximum deceleration - 30 |m/s?
Frequency (angular) 0 3.2 |st!
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X X

+25%

+25%

+25%

+25%

+_2_5%

+25%

+25%

T+25%

distance

to first

anchor

Anchor placement for trad leading based on

the analysis by Stephen Attaway. To prevent

gear failure, the leader must place gear when 25%
above the last gear. This analysis does not include
margin for the possible failure of the top gear, by
poor placement or misadventure. In this example,
if the first gear is 2 meters above the anchor, the
total pitch length is less than 20 meters.
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_ Anchor Placements

Gear Placement Attaway
T Admonition(s)

Place the anchor well
below the hard moves

y 4

and just below good /
gear placements.
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Statistical Analysis of Test Facllity
Data: Expected Error

Table 1: Error Sources as specified in UTAA 108 and EN&92

Measurement Symbol  Specification % Error
mass of falling weight m/e,,  80kg £ 0.1 +0.13%
speed of falling weight v/e, 9.8m/s £ 0.1 +1.0%
rope length l/€ 2500 mm +20 and 50 mm +10 +0.9%
impact force measure  F'/ep +1.0% +1.0%
controlled temperature t/¢; 20°C' + 2 +2.2%
controlled humidity h/ep, 65% =+ 2% +4%
htmu? o F

l

The summation of the total errors is:

2
o+ 2t bl o )
. 9 PR €r = €total

5

\/(0.0013)2 +2(0.01)2 + (0.009) + (0.022)2 + (0.04)2
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Table 2, Range (Precision) of maz-f Measurement, Expressed as +%.
An asterix (*) indicates no data or some other anomaly. Numbers in bold indicate a certified facility
average that exceeds the +3% error budget.

APAVE  Stuttgart EMPA Vienna BEAL Edelrid Lanex Mammut®

04 EN892 single A 0.67 1.30 0.63 0.75
04 EN892 half B 1.21 0.98 0.84 104
04 UIAA108 single C 3.14 6.66 1.97 2.11
04 UIAA108 single D 3.62 1.08 0.77 1.03
04 UIAA108 half E 1.50 0.89 1.12 1.09
04 UIAA108 twin F 1.44 0.61 0.40 1.05
03 EN892 single A 0.88 0.62 0.67 2.48 0.89 2.48 1.88 2.92
03 EN892 half B 1.22 0.92 0.37 3.15 3.01 2. 71 3.97 3.93
03 UIAA108 single C * 0.00* 1.17 1.55 2.84 1.29 2.83 4.50
03 UIAA108 single D * 0.63 0.62 0.98 1.16 1.25 1.20 0.81
03 UIAA108 half E i 0.92 0.18 0.94 1.14 2.67 2.38 3.69
03 UIAA108 twin F * 0.63 0.37 1.12 0.88 2.48 0.64 3.32
03 UIAA108 twin G * 1.07 3.20 0.5 1.15 4.29 1.58 3.58
03 average 1.05 0.68 0.94 1.5 1.58 2.44 1.99  3.25
03 std dev 0.24% 0.35 1.05 .94 0.93 1.08 1.14 1.18
02 EN892 half C 1.50 0.00 0.74 0.53 2.00 1.84 1.03 3.66
02 EN892 half D 1.50 0.00 0.48 5.48 1.09 2.85 0.44 1.31
02 average 1.4 0.0 0.6 3.0 1.5 2.1 0.7 2.5
01 EN892 single 1.11 0.78 0.46 0.37
01 EN892 half 0.88 0.45 0.47 0.11
01 EN892 twin 0.81 1.25 1.75 1.98
01 average 0.93 0.83 0.89 0.82
01 std dev 0.16 0.40 0.74 1.01
average of all averages 1.6
std dev of all averages 1.2
average all certified facility averages | 1.2
std dev all certified facility averages | 1.1

March 6, 2006 SP.255 Rope Behavior 15

Presentation



Presentation

. Maegdefrau Data
Exper“ I Iental Load Rate vs. sqrt F/|
0.30
|} [ ] | ] .
Verification: L RN L 2
“é' 0.20 - o 3
Magdefrau = 019 "
L
T 0.10 -
O
Data "o
0.00 ‘ ‘ ‘
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Maegdefrau Data load rate (kN/S)
sgrt fall factor vs.
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S o = Rope Pair
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O
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Experimental Verification:
CAIl Data

LANEX ALTEA

1000

800

600

force (kp)

