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Abstract. The structural reliability of locomotive frames is essential for ensuring the safety and
durability of railway operations. This study presents a full-scale experimental assessment of the
residual deflection and stiffness of the UzTE16M locomotive frame under static loading,
supported by finite element method (FEM) validation. Tests were performed on three locomotives
(Nos. 005, 010, and 019) at “O‘ztemiryo‘lmashta’mir” JSC under loads of 15, 30, and 40 tons,
with deflections measured at three control points. The load—deflection response was nearly linear
up to 30 tons, confirming elastic behavior, while at 40 tons a slight deviation appeared, with a
maximum deflection of 11.2 mm. Residual deflections of 2-6 mm remained within regulatory
limits. FEM analysis reproduced identical boundary conditions, showing a maximum von Mises
stress of 127 MPa — below the 235 MPa yield strength — and a deviation of less than 5 % from test
results. The integrated experimental-numerical approach effectively evaluates stiffness
degradation and residual deflection, offering a reliable framework for fatigue diagnostics,
condition-based maintenance, and extending the service life of modernized locomotive frames.

Keywords: UzTE16M locomotive, main frame, residual deflection, structural stiffness, static
loading test, condition-based maintenance.

1. Introduction

The structural integrity of locomotive frames plays a decisive role in ensuring the safety,
durability, and operational reliability of railway rolling stock. During long-term service,
locomotives are subjected to complex static-dynamic loads, leading to fatigue phenomena, elastic
and plastic deformations, and cyclic stresses that cause material degradation. The resulting
residual deflections and gradual reduction of structural stiffness are key indicators for assessing
the degree of structural ageing.

Between 2009 and 2013, a large-scale modernization program was implemented at
“O‘zbekiston temir yo‘llari” JSC. Within this program, Soviet-era TE10M diesel locomotives
were upgraded to the UzTE16M type. The modernization improved power supply, control
equipment, and diesel-generator units; however, the welded steel frame — the primary load-bearing
element — remained unchanged. As the frame determines both the residual service life and
operational safety of the locomotive, evaluating its current mechanical condition is an important
engineering and scientific task.

Previous research on railway vehicle structures has mainly relied on finite element method
(FEM) simulations to study fatigue and stress-strain behavior. In [1], the nonlinear bending of
locomotive frames was investigated, showing that structural stiffness is highly sensitive to load
variation and confirming the importance of static testing for fatigue prediction. In [2], FEM was
applied to metro car bodies, and the correlation between stress concentration zones and
experimental bending data was established, validating the complementarity of numerical and
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experimental methods. In [3], the approach was extended by comparing FEM-based static and
modal analyses with measured data, proving the reliability of computational validation.

Despite these contributions, most prior studies have focused on new or uniformly loaded
frames, while little attention has been given to modernized or aged locomotive structures operating
under increased loads and prolonged service life. Such structures — including the UzTE16M
locomotives — still retain welded steel frames from earlier generations, which are prone to residual
stresses, fatigue damage, and local stiffness reduction.

Over the past decade, many researchers have examined the mechanical behavior, fatigue life,
and reliability of railway vehicles using experimental testing and FEM simulations. In [4], an
engineering approach for estimating the remaining life of welded locomotive frames was
developed, proving that residual stiffness can serve as a diagnostic indicator for extending
operational service. The study [5] simulated the stress-strain state of bogie frames and identified
high-stress concentration zones that corresponded to experimental deformation points, validating
FEM as an effective predictive tool.

In [6], fault analysis of diesel locomotives identified the most critical structural and operational
failures, while [7, 8] analyzed the stress-strain behavior of industrial electric locomotive frames
(PE2M and PE2U types), confirming that welding geometry and load distribution play decisive
roles in stiffness degradation. The bending behavior of aged locomotive frames as an indicator of
structural fatigue and residual strength is demonstrated in [9]. In [10], the service life of cast bogie
parts was extended based on full-scale running tests, emphasizing the importance of experimental
verification in predicting fatigue resistance. The paper [11] introduced a passenger wagon
converted into a dynamometric test vehicle, enabling real-time measurement of loads and stresses
under actual conditions. In [12], specialized instruments for studying wheel-rail adhesion were
developed, improving traction efficiency assessment. The study [13] examined uncertain
suspension parameters affecting dynamic responses of railway vehicles, showing their influence
on vibration amplitude and stability. The study [14] combined analytical and experimental
evaluations to assess the operating life of locomotive parts under prolonged cyclic loads.

