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a b s t r a c t

Recently developed experimental-numerical-analytical (ENA) methodology presented in Ref. [13] by
Emri et al. based on a simple non-standard falling weight experiment, was used for mechanical
characterization of “dry” and “wet” climbing ropes. Analysis of the maximum impact force; the visco-
plastic component of rope deformation; the amount of stored, retrieved and dissipated energy; the
stiffness of the rope; and the maximum value of the first derivative of the de-acceleration (jolt)
showed that moisture significantly affects the functionality and durability of ropes. “Wet” ropes create
larger maximum force, dissipate less energy, and generate larger retrieved energy that propels
climbers in the opposite vertical direction. Properties of “wet” ropes are also more sensitive to number
of repeated drops. Major changes of all physical quantities are, as a rule, observed during the first three
to four drops. It has been shown that for the safety of climbers the most indicative properties are
dissipated energy and jolt (first derivative of climber de-acceleration). The ratio of dissipated and
retrieved energy, j ¼ Wdys=Wret, could be used as a criterion for evaluation of the quality of climbing
ropes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The quality of climbing ropes is determined by two parameters,
i.e., climber safety and durability of the rope [1]. Durability in this
case does not mean just failure of the rope, but rather deterioration
of its time-dependent response when exposed to an impact force.
Both parameters are governed by time-dependent properties of the
material from which ropes are manufactured.

The UIAA (Union Internationale des Associations d’Alpinisme)
has established standard testing procedures to measure how ropes
react to severe drops [2]. The standard says little about the dura-
bility of ropes, which is more difficult to define or assess with
a simplified procedures. The experiments prescribed by the UIAA
standard are not geared to analyze the time-dependent deforma-
tion process of the rope, which causes structural changes in the
material and consequently affects the functionality and durability
of the rope itself. This is particularly important when ropes are
exposed to extreme weather conditions.

It is well known that humidity notably affects the characteristics
of ropes, in particular those that are fabricated from polyamide (PA)
fibers. “Wet” ropes become difficult to manage, check fewer drops,
and have less strength [3].
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Baszczynski in Ref. [4] studied fiber ropes and webbing, made
from polyamide fibers, used in energy absorbers and guided type
fall arresters. Laboratory tests proved that the changes in temper-
ature and humidity especially influence dynamic elongation of this
equipment and the force acting on anchor point during fall
arresting. Particularly he recognized that conditioning of energy
absorbers to “wet” (simulation of rain) can, in some cases, cause an
important increase of the dynamic elongation and arrest force by
comparison with conditioning to temperature of þ20 �C and rela-
tive humidity of 65%. Conditioning of some energy absorbers at
temperatures lower than 0 �C, after they were preconditioned at
“wet” environment, causes such significant increase of the tearing
force that during fall arresting the arrest force can exceed its limit.

The effect of moisture on the dynamic properties of synthetic
mountaineering ropes was investigated by Spierings in Ref. [5].
They have proposed a new method for the moistening of moun-
taineering ropes, called Rope Working Stimulator (RWS). The
method allows moistening of mountaineering ropes in a more
practical way than other methods do. With this equipment, the
rope is sprayed with water, moved and bent around artificial
carabiners to simulate effects of practical usage. After the treatment
in the RWS, the ropes were tested dynamically according to EN 892
(2004) [6] in order to quantitatively investigate their behavior in
the moist state. For a rope humidity greater than about 4%, the
number of drops sustained decreases significantly and for
a humidity greater than about 25%, the number of drops sustained
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can fall below the threshold value given by the standard, i.e., 5
drops. For the “wet” ropes, they also observed a significant increase
of the impact force.

Cotugno et al. in Ref. [7] reviewed the processes involved in the
absorption of water by polymeric yarns. The plasticization effect of
water causes reductions in elastic modulus and yield strength. This
occurs by changing the mechanisms of yield and deformation, as
well as the cutting of polymer chains by hydrolysis. The authors
show that the equilibriumwater content of a specific polymer is not
so sensitive to temperature, whereas the rate of absorption is
controlled by diffusion, and is therefore strongly temperature-
dependent. Nylon-6 absorbs large quantities of water which cau-
ses significant changes in mechanical properties and a reduction in
the polymer’s glass transition temperature.