400

C. Zantoni et al, CAl,
UIAA Meeting Minutes

0%  10%  20%  30%  40%  50%
2005

elongation

Fig. 3- Recorded force during a classical Dodero test (no rupture).
Note the sudden reduction of the force during the return phase
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Experimental Verification
CAl Belaying Forces w/ Slip

FIX POINT BELAY

—&—runner load (model) —sliding length in the brake

falling mass speed

= fallig mass displacement ==—hand speed

700 10
9
600

E
500 7 =
b
— 6 o
quo o
e B =
o £
3 300 1 4 E
(1]
£
200 1 3 §
2 &
100 J s

+ 1

o) 0

1,4

time (s)

Fig. 2 - Fix point belay : main features

C. Zantoni et al, CAl,
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C. Zantoni et al, CAl,

Experimental Verification:
CAl Fixed Point Anchor Force Data

FIX POINT BELAY
comparison experimental data-model

Presentation

100 |/ !

700
< 600
-lq—l) 600
>
c e
= _ 500
2 50 ——stance load I(experimenial}
(@)) ——runner load (experimental)
E = 400 f§ | ==—=stance load (model) 400
+— g =—s—runner load (model) e
3 ¥ z
o o
S 300 ~ 300
= = =
<< W S
< 8 200 200
2 N
100 J14F
0
0 0,2 0,4 0,6 0,8 1 0
time (s)
Fig. 1 - Comparison Fig
experimental data - model
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FIX POINT BELAY

hand load = runner load i

stance load

flat!11

0,2 0,4 0,6 0,8 1,0
time (sec)

. 3 - Rope slipping in

the hand at 25 daN
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CAl Results from Experiments w/
Sharp Edge & Energy Absorption

Typical example of force oscillations with the

old-fashioned clamping system

EDELWEISS STRATOS

—[orce

== absorbed energy

1,85 1.9 1,95 2 2,05
time (s)
Fig. 2 - Complete view of the rupture process
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absorbed energy ( kpm )

LANEX ALTEA 5-3 LAMEX ALTEA 5-3
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Fig. 5 - Oscillation at the beginning of elongation (left) and at the rupture phase (right)
|dots represent the measured values (1 kHz frequency)]

C. Zantoni et al, CAl,
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Effects of Humidity: Force

A.B. Spierings et al. | International Journal of Impact Engineering 1 (11ll) 111111

lO — =
— &
9.75 P ——

95| FlashNonDry: EN892 _ R -
.// | —

/ -
9 —

8.75 /./ .

_/ *+—— Simulated usage in RWS
8:5 ?/ (1973c., reconditioned)

825 1

[

Impact Force (kN)

10 20 30 40
Rope Humidity H (%)

Fig. 3. Impact force of the first drop versus the absolute rope humidity H. The dashed lines indicate 90% confidence intervals.
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Effects of Humidity: Drops Held

= { & Flash Non Dry: EN 892

z o — Simulated usage in RWS
% 10 - 1973c., reconditioned
=
2 8 .
RN N e
2 6 & —
g L/ .......... \. ...... BEelesvseanns w ..........................
Z 4 —
—
/ — :
2 == = —_—
10 20 30 40

Rope Humidity H (%)

Fig. 2. Number of drops without rupture of the rope versus the absolute rope humidity H after treatment in the RWS according to
Table 3. The dashed lines indicate 90% confidence interval and the dotted line indicates the limit (5 drops) according to EN 892.

(Again, from A.B. Spierings, et al. in the International Journal of Impact Engineering)
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Effects of Humidity: Elongation

8 A.B. Spierings et al. [ International Journal of Impact Engineering 1 (1ill) IIE—EN1
15 50
~ 14 ] H(/E e i\
Z /P/J P < 45 \
213 v I =0 \
‘.-. ™ = Vd - - - -
2 12 ¥ l > = g 401 1:"1"1!"" +=
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2nd drop Single stand
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S 4000 =
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(c) Elongation (%) (d) Elongation (%)

Fig. 4. (a) and (b) Impact force and maximal elongation for all drops of an original new rope (), a rope that was in the RWS for 1973c
with reconditioning to about 4% humidity (A) and one rope with the same treatment and a rope humidity of about 14% (). (¢) Dynamic
force-elongation curve of an entire rope (second drop according to EN 892 [1]) for the same ropes as in (a) and (b). (d) Dynamic
force-elongation curve (mean and one standard deviation) of two single core strands in conditioned and humid state.
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