Collectively, these works demonstrate the convergence between experimental diagnostics and
FEM-based modeling in assessing fatigue life and structural integrity of railway components.
However, the specific issue of stiffness degradation and residual deflection in modernized
locomotive frames, such as the UzZTE16M, remains insufficiently explored, defining the scientific
novelty and relevance of the present research.

2. Methods
2.1. Object of research

Experimental studies were conducted under enterprise conditions to evaluate the frame
structure of the UzZTE16M locomotive under static loads. As shown in Fig. 1, the locomotive frame
was mounted on a base with four horizontal planes. The frame deflection was measured using a
calibrated indicator with an accuracy of 0.01 mm. The measuring device was installed under the
main longitudinal beam at the center of the locomotive frame, and the initial (zero) position was
marked. In this setup, measurements of the locomotive frame structure were taken from point 1 at
the center, and from points 2 and 3 located 2500 mm to the right and left of the center, respectively.

Subsequently, sequential loads of 15 t, 30 t and 40 t were applied to the central region of the
frame. At each loading stage, deflection values were recorded. The loads were then gradually
reduced (first to 10 t, then to 15 t), and the residual deflection values were also measured.

All load and deflection data were documented in a dedicated test log in real time. According
to current technical regulations, no changes are permitted in the log after testing. If an error is
detected in a record, the incorrect entry is crossed out with a single line, and the corrected value
is written above, accompanied by the signature of the responsible tester and the date.

This methodology provides a reliable means of determining the deformation resistance and
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stiffness characteristics of the frame structure. In addition to evaluating the elastic and plastic
deformation limits, it also allows the measurement of residual deflection, which serves as an
indicator of structural fatigue.

Importantly, the methodology is generalizable and can be applied to locomotives with wagon-
type bodies as well.

2500 mm 2500 mm

4

5

Fig. 1. Schematic diagram of the experimental setup for evaluating the structural stiffness of the
locomotive frame. 1 — locomotive frame; 2 — applied load; 3 — supporting base (pedestal); 4 — deflection
measurement indicator; 5 — points for measuring the static deflection of the frame under applied loading

3. Procedure for conducting the experiment and collecting data

The experimental tests were carried out at “O‘ztemiryo‘lmashta’mir” JSC, the only facility in
Central Asia specialized in locomotive overhauls and operating under “O‘zbekiston temir yo*‘llari”
JSC. This site was chosen because it is equipped with the necessary lifting, loading, and measuring
devices required for conducting frame structure tests.

The research was performed on UzTE16M mainline locomotives, as illustrated in Fig. 2.
Testing several units allowed the applied methodology to provide a more comprehensive
assessment of the technical condition and deformation characteristics of the UzZTE16M frame
structures.

Fig. 2. Test setup of UzZTE16M3 series mainline locomotive No. 019

Fig. 2 shows the UZTE16M3 No. 019 locomotive, which is of the wagon-type design, with its
frame structure positioned on four level supports. Figure 3 illustrates the testing process, where
lifting cranes were used to apply the test loads and place them onto the locomotive frame. The
deflections were measured at the center of the main longitudinal beam using a dial indicator with
an accuracy of 0.01 mm.

Fig. 3 illustrates the test loads and their placement on the locomotive frame structure. During
the experiment, the UzZTE16M locomotive frame was subjected to stepwise application of static
loads of different magnitudes. The tests were carried out in the range of 15 t, 30 t, and 40 t. These
loads were installed at the central section of the frame using a crane, and at each stage the
deflection was accurately measured with precision indicators.

