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The object of the study is the hydraulic brak-
ing system of heavy vehicles under conditions of
progressive brake fluid leakage, with particular
emphasis on its effect on braking performance
and failure behavior. The problem addressed is
the loss of braking performance due to hydrau-
lic brake failure caused by fluid leakage, which
reduces hydraulic pressure and may lead to total
brake failure.

This study presents the design and experi-
mental analysis of an independent mechani-
cal wheel-clamp-based secondary safety brake
for heavy vehicle braking systems. Experimental
evaluation was conducted using a rotational test
rig under varying load conditions. The results
show that brake failure is strongly dependent on
load. Under low load (5 Hz), total failure occurs
at approximately 70 mL leakage and 5 bars,
whereas under high load (50 Hz), failure occurs
at only 25 mL and 9.3 bar, indicating increased
sensitivity to leakage. This behavior is explained
by the loss of hydraulic fluid and the compress-
ibility of trapped air in the braking circuit, which
prevents pressure from reaching its maximum
level and reduces effective force transmission.
Under total hydraulic failure, the secondary
safety brake is capable of stopping wheel rotation
across all tested conditions; however, the stop-
ping time is longer, reaching up to 6.5 s compared
to 1.4-2.9 s for the primary brake. These results
demonstrate that the proposed system provides
a fully independent fail-safe braking mechanism
capable of maintaining braking functionality
when the primary system fails, thereby address-
ing the problem of brake performance loss under
hydraulic failure conditions. The system can be
applied in heavy vehicle braking systems as a risk
mitigation solution under failure scenarios, par-
ticularly in high-load operating conditions, with
potential for further development, experimen-
tal refinement, and real vehicle implementation,
including integration with activation strategies
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1. Introduction

The reliability of braking system is a fundamental require-
ment for ensuring vehicle safety, especially for heavy vehicles
operating under high loads, steep road gradients [1, 2], and long
travel distances; such conditions can lead to premature deteri-
oration of braking performance. Numerous cases in Indonesia
show that brake system failures occur frequently [3], particu-
larly on heavy vehicles [4, 5], and often result in multi-vehicle
collisions. Indonesia’s geographic and tropical climate con-
ditions, characterized by predominantly uphill and downhill
roads, long travel distances, and high road-surface tempera-
tures, intensify the loading on the braking system, accelerate
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component degradation, and therefore make brake failures on
heavy vehicles [6] significantly more severe in terms of safety
than those on light vehicles.

In the context of frequent brake failures in heavy vehicles,
one of the main causes is the hydraulic brake system; therefore,
the development of a secondary safety brake as a second-layer
safety brake when the primary brake fails is of great impor-
tance. A reduction in pressure within the hydraulic braking sys-
tem directly reduces the ability of the brake actuator to generate
braking force, potentially leading to partial or total loss of brak-
ing function with very limited warning to the driver. Hydraulic
brake system failure can be triggered by brake fluid leakage,
ingress of air into the system, thermal mechanisms [7, 8] such




as vapor lock [9, 10] due to high brake fluid temperatures, or
non-thermal mechanisms causing gradual pressure degrada-
tion within the hydraulic circuit. The resulting adverse effects
on brake system functionality include reduced effective brak-
ing force, unstable braking response, and increased stopping
time and distance.

Technology of a secondary safety braking system based
on a mechanically actuated wheel-clamp offers a highly
beneficial innovation for preventing accidents due to loss of
vehicle control. This innovation is particularly crucial under
conditions of primary (hydraulic) brake system failure, given
Indonesia’s operational challenges involving extreme road
topography, such as steep gradients and long travel distances.
Considering that accidents caused by brake failure in heavy
vehicles continue to occur and pose a persistent threat to
public transport safety, the development of secondary braking
systems for hydraulic failure conditions remains highly rele-
vant in modern transportation systems.

2. Literary review and statement of the problem

Previous studies have focused on the performance of the
primary braking system, particularly in terms of thermal
behavior, material degradation, and braking efficiency. The
paper [11] presents the fading behavior and wear mechanisms
of a C/C-SiC brake disc during cyclic braking, the paper [12]
analyzes the fade behavior of copper-based brake pads during
emergency braking cycles at high speed and overload, and
the paper [13] investigates the impact of initial braking tem-
perature on thermal-induced brake fade during long downhill
operation, showing that a higher initial temperature signifi-
cantly increases the risk of coefficient-of-friction reduction
and overall braking performance deterioration. These studies
show that braking performance is strongly affected by tem-
perature and material properties. However, these works mainly
focus on improving the performance of primary brake compo-
nents and do not address how braking capability can be main-
tained when the primary braking system fails.