The presence of water also notably affects the number of drops.
Signoretti in Refs. [8,9] studied the effect of wetting of ropes on the
results of DODERO drop testing. He reports that the number of
drops withstood is reduced to 30% of the value for the original “dry”
rope! This is true for both new and used ropes. He states that even
brief immersion, equivalent to a short rain shower, may result in
reduction of number of drops. He states that the absorption of
water has an effect equivalent to an increase in temperature. This
was also described by Kohan in Ref. [10], and even earlier by Emri
and Pav�sek in Ref. [11]. The latter showed that the effect of moisture
on material time-dependent properties may be modeled analo-
gously as the effect of temperature by so-called time-moisture
superposition principle. The effect of temperature and pressure on
mechanical properties of polymers is reviewed in Ref. [12].

Signoretti also reports that the impact force on the first drop on
the DODERO drop test is larger for about 5e10% after wetting, as if
the rope had become “more rigid” than the “dry” one. He proposes
that this may be due to increased friction force caused by fibers
swelling due to water absorption. Based on the findings presented
herewe believe that some of the above conclusions need further re-
examination.

Knowledge on the viscoelastic nature of the material is one of
the main understandings required for determining new criteria for
safer climbing ropes, i.e., smaller impact force, bigger dissipation
energy, less stiffness, less elongation, smaller jolt, etc. However,
there is relatively little known about the influence of time-
dependent properties of polymeric materials on the mechanical
behavior of ropes. Therefore, more detailed experimental and
analytical analysis of the influence of time-dependency of the
material from which the ropes are made on their behavior under
impact loading is needed.

Recently we have developed a new ExperimentaleNum-
ericaleAnalytical (ENA) methodology, presented in Ref. [13], that
allows prediction of thirteen physical parameters, which describe
time-dependent properties of tested ropes, and consequently safety
of climbers. All these parameters can bedetermined fromameasured
time-dependent (dynamic) response of ropes exposed to a falling-
weight impulse loading.

In the work presented here we have used the new ENA meth-
odology to analyze the effect of moisture on durability and func-
tionality of ropes.

Water acts like a plasticizer, and it strongly modifies the
mobility of the amorphous part of macromolecules and shifts,
similar as temperature (see Ref. [11]), mechanical response func-
tions and corresponding spectrum along the logarithmic time scale
to the “shorter” times. Thus moisture may drastically change the
time-dependent properties of PA, and consequently hamper the
safety of climbers.

We analyze the effect of moisture on the time-dependent
behavior of climbing ropes exposed to ten consecutive falling-
weight impact loadings. For each of the ten consecutive drops we
analyze the maximum impact force, Fmax; the visco-plastic
component of rope deformation, svp; the amount of dissipated
energy, Wdis; the stiffness of the rope, kini, at F(t) ¼ mg; and the
maximum value of the first derivative of the de-acceleration, jmax,
commonly called as jolt. The latter is considered to be the most
important safety indicator in car crash analyses. These physical
quantities inherently depend on time-dependency of polymeric
material and define the functionality and durability of ropes. Their
determination using the ENA methodology is presented in the
following section.

2. Theoretical background

Details of ENA methodology are described elsewhere [13],
therefore, we present here just a brief summary of the developed
analytical procedure.

The time-dependent response of a rope under dynamic loading
generated by a fallingmass (deadweight) may be retrieved from the
analysis of the force measured at the upper fixture of the rope. This
force is transmitted through the rope and acts on the falling weight
(mass), as schematically shown in Fig. 1a. In such experiments
a mass, m, is dropped from an arbitrary height, h � 2l0, where l0 is
the length of the tested rope.

Force measured as function of time, F(t), may be expressed as
a set of N discrete data pairs, F(t) ¼ {Fi, ti; i ¼ 1,2,3,/ ,N}. From here
on F(t) represents discrete set of data. An example of suchmeasured
force is schematically shown in Fig. 1b. The diagram is subdivided
into three distinct phases A, B, and C.

In phase A, the weight (mass) is dropped at t ¼ 0, and it falls
freely until t ¼ t0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
2h=g

p
, where the rope becomes straight,

which is indicated in the Fig. 1b as point T0, and represents the end
of the free-falling phase of the mass, and the beginning of phase B.
At point T0 in phase B, where s ¼ t � t0 ¼ 0, the falling mass starts
to deform the rope. Neglecting the air resistance, and the wave
propagation in the rope, the equation of motion of themovingmass
between points T0 and T7 may be written as m€sðsÞ ¼ mg � FðsÞ.
Herem is the mass of the weight, g is the gravitational acceleration,
€sðsÞ denotes the second derivative of the weight displacement that
corresponds to the evolution of the rope deformation, s(s),
measured from the point T0. Taking into account the initial condi-
tions at point T0, i.e., s(s ¼ 0) ¼ 0, and _sðs ¼ 0Þ ¼ v0 ¼

ffiffiffiffiffiffiffiffi
2gh

p
, the

solution of the equation of motion gives the displacement of the
weight as function of time, which represents the elasto-visco-
plastic deformation of the rope as function of time,

sðsÞ ¼ gs2

2
� 1
m

Zs

0

IðlÞd lþ v0s: (1)

