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Abstract. It is known that the current train mass standards for railway sections often do not allow
locomotives to fully utilize their tractive power. This limits the throughput and Carrying capacity
of the railway sections. This article examines the issues of increasing the carrying capacity of
freight trains by optimizing train mass standards, using the “Angren-Pop” railway section, which
has the most complex profile in “Uzbekistan Railways” JSC, as an example. Updated optimal train
mass standards have been proposed for freight trains operating on the “Angren-Pop” railway
section, and experimental tests have been carried out based on these standards, followed by their
implementation in practice. Based on traction calculations, the interstation travel times of trains
for the updated mass standards have been determined. Methods for effectively increasing the
transport capacity of the section have been recommended by implementing measures such as
increasing the train mass standards and interstation running speeds of freight trains, as well as
systematically organizing the use of electric locomotives with high tractive power.

Keywords: railway section, throughput capacity, carrying capacity, train mass standard, traction
calculations, objective function, automatic blocking system, semi-automatic blocking system.

1. Introduction

The throughput capacity of a railway section is one of the key indicators determining transport
efficiency. This indicator is crucial for maximizing the use of railway infrastructure, improving
train traffic regularity, and effectively organizing the transportation process [1]. Therefore, to
increase the throughput and carrying capacity of railway sections, it is important to organize train
operations based on mass standards corresponding to the maximum traction power of locomotives.
Train mass standards are an important parameter that determine the efficiency of locomotive
usage, as well as the throughput and carrying capacity of stations and railway sections. Especially
on complex mountainous railway sections, determining the optimal train mass standards is a
complicated process. Typically, train mass standards are established through experimental tests
using special dynamometric wagons. However, on mountainous railway sections, such methods
do not provide sufficient accuracy due to the variability of traction forces, track profile, and the
complex nature of movement resistances. Therefore, determining the optimal train mass standards
based on mathematical modeling is an important approach to increasing the throughput and
carrying capacity of railway sections. The scientific novelty of this study lies in determining the
optimal mass standards by developing a mathematical model (objective function) that maximizes
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the load-carrying capacity of a railway section. The aim of this study is to evaluate the possibilities
of improving carrying capacity by establishing optimal train mass standards under the conditions
of complex mountainous railway sections.

2. Analysis literature and methodology

There are numerous studies dedicated to increasing and planning the throughput and carrying
capacity of railway sections in accordance with the expected traffic flow. Most of the current
research worldwide focuses on studying the throughput and carrying capacity of double-track or
multi-track railway sections [2-4]. However, many countries still operate single-track railway
sections. In particular, in the United States, single-track railway sections make up 80 % of the
entire railway network [5-6]. In Northern European countries such as Sweden, Denmark, and
Norway, freight transportation is mainly carried out on single-track railway sections [7].
Additionally, the famous “Qing-Zang” railway section in China, which spans 1956 km and
connects 89 stations in the southwest of the country, is also single-track. At present, 87.8 % of the
railway sections of “Uzbekistan Railways” JSC consist of single-track lines. Researchers in our
country have also conducted a number of studies on increasing the throughput and carrying
capacity of railway sections depending on freight flow, developing station infrastructure, and
efficiently utilizing rolling stock [8-11]. However, scientific studies on developing relevant
recommendations and technical-technological solutions to increase the throughput and carrying
capacity of complex mountainous railway sections based on optimizing train mass standards have
not been sufficiently carried out.

It is known that the throughput capacity of a railway section is determined by factors such as
track development on sections, intermediate and technical stations, the power supply system,
locomotive operations, signaling, centralization and blocking devices (SCB) and communication
systems, as well as other factors.

The existing capacity determines, based on the technical equipment of the crossings and the
way trains are organized, the number of trains that can be passed through the section during the
day.