Studies [14-16] examine brake cooling systems as a pre-
ventive approach to mitigate temperature rise. The paper [14]
develops a coupled CFD-thermal simulation to predict vehicle
brake cooling performance, showing that channel design and
airflow configuration can significantly reduce the operating
temperature of brake components. The study [15] designs
and optimizes a forced-air cooling system for commercial
vehicle brakes, resulting in a reduction of the maximum com-
ponent temperature and improved cooling performance. The
paper [16] analyzes the disc brake temperature distribution
under convective cooling during repetitive braking, showing
that the convective mode significantly affects the temperature
pattern on the disc. Such preventive cooling-based approaches
are effective in reducing thermal loading on the brake system,
but they do not directly address hydraulic braking system
failures caused by fluid leakage. One way to address this con-
dition is the use of an additional brake or a mechanical brake
that operates independently of the primary hydraulic system.

The papers [17, 18] investigate brake fluid formulation as
a key element of the braking system. The study [17] uses R&D
databases to develop a mixture-based design methodology for
brake fluid formulations, enabling the creation of formula-
tions that meet technical standards and market requirements,
while accelerating product development and reducing the
number of required experiments. The paper [18] proposes

polyethylene glycol monomethyl ethers as the main compo-
nent in brake fluid formulations, analyzing their physico-
chemical properties and feasibility in DOT-5.1-type brake
fluids, including their influence on quality indices such as
wet boiling point and performance over a wide temperature
range. Although such formulation developments improve the
thermal and chemical properties of brake fluid, early detec-
tion of micro-leakage in the hydraulic braking system remains
a challenge, largely influenced by limitations in material com-
patibility, long-term formulation stability, and performance
under various thermal and mechanical conditions.

The paper [19] explores the effects of emergency braking
without an anti-lock braking system (ABS) on vehicle dynam-
ics, demonstrating wheel lock-up on wet surfaces and provid-
ing important insight into the risk of loss of control during
emergency braking without a skid-control system. The pa-
per [20] develops an automatic emergency braking (AEB) con-
trol method oriented toward ride comfort, using a smoother
deceleration strategy without sacrificing safety. AEB-based
approaches are now widely implemented in modern vehicles,
but they generally still rely on the primary hydraulic braking
system as the actuator, so the AEB role is mainly focused on
collision prevention under normal operating conditions rath-
er than serving as a substitute for the primary hydraulic brake
in the event of total failure. The study in [21] develops a sec-
ondary braking system tested on a rig for light vehicle wheels,
demonstrating feasibility at a small scale. However, it does
not address implementation in heavy vehicles, where higher
loads and braking demands require different design consider-
ations. In contrast, the study in [22] focuses on wheel chocks
as an auxiliary safety mechanism, but it lacks a mechanical
actuator structure, making it incapable of functioning as an
active braking system. As a result, it cannot provide a dynamic
or automated response during brake failure. Therefore, these
studies leave a critical gap in the development of an actuated
secondary braking system for heavy vehicles, which remains
an important aspect in improving vehicle braking system per-
formance and safety.

Overall, the reviewed literature shows that research on the
development of an independent secondary safety braking sys-
tem based on a mechanical wheel-clamp for conditions involv-
ing primary hydraulic brake system failure is highly important,
given that primary brake failure cannot be entirely avoided.
This highlights the need for a secondary safety braking strategy
when the hydraulic braking system experiences disturbance or
failure, for example by implementing an additional brake or
a mechanical braking mechanism that does not depend on the
integrity of the primary hydraulic circuit.

There is still limited understanding of the performance
of an independent mechanical wheel-clamp-based secondary
safety brake when the primary hydraulic braking system ex-
periences disturbance or failure, particularly under high rota-
tional energy conditions relevant to heavy vehicle operation.
This limitation indicates the need for further investigation
under controlled experimental conditions representative of
heavy vehicle operation.

3. The aim and objectives of the study

The aim of the study is to identifying the performance of
an independent mechanical wheel-clamp-based secondary
safety brake when the primary hydraulic braking system
experiences disturbance or failure, particularly under high



rotational energy conditions relevant to heavy vehicle oper-
ation. This will allow a better understanding of its braking
capability and support its potential application as a safety
backup under hydraulic failure conditions.