In the formula (1) the function IðlÞ ¼ R l
0 FðyÞd y represents the

impulse of force generated in the rope.
The deformation energy of the rope at any stage of deformation

may be expressed then as (for details see Ref. [13]):

WðsÞ ¼
ZsðsÞ

0

FðxÞd x ¼
Zs

0

FðlÞvsðlÞ
vl

d l

¼
Zs

0

FðlÞ
�
gl� IðlÞ

m
þ v0

�
d l: (2)

At point T1, where s ¼ s1, force acting on the rope becomes equal to
the weight of the mass. At T2, jolt will reach its negative extreme
value. The force acting on the rope and theweight has its maximum
at T3. If properties of the rope would be elastic, the location of the



Fig. 1. Schematics of (a) the rope exposed to the falling mass, and (b) the force measured during the falling mass experiment.

Table 1
Physical quantities used to analyze the effect of moisture on functionality and
durability of ropes.

N Physical quantity Symbol Corresponding equation

1 Maximum force Fmax (3)
2 Maximum deformation smax (4)
3 Elastic part of rope deformation sel (5)
4 Viscoplastic part of rope deformation svp (6)
5 Stored energy Wstor (7)
6 Dissipated energy Wdis (8)
7 Retrieved energy Wret (9)
8 Maximum jolt jmax (10)
9 Stiffness of the rope at F ¼ mg kini (11)

A. Nikonov et al. / International Journal of Impact Engineering 38 (2011) 900e909902
maximum force should coincide with the location of the maximum
deformation; however, because of the viscoelastic nature of the
rope, its maximum deformation, will be delayed andwill take place
at s ¼ s4, that is, at point T4, where the velocity of deadweight is
equal to zero. At s ¼ s5, indicated as point T5, jolt (derivative of de-
acceleration) will reach its positive extreme value. At T6, where
s¼ s6, force acting on the rope again becomes equal to theweight of
deadweight. Finally, at point T7, where force acting on the rope
becomes equal to zero, the weight will start its free fly in the
upward (vertical) direction.

Considering two characteristic times, s4 and s7, one may derive
equations for maximum deformation, smax ¼ sðs4Þ, elastic
component, sel ¼ sðs4Þ � sðs7Þ, and visco-plastic component,
svp ¼ sðs7Þ, of rope deformation. Similarly we can calculate stored
energy, Wstor, dissipated energy Wdis, and retrieved energy, Wret, of
the rope deformation process. Using the measured force and
utilizing the Eqs. (1) and (2) one can readily calculate all above
mentioned physical quantities that determine climber safety and
durability of the rope. In addition we may want to know the stiff-
ness of the rope, kini(F ¼ mg), and maximum change of (de-)
acceleration, jmax, commonly called as jolt. The governing equations
for these physical quantities are (for further details and explana-
tions see Ref. [13]):

Fmax ¼ MAXfFi; ti; i ¼ 1;2;3;/;Ng (3)

smax ¼ sðs4Þ ¼ gs24
2

� 1
m

Zs4

0

IðlÞd lþ v0s4; (4)

sel ¼ sðs4Þ � sðs7Þ ¼
1
m

Zs7
s4

IðlÞd l � g
�
s27 � s24

�
2

� v0ðs7 � s4Þ (5)

svp ¼ sðs7Þ ¼ gs27
2

� 1
m

Zs7

0

IðlÞd lþ v0s7 (6)

Wstor¼
Zsmax

0

FðxÞdx¼
Zs4

0

FðlÞvsðlÞ
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dl¼
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0
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�
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m
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0
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Wret ¼
Zsmax

svp

FðxÞd x ¼ �
Zs7
s4

FðlÞvsðlÞ
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Zs7
s4

FðlÞ
�
gl� IðlÞ

m
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�
d l (9)

jmax ¼ MAX
�
1
m

d FðtÞ
d t

�
; and (10)

kini ¼
d FðsÞ
d s

����F¼mg
; (11)

where F(s) represents the force as a function of deformation of the
rope. The force as a function of the rope deformation allows
construction of the loading-unloading hysteresis diagram, which
vividly demonstrates the amount of energy that is dissipated by the
rope during one loading and unloading cycle. These parameters are
summarized in Table 1.
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3. Experimental setup and measuring procedure

