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Abstract: The researchers of the study offer use of hose rescue equipment for evacuation of people
from lgh-rise buildings in case of fire or emergencies. Two model classes were developed (space balance model
and mass service models for evacuation description with hose rescue equipment used). These models allow

for evaluation of effectiveness of hose rescue equipment use during evacuation.
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INTRODUCTION

The current trend of increasing rates of human death
and injuries caused by fires in high-rise buildings requires
introduction of new safety tools and methods aimed at
preserving life and health of people (Gwynne et al., 1999,
Hamacher and Tjandra, 2001). Use of wvarious rescue
evacuation equipment and individual respiratory and eye
protection against fire hazards is one of the promising
ways to solve this problem (Dimakis ef al., 2010
Matveev and Ivanov, 2011).

Relevance of use of rescue equipment for evacuation
from height in case of fires at mass gathering facilities 1s
determined by the fact that 1t 15 these facilities that usually
create mass gathering of people when they follow the
main evacuation routes (Wang et al., 2008). Gathering of
people will cause significant increase in evacuation time
and consequently will lead to exposure of people to
fire hazards (Kholshcheviikov, 2015, Thompson and
Marchant, 1995). Fires inflict the biggest social and
pecuniary damage in the mass gathering buildings
(Barham, 1996, Kuligowski et al., 2005).

MATERIALS AND METHODS
Solution methods: Hose Rescue Equipment (HRE) 1s one

of the most effective means for human rescue from
high-rise buildings in case of fire, especially in the mass

gathering setting. Thus, examination of effectiveness of
rescue equipment use and substantiation of the methods
for its improvement 13 considered pending.

Tight rescue hoses have become wide-spread in
Russia. They consist of a durable and non-stretching
inner layer and an elastic outer layer. HRE operating
principle (Fig. 1) is based on the significant friction force
formed when the elastic fabric tightly enwraps the body
moving inside the hose

By spreading one’s elbows to the sides or pulling
them together, one can easily control the speed of
descent. The person who 1is not able to move
independently can be descended on the shoulders of a
physically healthy person a child can be pressed tight to
the chest of a grown-up. Rescuers can control the speed
and trajectory of descend by wringing or pulling the hose
down.
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Fig. 1: Rescue hose
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Fig. 2: Network model of evacuation system with HRE
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HRE can be located outside or inside the building
with simultaneous entrances from several levels. A hose
1s stored folded inside a contamer and 1s unfolded when
necessary. Different structures that make installation of
hoses on building facades (in window apertures on
balconmies and loggias on roofing) possible have been
developed.

Evacuation of people using HRE can be tenuously
divided mto two stages. The first stage starts with
receiving the alert and mcludes all actions of people
(getting dressed, collecting things and documents,
moving along the corridor, ete.,) all the way to escaping to
the platform before the hose. The second stage mcludes
entering the hose, moving down it, landing and escaping
to a safe zone. The evacuation results depend on such
factors as time taken to reach the platform, time taken to
enter the hose and escape from it after landing, speed of
descend, hose capacity. To assess effectiveness and
develop recommendations on the most rational use of
rescue ecuipment, we can use analytical (Matveev and
Efremov, 2013; Matveev et al, 2011) and simulation
modeling methods. Figure 2 shows the network model of
evacuation system with HRE used.

RESULTS AND DISCUSSION

Space balance model for evacuation description with
HRE used: The system specification without detailed
description of discrete processes can be evaluated using
space balance models.

Position workload evaluation: Let’s calculate the
factors of use of rescue hose entry positions and
of hose escaping positions at the evacuee flow intensity
v, =5min”"

Let’s assume that the proportion of people who could
not reach the platform before the hose, B, =
proportion of people who couldn’t escape from the hose,
B, = 0.05, hose entering time T, = 10 sec, hose escaping
time T, = 4 sec.