To achieve this aim, the following objectives are defined:

- to quantify the relationship between brake fluid leakage
and hydraulic pressure under varying load conditions;

- to determine the hydraulic failure threshold and define
activation criteria for the secondary braking system;

- to experimentally evaluate the braking performance of
the secondary system under total hydraulic failure conditions;

- to compare the braking effectiveness between primary
hydraulic and secondary braking systems.

4. Materials and methods

4.1. The object and hypothesis of the study

The object of the study is the hydraulic braking system
of heavy vehicles under conditions of progressive brake fluid
leakage, with particular emphasis on its effect on braking
performance and failure behavior.

The main hypothesis of the study is that progressive brake
fluid leakage reduces hydraulic pressure in the braking circuit,
leading to a degradation of braking performance, and that an
actuated secondary safety brake can provide sufficient braking
force under hydraulic failure conditions. The study assumes
that the rotational test rig adequately represents the braking
characteristics of heavy vehicles, particularly in terms of rota-
tional energy and load conditions, and that brake fluid leakage
occurs progressively, resulting in a corresponding reduction in
hydraulic pressure. The study is conducted under controlled
laboratory conditions and does not account for
all real-world operating factors such as road sur-
face variations, environmental conditions, and
driver behavior, with the braking system evalu-
ated under predefined operating scenarios to iso-
late the effects of hydraulic failure and secondary
brake activation.

4. 2. Rotational test-rig configuration

The experiments were conducted using a ro-
tational brake test rig [23, 24] designed to evalu-
ate hydraulic brake failure and the performance
of a secondary safety brake at the subsystem
level. This test rig enables the analysis of wheel
rotational dynamics independently of vehicle
translational motion. The main components of
the test rig consist of:

1) an electric drive motor controlled;

2) a variable frequency drive (VFD);

3) a heavy-vehicle wheel;

4) a primary hydraulic braking system;

5) a mechanically independent secondary safety brake;

6) a monitoring, control, and data acquisition system;

7) a valve;

8) a measuring cup;

9) a pressure transmitter (Fig. 1).

The wheel rotational speed was controlled by an electric
motor operated below its base frequency to ensure stable
torque characteristics. The actual wheel speed was measured
using a non-contact infrared tachometer with a reflective
marker attached to the wheel surface. The primary hydraulic
braking system and the secondary safety brake act directly

on the wheel assemblies mounted on a single axle, enabling
direct observation of braking response at the axle level with-
out being influenced by vehicle-level dynamics. Similar rota-
tional [25] and inertia-based brake test rigs have been widely
employed to characterize braking behavior at the subsystem
level while eliminating the effects of full-vehicle dynamics.
Baseline braking tests were first conducted under normal
hydraulic operating conditions to establish reproducible ini-
tial rotational states and to characterize stopping time and
rotational kinetic energy dissipation. In each test, the axle
was accelerated to a target rotational speed and maintained
under steady-state conditions before braking was applied.
The stopping time, defined as the time interval between the
application of the braking force and the complete cessation
of axle rotation, was recorded. Each test condition was re-
peated multiple times to ensure the reproducibility of the
measurement results. For energy-based analysis, the rotating
system was represented using an equivalent rotational inertia
at the shaft level. The rotational inertia of a single wheel-tire
assembly was estimated as I, = 6.75kg - m2 Because two
identical wheel-tire assemblies rotate synchronously on the
test axle, the equivalent rotational inertia at the axle level is
approximated as

Toxie = 21,

Any additional inertia from the drivetrain system is
neglected in this first-order approximation. Although this
assumption affects the absolute values of the reported rota-
tional energy and braking power, it does not alter the observed
trends, stopping behavior, or the identified hydraulic failure
thresholds.

Fig. 1. Rotational brake test rig:
a — subsystem configuration for evaluating hydraulic brake failure and
secondary safety brake performance; b — leakage process mechanism

4.3. Hydraulic brake failure induced by controlled
fluid leakage

Hydraulic brake failure was generated experimentally
through controlled leakage of brake fluid using a valve installed
on the brake hose. The valve was integrated into the brake line
to enable a gradual and quantifiable reduction in brake fluid
volume. The fluid was released in fixed increments of 5 mL at
each stage. After each leakage stage, the system was deliber-
ately not subjected to a bleeding process, thereby allowing air
to remain trapped within the hydraulic brake line.