Experimental setup is quite simple and is essentially similar to
that for standardized experiments. It consists of a force sensor with
an amplifier, data acquisition systemwith a build-in A/D converter,
and appropriate software for data storing and analysis according to
the ENA methodology. Thus, the essential part of the measuring
setup is the software DAR (Dynamic Analysis of Ropes). The input
information for DAR is a set of discrete values of measured force as
function of time, F(t), which is essentially the same information
that is measured during the standardized experiment. Thus, DAR
could be with minor adjustments directly used in all standard
experiments (see Ref. [6])! Using the set of equations, Eqs. (3)e(11),
we may then calculate all physical quantities listed in Table 1,
which are important for the evaluation of rope functionality (i.e.,
climber safety) and its durability. Detail description of the experi-
mental setup and newly developed DAR software is presented
elsewhere [14].

In this study we have used DAR measuring system for analyzing
the effect of moisture on functionality and durability of dynamic
climbing ropes. We have tested four “dry” and four “wet” speci-
mens prepared from the same commercial rope. Tested rope was
single rope made out of polyamide fibers. Diameter of the rope was
9.7 mm, and weight per meter was 63 g. Core of the rope consisted
of nine 3-ply yarns.

First, all ropes were cut to the same length and both ends were
sawn, as shown in Fig. 2a, to obtain two sets of 8 samples with
length l0 ¼ 3.5 � 0.04 m. The procedure of length measurements is
shown on Fig. 2b.

Before measuring its length each sample was placed onto the
flat surface and loaded with the weight m ¼ 916g, as shown in
Fig. 2b to keep it in a straight position. The set of “dry” ropes were
then kept at room condition, whereas the “wet” samples were
immersed in water at 26 � 2BC for 96 h. Each rope was then
exposed to 10 consecutive impact loadings (drops of deadweight)
with the time interval of 5min between each drop. Timing between
two consecutive drops was kept very accurate, i.e., within few
seconds. The length of tested ropes was measured and recorded at
the beginning and at the end of each drop. During the experiment
rope was connected to the force sensor with one end and to the
deadweight with the other in such way that both ends of the rope
were practically on the same level, i.e., h ¼ l0 � Dl, where
Dl ¼ 5.5 cm corresponds to the length of release element. The
release element is placed between the upper fixture of the rope and
the deadweight, and is used to set the mass free to fall. In all
experiments the mass of the deadweight was m ¼ 43.85 � 0.02 kg.
The deadweight was dropped from the height, h, and the force was
recorded as a function of time, F(t).
Fig. 2. Preparation of ends of tested ropes (a
Force as function of time was measured with the force sensor
type Z6FC3, manufactured by HBM company with the range
0e10 kN. The sensitivity of the sensor was 2 mV/V with sensitivity
tolerance of �0.05%. We have used 12 bit A/D conversion with
40 kHz sampling rate. Measurements and evaluations were per-
formed with self-developed software written in LabView.

Following this experimental procedure for each tested “dry” and
“wet” rope we have obtained 10 sets of experimental data F(t), i.e.,
one for each consecutive impact loading. Two examples of the
measured force for a “dry” and a “wet” rope are shown in Fig. 3;
Fig. 3a shows measured force as function of time during the first,
and Fig. 3b during the tenth impact loading, respectively. On the
same figure are also shown locations of the characteristic points
from T1 through T7.

We clearly see that “dry” and “wet” ropes behave significantly
different. Also, we may observe that properties of both, “dry” and
“wet”, ropes significantly change after ten consecutive impact
loadings. These effects become even more vivid when we investi-
gate characteristic physical quantities responsible for climber
safety and ropes durability that are listed in Table 1.

4. Results and discussion

From each measured force signal, F(t), we can immediately
calculate, using Eq. (1), the corresponding deformation of the rope
as function of time, s(t). For the measured force signals shown in
Fig. 3 the results of these computations are shown in Fig. 4.

For the “dry” rope are also indicated characteristic points T0, T4,
and T7. We may notice again large difference between the defor-
mation process of “dry” and “wet” ropes, as well as the effect of
repeated impact loadings.

The two sets of data, F(t), and s(t), may be isochronously
combined to obtain F(s), which represents the relation between the
force acting on the rope (and climber) and deformation of the rope
during the complete loading and unloading cycle. The obtained set
of data may be shown as a “hysteresis diagram”. In Fig. 5 are shown
such diagrams for the “dry” and “wet” rope during the first, Fig. 5a,
and the tenth, Fig. 5b, loading cycle. The results shown correspond
to the data displayed in Figs. 3 and 4.