For single-track railway sections using the scheme of train passage with paired opposing
intervals, the existing throughput capacity is determined by the following formula [12-13]:

N = (144‘0 B ttex) * Uyl _ (14‘4‘0 - ttex) * Urel
extsting Tper 00+ tyor + Ty + LV + Ly + T,

, paired train, (1

where, t;, — duration of the technological window (for single-track sections — 60 minutes); Ty
— schedule period (calculated for the sections that limit the throughput capacity of the section), in
minutes; a,..; — reliability factor of technical means (For electric traction — 0,93); t°%4, teven _
train running times between sections in odd and even directions, minute; t,., tge, — train
acceleration and deceleration times, minute (t,. = tz.. = 3 minute); 74, T, — respectively, station
crossing intervals at stations b and a, minute (7, = 2, 7, = 3 minute).

The number of freight trains operating on the section is determined according to the following
formula [14]:
Nfr = WNexisting — NS};(Lgh “Esk — Nps “Eps — Npr “Epr — NJST}( : (gusk - 1) (2)

fr . .
—N;, - (esp — 1), paired train,
high fr fr . .

where, N, °", Nps, Npr, Ny, Ny, — respectively, the number of high-speed, passenger,
suburban, accelerated, and mixed trains operating on the section, train; &, €ps, Eprs Eusks> Esb —
the coefficients of displacement of freight trains from the timetable by high-speed, passenger,
suburban, express, and mixed trains operating on the section, respectively.
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The total number of freight trains operating on the section is determined by the following
formula, obtained by combining Egs. (1) and (2):

1440 — ¢ - ; .
NI = ( tex? i - Z(Nzﬁs -&hs), paired train, 3)
t)t,u + tsek + Tp + tyu + ttez + Tq

where, Nz‘;s — the number of passenger trains of type i (high-speed, passenger, suburban) operating
on the section, train; s;;s — the coefficient of displacement of freight trains from the traffic schedule
by passenger trains of type i (high-speed, passenger, suburban) operating on the section.

If the train mass standard is limited by the effective length of the station’s reception and
departure tracks, the train mass is determined using the following formula [12-13]:

Qbr = Kiinm - (lf - llac - 10): t “4)

where, [ — effective length of receiving and dispatch tracks, m; [;,. — length of the train
locomotive, m; Kj;;, ,, — load of the wagon per linear meter of railway track, t/lin.m.

The load of the wagon per linear meter of railway track is determined by the following formula
[12-13]:

+
Kignm = 21", t/lin.m, (5)
v

where, L, — length of the wagon, m.
The maximum gross weight of trains operating on the section is determined by the following
formula [14]:

Fk_(w6+ical)'P'g
(w(,)’ + ical) g

Qr = 6 ©)

where, F;, — calculated tractive force of the locomotive moving on the section, N; P — calculated
weight of the locomotive, tons; g — acceleration due to gravity, g = 9.81 m/s?; i, — calculated
gradient of the section, %o; w, — main specific resistance to motion of the locomotive in traction
mode, N/kN; wg — main specific resistance to motion of wagons in the train consist in traction
mode, N/kN.

When determining the train mass standards for trains operating on railway sections, the
primary comparative resistance to motion of the locomotive (w,) and wagons (w,,') is of significant
importance. Resistance forces depend on the moving train and the type of track, the curvature of
the track profile, travel speed, the load mass, air temperature, wind, and many other factors. This
study considers the resistance forces that constantly act on the moving train during motion,
referred to as the basic running resistance. The effects of non-permanent factors (such as wind, air
temperature, and the operation of undercarriage generators) are not taken into account, since the
experimental tests were conducted outdoors in warm weather at temperatures of 25-30 °C.
However, when it is necessary to consider the effects of non-permanent factors, they can be easily
determined based on [14].