Brake line pressure was continuously monitored using
a pressure transmitter installed in the hydraulic brake hose.
At each leakage level and wheel rotational speed, the braking
response was evaluated by applying the primary brake under
steady-state axle rotational conditions. Based on the measured



pressure and the observed braking effectiveness, the system
behavior was classified into three operating conditions, in
addition to normal braking: incipient brake malfunction,
brake malfunction, and total hydraulic failure. Incipient
brake malfunction was defined as the initial onset of braking
degradation from normal operation. Brake malfunction was
identified when wheel rotation could still be decelerated but
could not be brought to a complete stop. Total hydraulic fail-
ure was defined as a condition in which the brake produced
no observable effect on axle rotation.

4. 4. Activation of the secondary safety brake

The performance evaluation of the secondary safety brake
was conducted under total hydraulic failure conditions. The
secondary brake was activated manually using an emergency
switch to ensure precise timing and test repeatability, while
isolating subsystem performance from detection and control
delays associated with automatic activation. For each test
condition, the wheel was first stabilized at the target rota-
tional speed before the secondary safety brake was engaged.
The stopping time was recorded to assess braking capability,
operational limits, and the performance consistency of the
secondary safety brake.

5. Results of the study on hydraulic brake failure
and secondary safety brake performance

5.1. Effect of brake fluid leakage on hydraulic pres-
sure under varying load conditions

Baseline tests were performed to establish stable and
consistent reference conditions, which serve as a bench-
mark for failure evaluation and emergency braking system
analysis. The main characteristics of the hydraulic braking
system in the test rig include inertial load, energy, braking
power, and stopping time. These characteristics are eval-
uated under normal operating conditions as a baseline for
analyzing brake system failures caused by brake fluid leak-

age and the use of a secondary braking system under emer-
gency conditions. The baseline rotational braking character-
istics obtained under normal hydraulic operating conditions
are summarized in Table 1.

Table 1

Baseline rotational braking characteristics under normal
hydraulic operation (axle-level values)

fo?':?r Wheel | Axle-level | Axle-level | Stopping g::li?fg
quency speed | inertia ngle energy time ¢ power
oy | @0 | G | B | 6| p PG
10 99 13.50 726 1.40 518
20 202 13.50 3,018 2.00 1,51
30 299 13.50 6,614 2.10 3,15
40 399 13.50 11,778 2.50 4,712
50 499 13.50 18,422 2.90 6,352

Note: Axle-level rotational kinetic energy and braking power are
calculated assuming two identical wheel-tire assemblies rotating
synchronously on a single axle.

Because the measured stopping response reflects the com-
bined braking action of two brake units acting on a single axle,
the reported rotational kinetic energy and average braking
power are expressed at the axle level. Under normal hydraulic
operating conditions, the rotational brake test rig exhibited
consistent braking behavior across the tested frequency range.
As shown in Table 1, rotational energy and braking power
increase with increasing motor frequency, while the stopping
time varies within the range of 1.4-2.9 s.

Hydraulic brake failure was modeled through gradual
brake fluid leakage without a bleeding process, resulting in
progressive pressure degradation under each variation of
braking load. Braking performance characteristics under fail-
ure conditions caused by brake fluid leakage are reflected in
the generated brake pressure and the capability of the hydrau-
lic braking system to sustain the load, as presented in Table 2.

Table 2

Hydraulic brake leakage test results and failure classification, showing that increasing leakage reduces brake pressure
and accelerates failure, particularly at higher load levels

Leak step | Total leak- 5Hz 10 Hz 15 Hz 20 Hz 25 Hz 30 Hz 35Hz 40 Hz 45 Hz 50 Hz
(mL) age (mL) (P/S) (P/S) (P/S) (P/S) (P/S) (P/S) (P/S) (P/S) (P/S) (P/S)
0 0 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N
5 5 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N 11/N
5 10 11/N 10.5/N 11/N 10/N 10.5/N 10.5/N 10.5/N 10.5/N 10.5/N 10.5/N
5 15 10/N 10/N 10.5/N 9.5/N 10/N 10/N 10/1 10/1 10.3/1 10.3/1
5 20 10/N 10/N 9/N 9/N 9.5/1 9.5/1 9.5/M 9.5/M 10/M 10/M
5 25 9.5/N 9.5/N 9/N 9.3/1 9/M 9/M 9/M 9/M 9/F 9.3/F
5 30 9.5/N 9.5/N 9/N 9I/M 8.5/M 8.5/M 9I/M 8.7/F - -
5 35 9/N 9.5/N 9/1 9/M 8.5/M 8.5/F 8.7/F - - -
5 40 9/N 9/N 8.7/M 8.5/M 8.3/M - - - - -
5 45 8/N 8.5/1 8.7/M 8.5/M 8/F - - - - -
5 50 8/N 8.5/M 8.5/M 8.3/M - - - - - -
5 55 7.5/1 7.5/M 8/M 8/F - - - - - -
5 60 7/M 7/M 7/F - - - - - - -
5 65 6/M 6.5/F - - - - - - - -
5 70 5/F - - - - - - - - -