The hysteresis diagrams vividly show the maximum force, Fmax,
andmaximum deformation, smax, of the rope, as well as the amount
of energy that is retrieved, Wret, dissipated, Wdis, and stored,
Wstor ¼ Wdis þ Wret, by the rope in this process. In Fig. 5a we show
these quantities for the “dry” rope, along with the characteristic
points from T1 through T7. The difference between the “dry” and the
“wet” rope, as well as the effect of the number of loading cycles is
obvious and significant! In general we may say that “wet” ropes
create larger maximum force that acts on a climber, dissipate less
), and measurement of their length (b).



Fig. 3. An example of measured force as function of time for a “dry” and a “wet” rope during the first (a), and tenth (b) impact loading.
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energy, and generate larger retrieved energy that propels climbers
in the opposite vertical direction. Such rebounds may be extremely
dangerous for the climber. As expected, properties of both, “dry”
and “wet”, ropes are significantly changing with the number of
loading cycles.

Using Eq. (2) one may also analyze the process how the rope
absorbs part of climber’s kinetic energy during the complete cycle
of impact loading. Neglecting the air resistance, the sum of the
deformational energy of rope, W(s), and potential, Wpot(s), and
kinetic, Wkin(s), energy of climber should be constant at all times,
W(s) þ Wpot(s) þ Wkin(s) ¼ const. For a “dry” and a “wet” rope
during the first and the tenth loading cycle the evolution of
deformational energy of the rope is shown in Fig. 6. Results
correspond to data in Figs. 3e5.

From Fig. 6 we may observe that stored energy of “wet” ropes is
larger than of the “dry” ropes. This might come as a surprise at the
first glance, because both ropes absorb exactly the same kinetic
energy of deadweight, Wkin, which is determined with the initial
velocity of the falling weight at time t ¼ 0, from which the dead-
weight was dropped. The observed difference results from the fact
that deformation of “wet” ropes is larger then that of “dry” ropes.
Since the stored energy is equal to Wstor ¼ Wkin þ m$g$smax, it
becomes obvious that stored energy of “wet” ropes must be larger
than that of “dry” ropes.
Fig. 4. An example of the calculated deformation of the “dry” and “wet” rope as function
measured forces shown in Fig. 3).
Energy storing process is completed at point T4 where defor-
mation of the rope reaches its extreme value. At this point climber
(deadweight) starts to travel in opposite upwards direction. The
part of the deformation energy stored as elastic potential energy,
Wret, is then retrieved between the points T4 and T7. The remaining
part of the stored energy,Wstor, is dissipated by the rope during the
loading and unloading cycle, Wdis ¼ Wstor � Wret. The retrieved
energy at point T7 starts to propel the climber in opposite upwards
direction. Thus,Wret may not be considered as a desirable property
of climbing ropes. We may clearly see that “wet” ropes dissipate
much smaller amount of energy andmostly store the kinetic energy
of a climber in a form of elastic potential energy, which is
completely retrieved upon unloading the rope. The dissipated part
of the energy is partially converted into heat and partially into
structural changes of the rope on macroscopic as well as on
molecular level. The ratio between the two could be used as
a criterion for evaluating the importance of the material time-
dependent properties, from which the individual fibers are made,
versus the macroscopic structure of the rope. We will address this
question in one of our upcoming papers. It is important to note that
after ten loading cycles the dissipated energy, Wdis, of the “dry”
rope did not change much, whereas the “wet” rope substantially
lost its capability to dissipate impact energy. Since dissipation of
impact energy is one of the most desirable properties of climbing
of time during the first (a), and tenth (b) impact loading (results correspond to the



Fig. 5. Hysteresis diagram for the “dry” and “wet” rope during the first (a), and tenth (b) impact loading (results correspond to data on Figs. 3 and 4).
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ropes we may conclude that moisture strongly deteriorates the
functionality of climbing ropes!

Another very important parameter that determines the quality
of climbing ropes is a derivative of climber acceleration or de-
acceleration, commonly called as jolt, jðtÞ ¼ d €sðtÞ=d t. From the
experience in human space explorations and from car crash
experiments it is known that for human beings the change of
acceleration or de-acceleration, i.e., magnitude of jolt, is more
dangerous than the magnitude of acceleration (inertial force) to
which a body is exposed.

The Russian Space Agency has defined that maximum jolt for
non-professional cosmonauts (space tourists) should not exceed
j ¼ 120 g/s, (see Ref. [15])! In Fig. 7 we show comparison of the
time-evolution of jolt for “dry” and “wet” ropes during the first and
the tenth impact loading. We clearly see that “dry” ropes reach the
critical value of j ¼ 120 g/s only after ten consecutive drops.
Whereas, for the “wet” ropes this critical value is superseded for
more than 30 g/s, which could be fatal for the climber. This is
particularly important for non-experienced beginners that are
learning climbing techniques and are inclined to fall more often.