In the subsequent phase of the test, the loads were gradually reduced, and the residual
deflection of the frame under unloading was monitored. All deflection values were continuously
documented in the official test log. This procedure was designed to simulate load levels close to
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real operating conditions of the locomotive and to provide an assessment of the technical state of
the frame structure.

b)
Fig. 3. Implementation of the testing process: a) test loads of different weights;
b) placement of the loads onto the locomotive frame using a crane

4. Data processing and analysis

All measurements obtained during the experimental tests were systematically documented in
a dedicated test log and subjected to preliminary statistical processing. For each loading stage, the
deflection readings taken from three points were averaged. In addition, variance and standard
deviation were determined to evaluate the reliability of the measurements. The relative error of
the results was required not to exceed £2 %. The structural stiffness (k) was calculated from the
relationship between the applied load and the corresponding deflection, expressed as follows

Eq. (1):

k ar 1

CAf (1)
where k denotes the structural stiffness (kN/mm), AP is the change in applied load (kN), Af
represents the corresponding change in deflection (mm).

Residual deformation was determined from the deflection values recorded after the complete
removal of the applied loads. This parameter reflects the combined contribution of elastic and
plastic components within the frame. Through this approach, it was possible to identify the elastic
limit, the onset of plastic deformation, and the progressive stages of fatigue development in the
frame. The processed statistical results were represented in the form of load-deflection and
load-residual deformation diagrams, allowing for the assessment of stiffness variation at each
loading stage. Consequently, the elastic region, the nonlinear (semi-plastic) region, and the stage
of plastic deformation were clearly distinguished.

5. Results and discussion

Using the methodology described above, Table 1 presents the results of static load
measurements for the UzZTE16M main frame structures of locomotives No. 005, No. 010, and
No. 019. The data reflect the measured deflections and residual deformations under different
loading stages, providing a comparative basis for assessing the stiffness characteristics of the
tested frames. These results allow for a more precise evaluation of the elastic and plastic responses
of the locomotive frames, as well as the identification of potential variations in structural behavior
among different units.

The results of static loading tests were evaluated for three UzZTE16M locomotive frames
(Nos. 005, 010, and 019). Measurements were taken at three control points under loads of 15 t,
30t, and 40 t. In all cases, deflection increased almost linearly with load. For instance, at point 1
of locomotive No. 005, the deflection was 3.2 mm at 15 t, 6.3 mm at 30 t, and 11.2 mm at 40 t.
Similar results were observed for locomotives No. 010 and No. 019, confirming elastic behavior
consistent with Hooke’s law.
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Table 1. Experimental results on the deflection and structural stiffness
of UzZTE16M locomotive frames under various loading conditions

Locomotive No Measufement Deflection, Deflection, Deflection,
) point mmat 15t mm at 30 t mm at 40 t
1 3.2 6.3 11.2
005 2 2.36 4.67 8.16
3 2.35 4.69 8.17
1 3.1 6.1 11.0
010 2 2.29 4.51 8.11
3 2.30 4.49 8.10
1 34 6.4 114
019 2 2.53 4.71 8.22
3 2.57 4.74 8.21
. 1 33 6.3 11.2
Average deflection of
e %ame £ (o) 2 2.39 4.63 8.16
’ 3 2.4 4.63 8.16
. . 1 4.54 4.76 3.57
Averagffaﬁiifﬂfzfn‘l’f mam 2 6.27 6.47 4.90
’ 3 6.25 6.47 4.90

A comparative analysis showed that locomotives No. 005 and No. 010 had nearly identical
stiffness, while No. 019 displayed slightly higher deflections (up to 11.4 mm at 40 t), indicating
reduced stiffness and a potential tendency toward higher deformation during service. The mean
deflections across all control points were 2.9 mm at 15 t, 4.6 mm at 30 t, and 8.2 mm at 40 t,
demonstrating a linear load-deflection relationship and sufficient strength margin.

Calculated stiffness values ranged from 6.25-6.47 t/mm, indicating uniform load distribution.
However, slightly lower stiffness at the central point (6.25 t/mm) suggests a potential stress
concentration zone. Overall, the UzTEI6M frames demonstrated adequate stiffness for
operational use, although the higher deflection of frame No. 019 indicates the need for structural
monitoring or reinforcement.