Note: P — brake pressure (bar); S — brake performance status. Status codes: N — normal operation; I — indication of malfunction; M - brake
malfunction; F - total brake failure; "-" — test not conducted due to prior total brake failure.



Table 1 presents the operating conditions of the hydraulic
braking system under measured brake fluid leakage, where
braking conditions are categorized for each load variation
through changes in rotational energy controlled by an electric
motor inverter (variable frequency drive, VFD). The observed
phenomena describe the relationship between brake pressure
and braking conditions, classified as normal (N), initial indi-
cation of malfunction (I), brake malfunction (M), and total
brake failure (F). A normal condition (N) is defined when the
braking system is able to stop the wheel rotation. The initial
malfunction indication (I) is defined when the wheel rotation
can barely be stopped or when an unusually long delay occurs
before the wheel comes to a stop. Brake malfunction (M) is
defined when the wheel cannot be completely stopped but its
rotational speed can still be reduced. Meanwhile, total brake
failure (F) indicates that the brake no longer has any effect in
slowing down the wheel rotation, meaning that the braking
system has completely lost its effectiveness.

To identify brake failure due to the effect of fluid leakage
under each loading variation, the results can be presented in
graphical form as shown in Fig. 2.

Based on the graph in Fig. 2, it can be explained that start-
ing from a low load (frequency of 5Hz), total brake failure
occurs only after the total fluid leakage reaches 70 mL. Mean-
while, at a higher load, such as at a frequency of 50 Hz, a fluid
loss of only 25 mL is sufficient to cause brake failure. The
results show that total brake failure occurs at different leakage
volumes depending on the load level. At 5 Hz, failure occurs at
70 mL, whereas at 50 Hz, failure occurs at 25 mL. Therefore,
the operational duration of the braking system becomes shorter
as the braking load increases when brake fluid leakage occurs.

Furthermore, total brake failure due to fluid leakage at
low frequency, such as 5 Hz, begins to occur at a brake pres-
sure of 5 bar. This failure becomes more likely as the load in-
creases. At higher frequencies, such as 50 Hz, failure already
occurs at a brake pressure of 9.3 bar. Total brake failure occurs
at 5 bar under 5 Hz and at 9.3 bar under 50 Hz.

5. 2. Hydraulic failure threshold and secondary brake
activation conditions

As a visual representation of the experimental results, Fig. 3
presents a hydraulic failure threshold map that illustrates the
operational limits of the braking system. This map shows the
influence of rotational energy, represented by the VFD fre-
quency, as well as the volume of fluid leakage on brake failure
conditions.

The graph shows the condition of the braking system under
variations in frequency and fluid loss volume in the form of op-
erational zones. It can be observed that at low frequencies, the
safe operating region remains wide, whereas at higher frequen-
cies, the failure region expands even at relatively small fluid
loss volumes. The transition boundary between safe, malfunc-
tion, and total failure conditions becomes increasingly narrow
as the frequency increases. The transition boundary between
normal, malfunction, and failure conditions shifts toward lower
leakage volumes as the frequency increases. Conditions corre-
sponding to total hydraulic failure were used as the basis for
defining the activation threshold of the secondary safety brake
system. It should be noted that these conditions were applied
in test rig experiments, whereas in actual vehicle operation, ac-
tivation can be implemented more flexibly as needed, including
from the early indication of malfunction.

| Shorter operational duration ‘

i

.. Brake pressure

e 50 Hz; 255 9.3

30 Hz; 35; 8.5

----50 Hz
--&--45 Hz
--&--40 Hz
—+—35Hz
—e—30 Hz
—%—25Hz
—%—20 Hz
—A— 15 Hz
—8— 10 Hz
——5Hz

