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ABSTRACT
Fire Service escape rope systems are a firefighter’s last resort for a controlled exit from elevated floors of a
burning structure when conditions rapidly deteriorate. The escape rope is likely to be deployed from a room that
is at least partially involved with fire and must support a fully loaded firefighter making a hasty exit, resulting in
dynamic loading. These dynamic loads are accompanied by elevated temperatures, which will affect the strength
and stiffness of the rope. Current standards only require that escape rope systems be tested at room
temperature and under quasi-static loading in order to be certified as a personal escape rope. A pilot study will be
presented that provides the first experimental quantification of the decline in rope strength and stiffness at
elevated temperatures. These data are interpreted with a simple kinetics model for the dynamic loading of rope
for various escape scenarios, suggesting that the “factor of safety” that is assumed in current escape rope
standards is quickly eliminated by the dynamic forces during escape and temperature dependent strength
deterioration. Suggestions and guidelines for an improved certification protocol are forwarded.
I. INTRODUCTION
Emergency escapes from burning buildings require firefighters to have complete confidence in their equipment,
especially in the likely scenario when it must be deployed from a room fully involved with fire. In these scenarios,
escape efforts require the use of rope systems as life-critical components. The Fire Service has been faced with
several high profile incidents in recent years where line of duty fatalities have occurred in scenarios where escape
ropes have not been available or could not be deployed safely. One of the most high profile incidents occurred on
January 2005 in New York City where two firefighters were fatally injured and four others were critically injured [1].
Escape rope systems consist of a length of rope, usually 50 to 75 feet long, and typically a device to control the
rate of descent and a method of attaching the rope to the body and to an anchor. The only part that is required of
any system is the escape rope itself. These ropes are designed to allow the firefighter to make an emergency
egress and descend 3-4 stories to reach the ground or a floor below the fire. The total time to anchor the rope,
make a controlled descent, and possible enter a lower floor can require several minutes even for the most
seasoned firefighter. In recent years, there have been significant advances in anchoring and descent control
device design and rope materials. Anchors and descent control devices are typically made from metals that can
withstand the temperatures in an involved room. On the other hand, escape rope is made from polymeric
materials with a much lower thermal capacity; the rope still must have enough strength and stiffness to hold the
firefighter, but not be too stiff or it will cause the escaping firefighter severe injury.
When a firefighter must escape a structure fire from an elevated floor during an emergency scenario, dynamic
loading of the rope system will invariably occur. The firefighter will be facing no other escape options and rapidly
deteriorating conditions within the structure. He or she will be loaded with heavy and restrictive firefighting
equipment and may likely be fatigue from suppression or search activities and possibly burned. Anchoring the
rope in these conditions will commonly result in an excess amount of rope being paid out resulting in slack line.
The rapid exit scenario may then result in a free fall condition causing dynamic loading on the rope.
The most common benchmark for the design and performance standards for rope and rope equipment that is
used by fire and rescue services is NFPA 1983: Standard on Fire Service Life Safety Rope and System
Components [2]. The minimum breaking strength (MBS) of virgin rope (tested at room temperature) is required to
be 13.5 kN and rope material must have a minimum melting temperature of 200 C for the rope to qualify by the
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NFPA standard as “escape rope”. However, it is important to note that these standards do not attempt to quantify
the effect that realistic service temperature might have on escape rope performance if deployed from an involved
room. The reliability of escape rope systems is often directly related to its strength and stiffness, and these
systems are often deployed at temperatures that are known to degrade the properties of rope. The magnitude of
this degradation has not been completely documented.
This study presents the design of and initial results from a series of experiments to study the cause of strength or
stiffness degradation of firefighting escape ropes in service conditions to allow estimation of dynamic loads that
may be encountered when deploying the escape systems in emergency scenarios. Where possible, existing
NFPA standards were followed to provide a straightforward comparison to previous data and potentially an
avenue toward expanding the scope of current standards. This study considers only temperature effects but other
service factors (e.g. rope bending/kinking, knot tying, and abrasions) will be studied to determine the most
damaging combination of conditions for escape rope failure. For this initial study, a single brand of NFPA certified
nylon escape rope was employed.