The primary comparative resistance to motion of the locomotive (w,) is determined by the
following formula [14]:

wl = 1.9+ 0.01 - v + 0.0003 - v2, N/kN, 7)

where, v — calculated speed of the locomotive, km/h.
The traction force of a train locomotive depends on the curvature radius. The calculated
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traction force of electric locomotives is directly proportional to the adhesion coefficient and varies
on curves with a radius of up to 500 meters as follows [14]:

. 250 + 1.55- R N ®)
k=% 500+11-R’ "

where, R — curve radius.
Carrying capacity refers to the transport capability of railways, which depends on the weight
of freight trains and the throughput capacity of the sections. The carrying capacity of a railway

line on a section, depending on the daily number of freight trains and their average gross weight,
is determined by the following formula [12-13]:

365 - NJ - Q" - by

cal =
Ko

-107°, min.t./year, )

where, Qi — average gross weight of a freight train, tons; K, — coefficient of unevenness of

monthly shipments (accepted between 1.05 and 1.15); @y, — coefficient of wagon fleet utilization.
The coefficient (¢), is accepted on railways for heavy cargo (ore, coal, metal) as an average of
0.73-0.76 [12].

When the effective length of the station’s receiving and departure tracks is minimal (850 m),
the locomotive’s full power cannot be utilized. Therefore, the unused power can be directed to
increasing train speed on sections with gentle gradients and to increasing train mass limits on
sections with steep gradients. The carrying capacity of a railway section, depending on the train’s
gross mass and operating speed, can be determined as follows:

Gcal = f(Qbr: vx)- (10)

When determining a train’s operating speed on a section depending on its gross mass, it is
necessary to perform traction calculations or analytical computations for different mass standards:

Uy = f(Qpr)- (11

A train’s operating speed and its gross mass are inversely proportional. Therefore, when
increasing the carrying capacity of a railway section, it is important to optimally select both of
these factors:

Gcal
Qbr .

Uy ™

(12)

To achieve maximum carrying capacity, the product of the train’s operating speed and its gross
mass must be maximized:

Uy * Qpr & max, Gp;s = max. (13)

The main task is to select the optimal mass standard and operating speed for freight trains to
ensure the maximum carrying capacity of the section in its current condition. Possible solutions
to this task are carried out based on the modeled formulas and traction calculations presented
above.

3. Materials and methods

The object of the study is the single-track “Angren-Pop” railway section, 120.2 km long,
belonging to the Kokand Regional Railway Department branch of the Joint Stock Company

'VIBROENGINEERING PROCEDIA. DECEMBER 2025, VOLUME 60 74 1



ENHANCING THE CARRYING CAPACITY OF COMPLEX MOUNTAIN RAILWAY SECTIONS THROUGH THE OPTIMIZATION OF TRAIN MASS STANDARDS.
UTKIR KHUSENOV, MA’SUD MASHARIPOV, RAMAZON BOZOROV, DAVLATION UMIRZAKOV

“Uzbek Railways”, Due to the complex profile of this section, the most powerful 2UZ-ELR
electric locomotives are primarily used. On this section, the mass standards for freight trains are
set at 2.400 tons for the even direction and 2.200 tons for the odd direction. Information about the
stations located on this section, the travel time of freight trains, the lengths of the track segments,
and the maximum gradients is shown in Fig. 1.

“Angren-Pop” railway section

52,1 km \‘ —~ 68.1km
(=
£ :
% z g
= = =
3 = g Z
15 & & Z 5
Tunnel Q‘!
15,9 km 20,4 km 23,7 km 132km | 133km | 15,7km 18,0 km
%00 Oloo 1%0 25 26 26. 199
Angren-Pop 26, 53 ke 21,9 e o 26. Sa ke 273 0;9 %o| 273 00;1 %o | 26, 5% 25%o 20,55 %o
Running |75 27 30 30 27 20 23 25
ume, min. f; odd 26 31 30 23 24 20 23
J ] > > > J J >
0 km 15,9 km 36,3 km 60,0km  732km 86,5 km 1022km 1202 km

Fig. 1. Key data of the “Angren-Pop” railway section for traction calculations

Based on the information presented in Fig. 1, this section has a design gradient of

(2™ = 26.1 %o in the even direction and a gradient of i2%! = 27.8 %o in the odd direction.
Information about the wagons forming the trains operating on the studied railway section is

presented in Table 1.