The model (Fig. 2) suggests that p,, = 1-p, = 0.9,
Py = 1-P, = 0.95. Based on the network balance equation,
define the input flow intensity:

}‘*1 =" ;\'1 =5
=Pk, = A, =45
)\,3 :Pza;\'z ;\.3 =4.275

Service intensities: 1, = 1/T, = 6 min™, p, = /T, =
15 min™, p, = o (let’s suggest that there are neither
time nor space limitations when escaping to a safe
place). Position occupation ratios p, = AJ/p, = 5/6,
p; = 3/10, p; = 0. The steady-state conditions p <] are
reached. The hose entry position is the most occupied
one.

Definition of queue condition: Let’s calculate the intensity
of external flow into junction point 1 that would not create
a queue in the system.

As junction point 1 is the most occupied one
and no-queue condition is p,<1, we have A, <p, therefore,

= A,<p, = 6 min~". Hence, the maximum evacuee flow to
the pre-hose position that would not create a queue
equals to 12 persons/min. Theory, Ventzel and Ovcharov
suggests the equation that defines a maximum possible
actual capacity:

Q=v, 2 &B.7 = max {Yy Yo Smp/e,i=1,... 0}

iel

Where:
v, = Maximum possible entry flow
i = Multitude of “escape™ junction points except for

the junctions points definite elements (in our
case-yured people) are removed from

g = Meets the combined equations ; _ V+EP,, , i=1
n and the meamng

%, = The share of the total external flow that starts to be
services in ith junction point

5 eeen

Estimation of the maximum possible capacity of the
human evacuation system that uses a rescue hose:
As the external entry flow 1s only in junction pomt
L% =L 7% =% =0 Combined equations for g definition will
be written as:

g =1 g =1
& =Pt = 1§, =0
€3 =Py, g,=0

Maximum actual capacity value:

¥ =6 per/min, Q = y,&, B, =5.13 perfmin
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(per/min-persons/min). To increase the system capacity,
“debottlenecking” method can be used. According to this
method, the “bottleneck™ junction point is equipped with
another unit and the “bottleneck™ is estimated at the new
conditions. This process 1s kept on until the required
capacity is reached.

Preset capacity synthesis: Let's form a system with
preset capacity of 10 persons/minute. As junction point
1 is the “bottleneck™ at preset junction point service
intensities and unit quantity m = (1, 1, 1)7, let’s add cne
unit to this junction point and thus, we have:

*

¥, = m W, /€, = 6.67 per/min, (ib =v,&,B, =5.7 per/min

The required capacity is not reached. Now, junction
point 2 has become the “bottleneck™ By adding the
second unit (second hose) to it, we have:

v =, /e, =12 per/min, Qb =v,g,B, =10.26 per/min

Thus, to provide the actual system capacity of
10 persons/min at the adopted wvalues of entry flow
mtensity, HRE entry and escape time, we should use two
rescue hoses or one hose with a higher capacity or we
should make the existing hose entry and exit more
comfortable.

Conclusion: Balance models are characterized with
simplicity but the conclusions based only on space
estimations can be incorrect as they do not take into
account the process discreteness, irregularity in element
operation. Chance mathematic models based on the Mass
Service Theory (MST) are used to estimate process
instability.

Mass service model for describing evacuation with HRE
used

Basic model parameters: In the reviewed system of
evacuation of people from high-rise buildings using HRE,
the parameters of the Mass Service System (MSS)
presented in Kendall form A/B/m/R/N/d (Kyjima, 1997,
Ethier and Kurtz, 1986; Kendall, 1951) are interpreted as:

¢ Channel or MSS unit-tight hose (or hose entry and
hose escape platforms)

¢ Claim or demand-evacuated person

* R-amount of people who have amved at the
evacuation position and can wait for the moment of
hose availability

*  N-amount of people to be evacuated

¢ d-FIFO discipline is usually characteristic of ES
(the first person to arrive is serviced)

s+ A(t)-exponent function of timing between ingress of
people to evacuation equipment

¢ The type of service time distribution function B(t) is
associated with the “capacity” of the rescue hose
and different affecting factors, m particular, hose
reliability, physical and psychological evacuee
condition, their age, gender, etc

Evacuation model with one rescue hose used: At first,
let’s review the models that describe the main evacuation
option with one rescue hose. For the study, it 1s
necessary to know the intensity of arrival of people
at the pre-HRE platform. In case of highly indefinite
characteristics, the best results are obtained through the
use of exponential distribution which is characterized only
by one parameter-average value. Hose entry time is also
incidental but here everything is determined, basically,
only by human skills.