II. MODEL OF FIREFIGHTER DYNAMIC LOADING
To model the impact forces applied to a firefighter during an
emergency escape, a simplified kinetics description of the rope
deployment and dynamic loading scenario will be employed,
Figure 1. It is assumed that the rope acts like a linear spring.
Even though the load displacement plots are not entirely
linear, the initial stiffness reported in Table 1 will be employed
as an approximation. The firefighter will be modeled as a solid
mass that does not deform and the anchor is assumed to be
completely rigid. In most situations, the anchor will deflect
slightly to help absorb a small amount of energy, though not as
much as for sport climbers who can use the friction of
carabiners and a belayer to significantly reduce the loads.
These assumptions provide a worst case scenario, but one
that is realistic.
A kinematics description of the scenario is provided below:
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Figure 1. Simplified model of dynamic
loading of rope.
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where m is the mass of the firefighter and k is the rope stiffness. The solution to this set of equations is:
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For this study, we are most interested in maximum forces generated by the rope, which occurs at the point of the
maximum deflection:
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Important to the accurate utilization of this simple model is the experimental determination of the rope stiffness, k,
for the conditions in which the escape rope system will be deployed. For the axial loading scenario of interest
here,
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where M is the “rope modulus”, Lp is the pay out length of the rope (between the anchoring point and exit from the
building), and Ls is the length of slack in the rope that may lead to a fall outside of the exit point of the same
distance. The units of rope modulus require experimental collection of load-strain data from the rope test, which
presents a particular challenge in rope testing experiments due to the extensive slippage with standard rope
fixtures and particularly when only a portion of the rope is maintained at elevated temperatures. Thus a new
experimental protocol was developed as outlined in the next section. The rope pay out length will depend on the
anchoring scenarios
There are three anchoring scenarios that we will consider with this model. The first method requires the firefighter
to anchor the rope at the window sill. From anecdotal evidence, once a firefighter has made their way to the
window, they are not likely to go back into the room to find an anchor, thus this may be the most common location
to anchor the rope. It also results in the least amount of rope being paid out (and thus less rope available to
absorb energy). The second scenario is one where an anchor is available at the bottom of the wall under the
window, such as a radiator. In this case, approximately 2 feet of rope will be paid out prior to the exit location at
the window sill. In the final scenario, the firefighter has anchored the rope to some remote location in the room
and thus can pay out between 5 and 10 feet of rope before bailing out of the window. This scenario provides the
most rope length for energy absorption, but also increases the risk of rope burn through, reduces the length
available to make a safe descent to the ground, and may require a significant amount of time to access the
window due to the large frictional forces required to pay out the rope over such long distances.
Equation (4) can also be derived using an energy balance approach using appropriate assumptions and has been
utilized to study the effect of falls during sport climbing [4,5]. Due to the incredibly stiff ropes utilized in the Fire
Service, including the direct anchoring scenarios required and the lack of a belayer (individual who plays out rope
to minimize impact forces in sport climbing) in this application, many of the assumptions that bring these models
into question for the climbing application are not as significant in this case.
III. EXPERIMENTAL PROCEDURES
For the elevated temperature testing of escape rope, a Riehle screw driven test frame (Figure 2) with a 44.5 kN
load range was employed. Rope loading fixtures
were designed and built to the NFPA 1983 standards.
A furnace was designed and fabricated such that a
uniform controlled temperature could be applied over
Grips
Furnace
a 9 inch section of rope while the test was being
conducted.
An extensometer was devised that
utilizes a linear variable displacement transducer
(LVDT) to collect deformation data in the heated
section.
For these initial experiments, a 9mm Nylon
kernmantle NFPA 1983 certified escape rope was
tested at room temperature, 100 C and 200 C . Five
repeats of each test were performed in accordance
with NFPA 1983.To set up the tests, the rope was
wrapped three times around the top fixture, and then
the extensometer was attached to the gage section.
This assembly was then passed through the rope
furnace. Next, the rope was pretensioned around the
lower fixture and then wrapped three times prior to
final attachment to a cleat to minimize rope slippage.