Hence, we again see significant difference between the “dry”
and the “wet” ropes and tremendous effect of the number of
loading cycles. Therefore we will systematically analyze the effect
of the number of loading cycles on each of the nine physical
Fig. 6. Transformation of climber’s kinetic energy into rope’s potential-(retrieved) and diss
loading.
parameters that are important for climber safety, and are listed in
Table 1.

4.1. The effect of the number of loading cycles

All presented results are average values of measurements per-
formed on four “dry” ropes and four “wet” ropes. On all figures are
indicated standard deviations which show in all cases good
repeatability of experimental results. As expected, standard devi-
ations for experiments on “wet” ropes are slightly larger than those
for experiments on “dry” ropes. Nevertheless, the repeatability of
measurements is still very good.

4.1.1. Maximum force, Fmax

The first important quantity is the maximum force Fmax that is
acting upon the climber during the loading cycle. This quantity is
measured directly and is also prescribed by the standard EN
892:2004 (see Ref. [6]). Fig. 8 shows comparison of Fmax as function
of number of drops for “dry” and “wet” ropes.

From the shown results we may observe that “dry” and “wet”
ropes behave significantly different. The difference at the first drop
is not so large, however, with the increased number of drops the
maximum force for “wet” ropes increases much faster than that of
“dry” ropes. In fact, already at the second impact loading the
ipated energy, for the “dry” and “wet” rope, during the first (a), and tenth (b) impact



Fig. 7. Jolt as function of time for the “dry” and “wet” rope during the first (a), and tenth (b) impact loading (results correspond to data on Figs. 3 and 4).
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maximum force of “wet” ropes exceeds the maximum force that is
reached with “dry” ropes after ten consecutive drops. Thus, one
could as well say that the life-time of “wet” ropes is ten times
shorter then that of “dry” ropes! For climbers this is definitely
information that should be considered very seriously.

4.1.2. Maximum deformation, smax

Comparison of maximum deformation, smax, of “dry” and “wet”
ropes as function of number of drops is displayed in Fig. 9. One
observes that “wet” ropes, in addition to generating larger forces
that act upon the climber, deformmuchmore than if they are “dry”.
For both groups of ropes smax slowly decreases with the increased
number of drops, which means that both groups of ropes become
stiffer from one drop to another.

With the dashed straight lines we have indicated general trends
of how smax changes with number of drops. For both groups of
ropes major change is observed during the first three drops. From
then on changing of smax with number of drops becomes steadier. It
is also interesting to note that difference in smax between the two
groups of ropes essentially does not change with number of drops,
namely, the second two straight lines are in parallel.

4.1.3. Elastic part of deformation, sel
Maximum deformation may be subdivided into the elastic part,

sel, and visco-plastic part, svp, of deformation, smax ¼ sel þ svp. Upon
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Fig. 8. Maximum force acting on “dry” and “wet” ropes (force acting on climbers) as
function of number of drops.
unloading the elastic part of deformation is instantaneous and is
responsible for the force that propels the climber in opposite
vertical direction. Comparison of the results on elastic deformation,
sel, of “dry” and “wet” ropes is presented in Fig. 10.

Again, we observe severe effect of moisture on behavior of
ropes. The elastic deformation of “wet” ropes is practically twice as
large as that of “dry” ropes. In this case the effect of number of
loading cycles on both groups of ropes is slightly different. sel of
“dry” ropes more or less linearly increases with number of loading
cycles, whereas sel of “wet” ropes changes more rapidly during first
three drops and then remains practically unchanged throughout
the remaining seven drops. All together we may conclude that
elastic deformation of “dry” and “wet” ropes is not drastically
affected by the number of repeated loading cycles. This indicates
that material properties of fibers from which ropes are made are
not drastically affected by number of loading cycles.