Table 1. Data on the wagons comprising the train

Share of the train Average gross .
L " Conditional length
Wagon type Direction composition by wagon mass per axle of .
o of a single wagon, t
types, % the wagon, t

4-axle open-top Even 21.1 20.5 14.41
wagon Odd 28 20.5 14.41
4-axle tank N Even 343 19 12.02
-axle fank wago 0dd 30 19 12.02
4-axle covered Even 24.5 21.25 14.73
wagons Odd 30 21.25 14.73
4-axle flat wagons Even 2.2 14 13.3
& 0dd 2 14 133
4-axle other types Even 17.9 15 14.62
of wagons (fitting) Odd 10 15 14.62

The radius of small curved sections on the calculated and steepest gradients of the
“Angren-Pop” railway section averages 400 meters. This reduces the calculated tractive effort of
two 2UZ-ELR locomotives to 860.715 N.

The main comparative resistance to motion of freight wagons, depending on the wagon types
shown in Table 1, was determined according to the methodology presented in study [15], while
the maximum gross mass of trains operating on the section was determined based on Eq. (6),
taking into account the conditions provided in references [14].

The tractive type of 2UZ-ELR electric locomotives shows that they are capable of hauling train
compositions with a gross mass of up to 2950 tons in the even direction and up to 2750 tons in the
odd direction. This indicates that, under the current mass standards, the locomotive operates with
reserve tractive effort. Since this section has a complex profile, increasing the operating speed is
practically impossible. Therefore, traction calculations were carried out for trains of various
masses in order to select the optimal mass standard.
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Traction calculations were carried out using the KORTES software suite, developed by the
All-Russian Scientific Research Institute of Railway Transport (VNIIZhT). The results obtained
from the traction calculations are presented in Table 2.

Table 2. Results of the performed traction calculations

. “Angren-Pop” railway section .
Gross weight Even direction Odd direction Averagfvgnnll(ng Epeed

Qpro't ve, km/h | S47P km/h-t | v, km/h | SPA km/h-t w™), kn/
2200 47.0 103400 52.8 116160 49.9
2300 47.0 108100 52 119600 49.5
2400 46.6 111840 50.6 121440 48.6
2500 46.4 116000 48.6 121000 47.6
2600 46.1 119860 46.5 120900 46.3
2700 454 122580 44.9 121230 45.2
2750 44.9 123475 41.3 113575 43.1
2800 44.4 124320
2900 433 125570
2950 41.6 122720 - -

Based on the results of the traction calculations presented in Table 2 and the condition for
achieving maximum carrying capacity (Eq. (13)), it is proposed to set the optimal gross mass of
freight trains at 2900 tons for the even direction and 2700 tons for the odd direction. Based on the
proposed mass standards, experimental tests of train operations on the “Angren-Pop” railway
section were successfully conducted. The test freight train with a mass of 2900 tons, hauled by the
2UZ-ELR electric locomotive No. 0404 and dynamometric wagon No. 72006 from Angren
station, is shown in Table 3.

Table 3. Test freight train with a mass of 2900 tons, formed at Angren station and consisting of a 2UZ-
ELR electric locomotive. Photo by Utkir Khusenov, 30 September 2025,
at Angren Station, “Uzbekistan Railways” JSC

” |

— Tae Hort

— Taingessance 1 15001 31%

TainResistance 2 20001 31%

— Tan Resistance 325008 31%:

w w1
Vi)

2UZ-ELR

Parameters Parameters 2UZ-ELR
Design speed (km/h) 120 Year of manufacture Years 20202021
Maximum test speed (km/h) 132 Type of electric locomotive Freight (two-section)
Operating voltage range (kV) | 17.5-31 kW Weight (t) 288
Axle load (t) 23+0.5 Body length (mm) 42340
Starting tractive effort (kN) / tf | 980 (99960) Body width (mm) 3100
Electric braking force (kN) 741kN Body height (mm) 4100
Service life 40 Power (kW) 14400

Based on the proposed mass standards for the “Angren-Pop” railway section and the
experimental test conducted with a 2UZ-ELR electric locomotive, the results of determining the
running time between sections are presented in Table 4.