25 Hz; 45: 8

‘ Longer operationam

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Total leaked brake fluid volume, v (mL)

Fig. 2. Graph showing the relationship between brake pressure and leaked fluid volume

at different load levels (VFD frequencies) during rig testing



VED frequency, f (Hz)
5 10 15 20 25 30 35

40 45 50

-10 Safe braking performance zone
-15

Brake fluid loss volume, v (- mL)

Total brake failure zone

Normal operation

Early malfunction
indication

— Malfunction

Total failure

Fig. 3. Hydraulic failure map indicating the operational limits of the braking system, showing the transition
from safe operation to malfunction and failure as leakage and load increase

5. 3. Performance of the secondary safety brake un-
der total hydraulic failure conditions

The braking response following total hydraulic failure
is illustrated in Fig. 4, which compares the stopping times
achieved by the secondary safety brake with those obtained
under normal hydraulic braking across the entire tested
frequency range, thereby highlighting the performance gap
between the primary and secondary braking systems.

7 : : :
|[—=— Normal hydraulic braking \
6 —a— Secondary safety brake /
- Trendline normal hydraulic braking -
1~ - - - Trendline secondary safety brake Iy
Zs ‘ ‘ B
B | | P
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2 3 /
5 -7 .
? - ’( _ /
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Rotational frequency, f (Hz)

Fig. 4. Comparison of axle stopping times under normal
hydraulic braking and secondary safety brake activation

The comparison of wheel stopping time between normal
hydraulic braking and the secondary safety brake shows a sig-
nificant difference. The stopping time achieved by the hydrau-
lic brake (primary brake) is consistently shorter than that of
the secondary safety brake. This is indicated by the trendline
slope of normal hydraulic braking, which is less steep than
that of the secondary safety brake, as shown in Fig. 4.

The stopping time of the secondary safety brake is consis-
tently longer than that of the primary hydraulic brake across
all tested conditions. At low load conditions, both systems
exhibit relatively similar stopping times, with 1.4s for the
hydraulic brake and 1.7s for the secondary safety brake.
However, as the load increases, the difference in stopping time
follows an approximately linear trend with a relatively large

difference in gradient. At the maximum load tested, the stop-
ping time (fy,,) for the hydraulic brake is 2.9 s, whereas for
the secondary safety brake it reaches 6.5 s. Nevertheless, the
secondary safety brake is capable of stopping wheel rotation
across all tested load conditions.

5. 4. Comparison of braking effectiveness between
primary and secondary braking systems

All energy and braking power values are expressed at
the axle level, consistent with the two-brake-unit configu-
ration on a single axle and the measured stopping response.
To provide a more fundamental interpretation, the braking
behavior was analyzed based on the relationship between the
initial rotational kinetic energy and the net braking power, as
shown in Fig. 5.

3500

—&— Normal hydraulic braking
—a— Secondary safety brake s

----- Trendline normal hydraulic braking e
- - - - Trendline secondary safety brake i

3000

g 2

% 2500 7
a //

2 2000 7
L Py =7535— 606 7
2 1500 o Aty
£ i -

) - 1--

1000 S
z /// = Ppg=34.2{-98

500 A
0 .
10 20 30 40 50

Rotational frequency, f (Hz)

Fig. 5. Energy-based interpretation of secondary safety
brake performance

Fig. 5 shows that the primary hydraulic braking system
is able to increase braking power proportionally and linearly
with increasing rotational energy, producing higher values
than the secondary safety brake. Although both systems ex-
hibit relatively similar performance at low energy levels, at
higher energy levels the braking power of the secondary safety
brake increases more slowly and tends to decrease relative to
the primary system.



The results show that braking power of the primary sys-
tem increases proportionally with rotational energy, while the
secondary system exhibits a lower rate of increase at higher
energy levels. The energy-based comparison provides a basis
for evaluating the performance characteristics of both brak-
ing systems.