4.1.4. Visco-plastic part of deformation, svp
The visco-plastic part of rope deformation, svp, represents

process during which the rope dissipates the kinetic energy of
a climber. The visco-plastic deformation essentially consist of two
parts, svp ¼ sve þ spl, i.e., the viscoelastic part, sve, and the plastic
part, spl. The first time-dependent part, sve, will be retrieved after
certain (delayed) time, whereas the second part, spl, represents
permanent deformation of a rope. Thus, spl essentially represents
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Fig. 9. Maximum deformation of “dry” and “wet” ropes as function of number of
drops.
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Fig. 10. Elastic part of deformation of “dry” and “wet” ropes as function of number of
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permanent damage of a rope caused by the impact loading. Both
deformations together, svp ¼ sve þ spl, represent a process that is
responsible for absorbing and dissipating kinetic energy of a falling
climber. Comparison of visco-plastic deformation of “dry” and
“wet” ropes as function of number of drops is shown in Fig. 11. As
expected “dry” ropes exhibit larger visco-plastic deformation than
the corresponding “wet” ones. This difference is increasing with
number of loading cycles. Thus, “wet” ropes are more sensitive on
repeated impact loadings. For both groups of ropesmain changes of
svp happen during the first three to four drops. From then on svp
remains for both ropes practically independent of number of drops,
as this is shown with two parallel horizontal dashed lines.

4.1.5. Stored energy, Wstor

The sum of the kinetic, Wkin(s), and the potential,
Wpot(s), energy of the falling mass (climber), and the defor-
mation energy of the rope, W(s), should be constant at all times
(neglecting the dissipation due to the air resistance),
W(s) þ Wpot(s) þ Wkin(s) ¼ const. At point T4 where the deforma-
tion of a rope reaches its maximum climber starts to move in
opposite vertical direction. At this point his velocity is equal to zero
and the sum of kinetic and potential energy is converted into rope’s
deformation energy which we also call “stored” energy,Wstor. Since
deformation of “wet” ropes is larger then that of “dry” ropes the
stored energy, Wstor, of “wet” ropes will be larger. This is clearly
demonstrated in Fig. 12, which shows Wstor of the “dry” and “wet”
ropes as function of number of drops. We may again note thatWstor
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Fig. 11. Visco-plastic deformation of “dry” and “wet” ropes as function of number of
drops.
changes with number of drops most significantly during the first
two to three drops. From then on Wstor starts to increase very
slowly. We may also observe that for “dry” and “wet” ropes
changing of Wstor with number of loading cycles follows roughly
the same path, i.e., both dashed lines in Fig. 12 are drawn in parallel.

4.1.6. Dissipated energy, Wdis

Dissipated energy, Wdis, is one of the most important and most
desirable characteristics of climbing ropes. This is the energy that is
“absorbed” by the rope during the loading cycle. There are two
major mechanisms of energy dissipation. The first is Coulomb
friction between the individual fibers, whereas the second is
dissipation of energy due to the time-dependent (visco-elasto-
plastic) behavior of polymeric material (in our case polyamide)
from which individual fibers are made. During rope deformation
both mechanisms happen simultaneously. For designing the ulti-
mate climbing rope it would be important to understand both
mechanisms in more detail. The proposed ENA testing method-
ology allows studying these phenomena more closely and might be
used as an approach for further improvement of climbing ropes.
Comparison of “dry” and “wet” ropes as function of number of
drops is shown in Fig. 13.

From Fig. 13, we may clearly observe huge difference between
the “dry” and “wet” ropes. While Wdis of “dry” ropes does not
change much with number of loading cycles, the “wet” ropes after
four drops literary lose potential of dissipating kinetic energy of
a falling climber. Already at the fourth drop Wdis of “wet” ropes is
almost half smaller than that of the corresponding “dry” ropes.
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Fig. 13. Dissipated energy of the “dry” and “wet” ropes as function of number of drops.
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Hence, moisture has indeed tremendous effect on performance of
climbing ropes. Thus, climbers must be especially cautious when
climbing in “wet” conditions.

4.1.7. Retrieved energy, Wret

Retrieved energy,Wret, is a part of kinetic energy that is stored as
an elastic deformation and is completely retrieved during the
unloading of the rope. Wret is responsible for bouncing climbers in
opposite vertical direction. Such vertical free flies are uncontrol-
lable and can be for climbers very dangerous.Wret is therefore non-
desirable property of climbing ropes. Comparison of Wret for “dry”
and “wet” ropes as function of number of drops is shown in Fig. 14.

We clearly see that Wret for “wet” ropes is more that two times
larger than that for “dry” ropes; this difference noticeable increases
with number of loading cycles. Thus, climbers should expect
significantly increased bouncing when they use “wet” ropes. Again,
it is interesting to observe that for both groups of ropes, “wet” and
“dry”, main changes of properties happen within first three to four
drops! Within first three drops Wret of “wet” ropes changes for
about 50% percent, and then after it remains practically constant
throughout the remaining seven loading cycles.