Based on the results of determining running times between sections from the experimental test
(Table 4), the “Kul-Orzu” section is the limiting segment of the “Angren-Pop” railway section’s
current capacity. This is because trains spend the most time traversing this section.
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For the current and proposed mass standards, the capacity of the “Angren-Pop” railway section
is almost the same in terms of the cycle time of the limiting sections. Therefore, under the proposed
mass standards, the number of freight trains in the current train schedule does not change. That is,
the maximum capacity of the “Angren-Pop” railway section consists of 6 pairs of passenger trains,
1 pair of mixed trains, and 10 pairs of freight trains.

Table 4. Results of determining running times between sections based on the experimental test

Current mass standard, t Proposed mass standard, t
2200 | 2400 2900 | 2700
Railway Rurmmg time, Graph Technical Runnmg time, Graph Technical
sections . period, min. | speed, km/h r]tlérslt period, min. | speed, km/h
In the graph .
experiment
teven | podd T vy teven | podd T vy
A-K 27 26 64 36.0 29 21 62 45.4
K-O 30 31 72 40.2 29 33 73 37.1
O-Ch 30 30 71 47.4 26 25 62 56.9
Ch-K 27 23 61 31.9 20 24 55 33
K-T 20 24 55 36.6 18 19 48 42
T-K 23 20 54 44.0 16 18 45 52.3
K-P 25 23 59 45.1 21 21 53 514
A-P 30 31 72 vaver =40.2 29 33 73 vaver =454

According to Eq. (9), the “Angren-Pop” railway section has an annual capacity of 12.8 million
tons under the current mass standard and G, = 15.5 million tons under the proposed mass
standard. That is, the proposed mass standard allows increasing the current freight train capacity
of the studied section by 21.1 %.

On the studied section, trains mainly consist of 4-axle wagons. The average tare weight of the
wagons is 22 t, and the effective length of the station receiving and departure tracks is 850 meters.
The train composition under the proposed mass standard includes 33 loaded wagons (83 %) and
7 empty wagons (17 %). According to Eq. (5), the mass per linear meter of railway track from a
wagon is 5.1 tons. The reserve mass of the train composition based on the effective length of the
receiving and departure tracks is 1162 t in the even direction and 1362 t in the odd direction.

As a result of implementing the “China-Kyrgyzstan-Uzbekistan” railway project, in order to
ensure uninterrupted transportation of the expected 10-15 million tons of transit cargo passing
through our country, and taking into account local cargo flows, it is required to increase the
capacity of the “Angren-Pop” railway section to an average of 18-23 million tons per year.
Therefore, the following 2 options are proposed for gradually increasing the capacity of the
single-track “Angren-Pop” railway section:

1) Increasing the effective track length at the station to 1050 meters and gradually introducing
3UZ-ELR locomotives with higher tractive power into operation.

2) Organize train operations on a partially scheduled (packet) basis by dividing the sections
into block sections with signals and equipping the section with an automatic block system, while
introducing 3UZ-ELR locomotives with high tractive power into operation, making efficient use
of the reserve train mass based on the effective length of the receiving and departure tracks.

For a partially scheduled (packet) train operation, the existing capacity of single-track railway
sections is determined using the following formula [12]:

Noviori = 2- (14‘4‘0 - ttex) * Qreg
CHSEING T (2 = @) (E°U + tgpe + Ty + LV + Ly + T,) + (1099 + [V, (14)
paired train,

where, a,, — the packet coefficient, equal to the ratio of the number of trains running in packets to
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the total number of trains, a,, =0,7; [ odd jeven _ interval between trains within a packet in the
odd and even directions, respectively, min.