Comparison with the Rules for the Plant Repair of TE10M and TE3 Diesel Locomotives
showed that the maximum measured deflection of 11.2 mm under 40 t remained within the 15 mm
regulatory limit. Although a minor stiffness decrease was recorded, total deformation did not
exceed the permissible range. Residual deflections of 2-6 mm also met tolerance standards for
flatness and perpendicularity, implying that reinforcement would be required only under higher
loading conditions.

The experimental findings confirm that the UzTE16M frame maintains structural stability
under static loading. The load-deflection curve remained nearly linear up to 30 t (elastic stage),
with a slight deviation at 40 t, where stiffness decreased to 3.57 t/mm. Residual deformations of
2-6 mm indicates limited plastic strain, yet within the allowable limits specified for TE10M and
UZzTE16M frames.

The maximum deflection of 11.2 mm was well below the regulatory limit, validating the
frame’s compliance with operating standards. Nevertheless, the gradual stiffness reduction,
particularly in frame No. 019, suggests potential fatigue accumulation at welded joints during
long-term cyclic loading.

Overall, the results confirm the satisfactory performance of the UzZTE16M frame under static
conditions while emphasizing the need for periodic monitoring. Integrating experimental
measurements with FEM-based simulations enables more accurate assessment of fatigue
progression and long-term durability. To complement the experiments, a finite element (FEM)
stress-strain analysis of the UZTE16M frame was performed under identical boundary and loading
conditions. The simulation reproduced static loads of 15 t, 30 t, and 40 t applied at the central
section, with supports corresponding to the actual test setup, ensuring reliable correlation between
experimental and numerical data.
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The distribution of equivalent (von Mises) stresses in the UzZTE16M locomotive frame is
shown in Fig. 4. The FEM analysis revealed a maximum equivalent stress of approximately
127 MPa, which is well below the yield strength limit of 235 MPa, confirming that the structure
operates entirely within the elastic range. The highest stress concentrations were observed in the
central cross-beam and at the junctions of longitudinal and transverse members, corresponding
closely to the regions of maximum experimental deflection and the lowest stiffness.

von Mises (N/mm?*2 (MPa))
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» Mpegen rexyiecrn: 235

Fig. 4. Side-elevation von Mises stress distribution of the UzZTE16M locomotive
frame under a 40-ton static load (MPa)

The correlation between experimental deflection data and FEM-predicted stress-strain fields
demonstrated strong agreement, with numerical deflection values differing by less than 5 % from
the measured results (61° = 3.1 mm, §3° = 6.1 mm, §*° = 10.9 mm). This close correspondence
validates both the experimental methodology and the computational model.

Overall, the combined experimental and FEM results confirm that the UzZTEI6M frame
maintains adequate stiffness and strength under static loading. The FEM visualization also
identifies localized stress concentration zones that may become critical under cyclic or fatigue
loading, providing essential guidance for long-term monitoring and reinforcement planning.

6. Conclusions

The experimental investigation of the UzZTEI6M locomotive frame under static loading
confirmed that its deflection behavior remained elastic and within the permissible 15 mm limit
specified in repair standards. Residual deflections of 2-6 mm indicated no critical permanent
deformation, while stiffness values ranged from 6.25-6.47 t/mm at the sides to 4.54-4.76 t/mm at
the center, decreasing to 3.57 t/mm at higher loads, revealing localized stress concentration. Frame
No. 019 showed slightly greater deflections, suggesting local weakening and the need for
monitoring or reinforcement.

Finite element (FEM) validation under identical boundary and loading conditions confirmed
the experimental results with less than 5 % deviation. The UzTE16M frame operated entirely
within the elastic range, with maximum von Mises stresses of 127 MPa, well below the 235 MPa
yield limit, verifying the accuracy of both experimental and numerical approaches.

The novelty of this research lies in the integration of full-scale experimental testing with FEM
modeling to assess stiffness and residual deflection in a modernized locomotive frame. This
combined approach provides a comprehensive basis for diagnosing real structural behavior,
identifying critical stress zones, and supporting condition-based maintenance strategies.

The proposed methodology offers a reliable framework for evaluating the residual service life
and defining repair criteria. Future research should expand the approach to include dynamic and
fatigue loading, implement digital twin technologies for real-time structural monitoring, and apply
probabilistic models to improve the accuracy of service life predictions.
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