The rope was then cycled from 0.4 to 1.3 kN (10% of
required MBS) multiple times until the rope had
settled into the grips. The rope samples were then
loaded until failure. For elevated temperature tests,
the oven was ramped up to the maximum
temperature in about 30 minutes and was then held at
maximum temperature for approximately 30 minutes
before testing to ensure a uniform temperature in the
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Figure 2. Experimental high temperature
escape rope testing apparatus.
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gage length of the rope.
This procedure was established using multiple thermocouple temperature
measurements along the gage length of the rope. No significant elongation or drop in load was observed during
the heating or hold time.
IV. HIGH TEMPERATURE EXPERIMENTAL RESULTS AND DISCUSSION
Experimental rope strength and stiffness data is summarized in Figure 3 and Table 1. In Figure 3, a
representative curve from each of the temperatures tested is provided. As Table 1 indicates the average failure
strength of the rope decreases from over 21 kN at room temperature to just under 13 kN at 200 C. The standard
deviation of each of the repeated tests is less than 2%, demonstrating excellent repeatability of the experiments.

Figure 3. Escape rope load-strain behavior at various temperatures.
Following NFPA 1983 standard, the minimum breaking strength (MBS) was calculated as the average of the
mean failure load minus three times the standard deviation. MBS decreases from 20.0 kN at room temperature which satisfies the NFPA standard requirement - to 11.7 kN at 200 C - which is significantly below the required
value. This tested rope is significantly stronger than required (certified at 19.3 kN at room temperature) and has a
larger diameter than other available NFPA certified escape ropes. For lower rated, smaller diameter ropes that
are manufactured with similar materials, the temperature at which the strength drops below the NFPA standard is
likely to be even lower. The temperatures tested here are well below the windowsill level temperatures recorded
during Grieff’s escape rope testing [ 6] and thus may underestimate strength loss that could be encountered in an
actual structural fire. These results are somewhat encouraging in that this rope maintained some strength at the
NFPA mandated minimum melting temperature (~200 C) because nylon has a much higher melting point than
required. However, they are discouraging from the perspective that conservative estimates of service
temperature cause a nearly 40% drop in the breaking strength.
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Table 1. Failure load and stiffness data for 9 mm nylon kernmantle escape rope.
Structural Stiffness
Failure Load (kN)
(kN/m/m)
Temp ( C)
Standard
Average
MBS
Average
Deviation
20
21.4
0.5
20.0
142.5
100
17.9
0.3
17.2
118.4
200
12.9
0.4
11.7
55.7
It is apparent that as the temperature is raised from 75 to 200 C, the rope becomes significantly more compliant.
Table 1 summarizes the approximately 60% drop in initial stiffness from room temperature testing to 200 C.
This reduction in stiffness can be beneficial when the rope is subjected to dynamic loading as long as these
dynamic forces do not exceed the reduced strength of the rope.
V. DYNAMIC LOADING DISCUSSION
Reviewing the functional form of equation (4), it is apparent that even an L = 0 m distance fall – load is applied
suddenly to the rope, but no fall takes place - results in dynamic loads that are twice the static weight of the
firefighter. A firefighter bailing out of a burning building in an emergency scenario will likely experience some
amount of freefall due to the slack in the rope that must be taken up before the rope starts to carry some weight
and these dynamic loads increase dramatically.
Figure 4a displays the results from this model for various different rope lengths assuming the static firefighter
weight is 1.3 kN. It is important to note that the individual making this emergency exit will be in full firefighting
bunker gear (approximately 90-110 N) and wearing a self contained breathing apparatus (minimum 110 N) in
addition to other equipment and tools that they will be carrying. Thus, the static weight of the individual is
significantly more than just their body weight. The horizontal lines on these figures represent the MBS of the
tested rope at 20 and 200 C. As can be seen by the four dynamic loading curves, forces on the rope increase as
the fall distance increases. At the same time, the forces increase as less rope is paid out prior to the emergency
exit. As Figure 4b indicates, rope at elevated temperatures generates less force than one at room temperature
due to its reduced stiffness. From the perspective of dynamic loading, a decrease in stiffness is advantageous,
yet one can see that even for relatively small free falls that may reasonably be expected in service, the forces in
the rope may approach or exceed the MBS at these elevated temperatures.