4. Result and discussion

By equipping the section with an automatic block signaling system and organizing train
movements based on a partially grouped schedule, it is possible to increase the daily freight train
capacity of the section to up to 15 pairs of trains while operating simultaneously with passenger
trains. The expected transportation capacity resulting from the implementation of the proposed
measures on the “Angren-Pop” railway section is shown in Fig. 2.

While the total energy used per train may increase slightly due to the higher mass, the energy
cost per transported ton of freight decreases, resulting in improved overall energy efficiency of
the transportation process.

—o— Effect of increasing the effective length of receiving and departure tracks to 1050 meters
on carrying capacity, million tons.

—a—Effect of equipping the section with an automatic block system and organizing train
traffic based on a partially-packet timetable on carrying capacity, million tons.

——Forecasted annual cargo volume to be transported at the initial stage, million tons.

35 Forecasted annual maximum cargo volume to be transported, million tons.

329

Option II:

Automatic block system
In a paired partial-batch
schedule
15 pairs of freight trains

239

Canying capacity, million tons/year
»
n

23.1 __— Option I:
Semi-automatic block system
2 20,3 215 In a paired, non-batch, parallel schedule
o 11 pairs of freight trains

18,1 ;/ 7 ?r 'y

15 16,6
12,8 15,5

10

Q=2300 Q=2800 t Q=4050 t Q=4050 t

L=850m L=850m L=850m Q=5050 t

L=1050 m

Fig. 2. Measures to increase the transportation capacity of the “Angren-Pop” railway section
5. Conclusions

1) A mathematically modeled objective function was developed to optimally select the train
speed and gross mass in order to ensure the maximum carrying capacity of the railway section. As
a result, the possibility of determining the maximum carrying capacity of the section was
established.

The reserve traction power of 2UZ-ELR electric locomotives, which haul freight trains
according to the current mass standards, was determined. The identified reserve traction power
was directed toward increasing the gross weight of freight trains. Based on the developed objective
function, the optimal mass standards for the section were scientifically justified 2900 tons for the
even direction and 2700 tons for the odd direction and practically verified through experimental
testing. As a result, the potential to increase the section’s maximum carrying capacity by 21.1 %
(2.7 million tons) was achieved.

2) Taking into account the effective length of the station’s existing reception and departure
tracks, it was scientifically justified that the gross weight of freight trains can be set at an average
of 4050 tons. As a result, the gradual introduction of 3UZ-ELR electric locomotives, which have
sufficient traction power to haul trains with a gross mass of 4050 tons, was scientifically justified
as a means to increase the section’s maximum transportation capacity by 38.7 % (6 million tons).

3) As a result of implementing the “China-Kyrgyzstan-Uzbekistan” railway project, the
feasibility was established to increase the effective length of the station’s existing reception and
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departure tracks to 1050 meters, set the average gross weight of freight trains at 5050 tons, and
gradually introduce locomotives with higher traction power than 3UZ-ELR electric locomotives
into the transportation process, in order to organize uninterrupted transit freight movement through
the territory of our country. As a result, it was demonstrated that the maximum transportation
capacity of the section can be increased to 23.9 million tons, which enables uninterrupted
transportation of the expected maximum freight flow.

4) It was demonstrated that equipping the “Angren-Pop” railway section with an automatic
block signaling system, organizing train movements based on a partially grouped schedule, and
efficiently utilizing the train mass reserve according to the effective length of the reception and
departure tracks allows the train mass to be increased up to 4050 tons. As a result, organizing train
operations with 2UZ-ELR and 3UZ-ELR electric locomotives enables uninterrupted
transportation of the expected maximum freight flow through the section.
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