Let’s consider the interval between arrival of people
at the pre-hose platform to be an mncidental value that has
the exponential distribution law with average T,, HRE
entry time to be an exponentially distributed incidental
value with average T,.

Let’'s proceed with the following model. A “flow of
people” with exponential intensity distribution A = 1/T,
arrives at the rescue hose. The hose-entry process also
has exponential distribution with intensity (average rate)
p = 1/T,. Such model corresponds exactly with the
analytical MSS model of M/M/1 type. In particular
with T, =10 sec, T, = 5, we have (Khinchin et al., 2013):

*  Pre-hose position loading factor p = A/u=10.5

s Average total amount of people currently staying on
the platform and in the hose, B=p/{-p)=1

*  Average amount of people standing in the
hose-entry queue, v=p*/(l-p)=0.5

+  Average time of staying in the system 8=1u/k =10 sec

*  Average hose-entry waiting time 9=v/A= 5 sec

The analysis allows for the following conclusions:
The entry factor increases fast when T, and T, close-m.
Besides, hose-entry queues and the entry waiting time
increase. The average hose-entry time T, shall be less
than the average mterval T, between “arrivals” of people
at an entry position. Otherwise, people will gather before
the hose that can result in additional problems due to the
limited platform size. At the hose-entry time T, = 5 sec, the
maximum hose carrying capacity equals to 12 people per
minute. This may be not insufficient for evacuating all
people. That’s why additional measures to increase the
carrying capacity shall be taken, for example, creation of
another “rescue channel” with the second hose or
improvement of the “method of loading™ of people mto
the hose.
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One of possible rescue procedures in case of fire or
an emergency situation suggests control of evacuee flow
from outside the building (Elms ef al., 1984, Steere, 1964).
In particular, “cutting” of the human flow from the hose
can be considered to obtain strictly uniform entry in
determined time T,. In this case, MSS model of M/D/1
type and the followmg characteristics can be used
(Viswanadham and Narahari, 1992):

+  Average amount of demands in the system
u=p-2py2(lpratp=05u=075

*  Average amount of claims for service in the queue

v=p2(1-p) atp =05V =05
*  Average time of staying in the system
B =(2-p) -T,/2(l-p);at p =05HUT, =5 sec 8 =0.5sec
*  Average time of waiting for service
B=p-T,/2(1-p); atp = 0.5 andT, = 5 sec B =5 sec

Comparison with the M/M/1 model shows that in
case of a determined “flow through the hose™, the average
number of evacuees and the average time of evacuation
decreases compared to the exponential flow by (2—p)/2
times and the average queue and the average time of
staying in the queue to the rescue hose by 2 times. Thus,
in case of a high hose loading (p-1), the human flow
control will be rather effective.

Let’s review the influence of the non-uniqueness
(variance) of hose-entry time based on the normal law of
distribution of thus incidental value with the average T,
and dispersion 0°. We have the standard case of MSS
model of M/G/1 type with the variation ratio ¢, = o/T,.
The basic characteristics are calculated based on the
equations (Khinchin et al., 2013):

¢ Average number of claims in the system
U=pt+p’x(1+c¥2(1-py,atp=05andc, =1 U=0.76
*  Average amount of claims for service mn the queue
V=p -+ )/2(1p);, at p=05and ¢, = 1¥ =0.26

*  Average time of staying in the system

O=T,+p-T,-(1+c)/2(1-p); at p=0.5 and T, = 5¢ © =7.6 sec
»  Average time of waiting for service
B=p-T, (1+c1)/2(1-p)atr =05 and T, = 5¢ = 2.6 sec

Increase of the variation ratio leads to quadratic
(increase of dispersion to linear) increase m queue
characteristics and evacuation time. For example, when
the variation ration increases from 0-2 T,, the average
amount of people in the entry queue changes from
0.25-1.25 and the time of staying in the queue from
7.5-17.5 sec.