Since Wdis is a desirable rope characteristic and Wret is not, one
could introduce the ratio j ¼Wdis/Wret as a criterion for evaluation
of the quality of climbing ropes. High quality ropes would have
large values of j, and vice versa. To compare “wet” and “dry” ropes
according to this criterion we show j as function of number of
drops in Fig. 15. We indeed see that j very vividly shows the
difference between the two groups of ropes. For “wet” ropes we
find that j< 1, whichmeans that retrieved energy is larger then the
dissipated one, whereas we see that for “dry” ropes j > 2. We
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Fig. 15. j ¼ Wdis/Wret for “dry” and “wet” ropes as function of number of drops.
believe that it should be possible to determine a critical value of j
below which rope should be considered as unsafe. Determination
of this criterion will be one of our subjects for future research.

4.1.8. Jolt, j
From the car crash accidents it has been well established that

human body may resist quite large accelerations and de-
accelerations (large forces), however, at the same time it is very
sensitive to changes of the (de-)acceleration, known as jolt, defined
in Refs. [16,17].

The Russian Space Agency has defined that maximum jolt for
non-professional cosmonauts should not exceed j ¼ 12 g/s, see
Ref. [15]. This value could be low for professional well trained
cosmonauts who are expected to survive at j¼ 300 g/s. However, at
present there are no unique tolerance limits for fall arrest (de-)
acceleration.

Fig. 16 shows how jolt is changing with number of drops. We
may see that “dry” ropes reach the critical value of jmax ¼ 120 g/s
only after 10 consecutive drops.

On the other hand “wet” ropes reach the critical value of
jmax ¼ 120 g/s already during the second drop. For climbers,
particularly beginners, this is a very alarming finding, which
requires further systematic analysis of this problem.

4.1.9. Stiffness, kini(F ¼ mg)
Stiffness kini was calculated at kini, i.e., kini(F ¼ mg). Comparison

of “wet” and “dry” ropes stiffness as function of number of drops is
shown in Fig. 17. As one would expect “dry” ropes are almost twice
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Fig. 17. Stiffness of the “dry” and “wet” rope at the beginning of each impact loading at
F ¼ mg as function of number of drops.
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as stiff as “wet” ropes. For both ropes we again observe that main
changes of the stiffness happen during the first three loading cycles,
and from then on it remains practically unchanged.

5. Conclusions

Experimental analysis of “dry” and “wet” ropes exposed to the
impact loading showed that moisture has a significant effect on the
functionality and durability of ropes. In brief, “wet” ropes create
larger maximum force, dissipate less energy, and generate larger
retrieved energy that propels climbers in the opposite vertical
direction. Major changes are, as a rule, observed during first three
to four loading cycles.

More particular findings may be summarized as follows:

(i) With the increased number of loading cycles the maximum
force for “wet” ropes increases much faster than that of “dry”
ropes. Already at the second loading the maximum force of
“wet” ropes exceeds the maximum force that is reached with
“dry” ropes after ten drops.

(ii) “Wet” ropes deform much more than “dry” ones. For both
ropes smax slowly decreases with the increased number of
loading cycless, which means that both ropes become stiffer
from one loading cycle to another.

(iii) The elastic deformation of “wet” ropes, sel, is practically twice
as large as that of “dry” ropes. The elastic deformation for both
ropes is not drastically affected by the number of loading
cycless.

(iv) “Dry” ropes exhibit larger visco-plastic deformation than the
corresponding “wet” ones. svp of “wet” ropes drastically
changes within first three drops and then remainsmore or less
unchanged, and quite small. Similar is true for the “dry” ropes,
however, change of svp with number of loading cycles is much
smaller.

(v) Wstor is much larger for the “wet” ropes. Changing of Wstor
with number of loading cycles is most significant during the
first two to three drops.

(vi) Wdis of “dry” ropes does not change much with the number of
loading cycles,whereas the “wet” ropes after fourdrops literary
loose their potential of dissipating energy of a falling climber.

(vii) Wret for “wet” ropes is more that two times larger than that for
“dry” ropes. These difference noticeable increases with num-
ber of drops.

(viii) Since Wdis is a desirable rope characteristic and Wret is not,
one could introduce the ratio j ¼ Wdis/Wret as a criterion for
evaluation of the quality of climbing ropes. High quality ropes
would have large values of j, and vice versa.

(ix) Examined “dry” ropes reach the critical jolt value of
jmax ¼ 120 g/s only after 10 consecutive drops, whereas “wet”
ropes reach the critical value already during the second
loading cycle.

(x) Investigated “dry” ropes are almost twice as stiff as “wet”
ropes. Main changes of stiffness happen during the first three
loading cycles.
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