While the strength of the rope may be sufficient to withstand 9+ kN dynamic loads, this same force will be
transmitted to the firefighter through a harness (in an ideal scenario), ladder belt, or, in a worst case scenario,
directly from the rope. Loads of this magnitude could cause severe bone and skin injuries as well as potential
internal organ trauma. Furthermore, if an anchor is not properly set into a solid material or structure, it can pull
out or fail under this level of loading.
Dynamic loading becomes increasingly important when one considers using a stiff aramid escape rope. For
instance, Technora ropes have been introduced as a high strength, low weight option that does an excellent job
retaining strength properties at elevated temperatures. Unfortunately, these systems also have a structural
stiffness that is almost an order of magnitude stiffer than similar strength nylon ropes. If a 1.3 kN firefighter takes
a 0.6 m fall on Technora rope with a 0.6 m payout(Lp = 0.6 m, Ls = 0.6 m), the dynamic load would be 37.6 kN
(compared to 15.2 kN for the tested nylon rope at room temperature). As a result of these forces, it is highly
recommended that escape ropes, and especially Technora ropes, be employed with a device that assists in
absorbing dynamic loading to minimize impact force on the rope and body.
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Figure 4. Dynamic loads on a rope for various fall lengths (L) and pay outlengths ( Lp), for a 1.3 kN
o
firefighter at room temperature and 200 C.
Finally, a longer anchor length (Lp) relative to the fall distance will significantly reduce the forces in the rope.
Though not always practical, it may be possible to anchor the escape rope further from the exit point; potentially
across the room from an escape window. If, for example, the attachment length could be increased, the
maximum force encountered by the rope for the 1.3 kN firefighter taking the same fall distance (L = 0.6 m) is
reduced from 15.2 kN (Lp = 0.6 m) to 9.4 kN (Lp = 3.0 m) at room temperature for the rope tested in this program.
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V. CONCLUSIONS
A basic study of the effect of dynamic loading was presented in conjunction with the development of a high
temperature rope testing apparatus. The experiments have allowed the first quantification of strength and
stiffness of rope systems at elevated temperatures. The relatively small increase from 20 ºC to 200 ºC results in a
nearly 40% reduction in strength and 60% reduction in stiffness. The rope tested in this initial study was nearly
50% stronger than the NFPA standard requirement at room temperature and yet when tested at 200 ºC, its
strength was below NFPA 1983 minimum.
Using a kinetics description of the fall event, the dynamic loads that may be experience due to a fall on this type
of rope were estimated. Even for relatively small free falls that may reasonably be expected in service, the forces
in the rope may exceed the minimum breaking strength of the rope. This simple model also provides some
helpful hints for deploying escape rope systems. If operationally feasible, minimize rope slack and free falls to
reduce the risk of escape rope failure. Even if the rope does not break, the large forces generated by dynamic
loading highlight the need for training in exit strategies and rope anchoring procedures to reduce injuries.
Techniques for exiting windows that significantly reduce or eliminate dynamic loads should be taught and
employed whenever possible. Dynamic forces can be significantly reduced by employing a descent device or
technique that allows friction to absorbs a significant portion of the impact from these falls. It is also possible that
an additional energy absorption device between the firefighter and the rope can be employed to reduce these
loads. The issue of high impact loads is magnified when dealing with higher stiffness escape ropes such as
Technora systems. Appropriate placement and fastening of the rope anchor is critical for surviving even small
falls without injury. Finally, while not always practical, fall loads can be significantly reduced if it is possible to
anchor a greater distance from the point of exit.
Testing rope properties at elevated temperatures is an important process that NFPA may want to consider for
future editions of NFPA 1983 standard for escape ropes. Collection of both strength and stiffness data is
recommended as it allows a more detailed analysis of the damage caused by elevated temperatures. For the
nylon rope tested here, the significant reduction in stiffness resulted in lower forces from dynamic loads, which
somewhat mitigated the effect of reduced strength at 200 C. The only way to measure changes in these rope
properties at elevated temperatures is to develop a standardized test procedure.
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