Evacuation model with two rescue hoses used:
Effectiveness of use of an additional rescue hose can be
studied based on the MSS model of M/M/m type with the
amount of units m = 2. If T, = 10 sec, T, = 5 sec, we obtain
the following characteristics:

Entry position occupation ratio p = A/m; p =025
»  Probability of absence of evacuees on the pre-hose
platforms and of people entering the hoses

! = ! =0.581

) e Qo)
Z ki mil-p)* 21(1-p)?

Po

» Total amount of people currently staying on the
platforms and entering the hoses

T=p, { (mp)* (mp)f“(mm-mp)}

o1 (k-1 m!(1-p)*
_ (2p)°(2-p) | _
—p{Zer ¥SE J 0.484

*»  Average amount of people staying i the hose-entry
queue

Fop,.| e | PEY s
Clmiapy |7 200

s Average entry time (with waiting) 8=u/ = 4.84 sec
»  Average time of waiting for hose entry
9=v/ =032 sec

The conclusions from the obtained results are
obvious-availability of the second hose sigmficantly
reduces the queues and time of staying in them. This
measure is especially effective in case of high entry
ratios.
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Limited queue evacuation model: Let’s consider another
umportant limitation. The platform of HRE may not house
everybody interested for example, if it 1s located on a
balcony of a residential building. Mass gathering can
cause panic that can also result in negative
consequences,

The above situation corresponds to the MSS model
of M/M/1I/R type (R-storage capacity). The theory
suggests that probability of customer loss (or blocking
probability) in such model is defined by the equation:

P = Pr =P (-pY(A-p™")

Customer loss means death of people. That is why
Pon shall be close to zero. The required storage capacity
that provides for blocking probability not exceeding
the preset value T equals to R=b@/{d-pPpy/p With
P=0.00l andp=0.5 R=10.

Increase in storage capacity gives some positive
effect and the higher the position occupation ratio is the
higher the effect 1s. This effect suggests that claims
(people) will not disappear but will wait for their turn in
the storage (on the platform).

CONCLUSION

The process of human descend in a rescue hose has
also a munber of peculiarities that shall be taken mto
account when studying the ES response system. The
main of these peculiarities include:

¢+  Possible movement of people at different speeds
during descend

+  Significant variance of the speed values

¢  Limited hose capacity

The first two aspects suggest that while moving
people can keep up with each other proceeding in groups
and this can result in injuries and make hose-escape more
difficult after landing. Due to speed differences during
descend, several people may land “on each other’s
heads”. Clearly, it is much more difficult to escape from
the hose in this case. Limited HRE capacity limits the
maximum amount of people who can simultaneously stay
within it.

But for these reasons, the process of evacuee
movement in the rescue hose could be considered as a
mere time delay (during descend) that enhances the time
of staying in the system but does not affect queues and
system capacity. Understandably such approach is not
justifiable that 13 why the following “way out” is
proposed.

Let’s suggest that people, after landing, do not just
leave the rescue hose but reach some contingent position

called “hose-escape platform”. To use this position and
leave the hose to a safe place, definite time 13 needed. The
value of this time 1s an incident measure as 1t depends on
position (orlentation) people land in their movement
coordination and physical features on availability of the
platform on people arriving alone or in groups, etc.

Using MST terms, the time of servicing people on the
unit (“hose-escape platform™) 15 incident. Clearly, the
input flow defined by the rate the victims reach the hose
and the hose-entry time 1s wregular, too. As before,
nothing specific can be said about the character of laws
describing these incident values. That’s why it is most
rational to consider the flows to be Poisson’s. Within that
narrative, the study can be implemented on the models
described above. It 1s not reasonable to calculate them
again;, all the dependencies and conclusions are given
and can be used.

Finally, the main estimations and conclusions in this
article were obtained based on MST models and methods.
These methods “work™ well with the established
operation regimes of the studied system that far from
always complies with the development of the process of
human evacuation from high-rise buildings. Number of
tasks suggests analysis of transitory processes and
requires stand-alone consideration in particular through
the theory of probability and simulation modeling
(Gupta et al., 2001, Gwynne et al., 2001, 1999; Kisko and
Francis, 1985).
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