6. Discussion on brake failure characteristics
and secondary safety brake performance

The experimental results reveal the progressive failure
characteristics of the braking system caused by hydraulic
fluid leakage. Under low load conditions, leakage does not
immediately lead to noticeable performance degradation, as
the braking system is still capable of absorbing the rotational
energy of the wheel. Degradation becomes evident only
after a significant reduction in fluid volume, as observed in
Fig. 2 at low frequencies (e.g., 5 Hz). In contrast, under high
braking loads, the system becomes highly sensitive to leak-
age, and even small fluid losses can rapidly trigger brake
failure, as shown at higher frequencies (e.g., 50 Hz). These
findings indicate that minor damage, such as fluid leakage,
may not produce observable symptoms under light operating
conditions, but can lead to critical failure under high load
conditions (Fig. 3). This behavior is particularly hazardous
in real-world scenarios, such as downhill driving, where the
braking system operates near its maximum capacity and the
risk of failure is significantly increased.

The performance characteristics of the secondary safety
brake under total hydraulic failure conditions are further
illustrated in Fig. 4, 5. As shown in Fig. 4, the stopping time
of the secondary safety brake is consistently longer than that
of the primary hydraulic braking system across all tested ro-
tational frequencies. While both systems exhibit comparable
performance at low rotational energy levels, the difference
becomes more pronounced as the load increases, indicating
a lower braking efficiency of the secondary system under
high-energy conditions. This trend is further supported by the
energy-based analysis presented in Fig. 5, where the braking
power of the secondary safety brake increases at a lower rate
compared to the primary system. At higher rotational en-
ergy levels, the secondary system shows a tendency toward
reduced effectiveness relative to the hydraulic brake. Never-
theless, the ability of the secondary system to consistently
stop wheel rotation under all tested conditions confirms its
functional reliability as a fail-safe mechanism.

A systematic comparison with previous studies highlights
key differences in system design, activation mechanism, level
of independence, and failure-handling capability. Study [21]
developed a secondary braking system for light vehicles at the
test rig level; however, it remains limited in energy capacity
and relies on driver-induced pedal pressure for activation,
introducing uncertainty in activation thresholds. Study [26]
investigated adaptive brake control for a secondary braking
system in multi-axle vehicles. Although it improves control
performance, the secondary function remains integrated with
the primary system, introducing the risk of simultaneous
failure. In contrast, the present study proposes a secondary
safety brake that is fully independent of the primary hydraulic
circuit, both in terms of actuation and braking force gener-
ation. The system is specifically designed for heavy vehicle
conditions, considering the high rotational energy involved.
Experimental results demonstrate that the system remains

functional under total hydraulic failure conditions, even when
the primary brake is unable to generate any effective braking
force. Moreover, the system is capable of stopping wheel rota-
tion across the entire range of tested loads, although with lon-
ger stopping times compared to the primary braking system.

Therefore, the scientific problem related to the absence
of an independent fail-safe mechanism under total hydraulic
brake failure can be considered addressed at the system level.
Unlike previous approaches that retain dependency on the
primary braking system, the proposed method provides an
additional, fully independent safety layer capable of operating
under complete system failure. However, given the complex-
ity of brake malfunction phenomena, the proposed system
should be regarded as a risk mitigation strategy rather than
a replacement for the primary braking system.

Despite these findings, several limitations of the present
study should be acknowledged. The proposed framework is
based on a subsystem level evaluation using a rotational test
rig and does not directly represent translational braking per-
formance at the full vehicle level. By excluding vehicle-level
effects such as tire-road interaction and suspension dynam-
ics, the study enables controlled identification of hydraulic
failure thresholds and characterization of fail safe braking be-
havior; however, these simplifications limit direct applicabil-
ity to real world driving conditions. Furthermore, automatic
activation strategies and control logic for the secondary safety
brake were not considered and remain subjects for future
research. Overall, the findings demonstrate the feasibility of
an independent secondary safety braking system as a fail-safe
mechanism, while highlighting the need for further develop-
ment toward real vehicle implementation.

7. Conclusions

1. The relationship between brake fluid leakage and hy-
draulic pressure shows that increasing leakage leads to progres-
sive pressure degradation under all load conditions. However,
the effect becomes more critical at higher loads, where smaller
leakage volumes result in significant reductions in braking
performance. This is seen when total brake failure occurs at
a leakage volume of approximately 70 mL under low load con-
ditions (5 Hz), whereas at high load conditions (50 Hz), failure
occurs at only 25 mL. In addition, the corresponding failure
pressure increases from approximately 5 bar at 5 Hz to about
9.3 bar at 50 Hz, indicating a higher sensitivity of the braking
system to leakage under increased load conditions.

2. The hydraulic failure threshold is strongly influenced
by load conditions. Under low load (5 Hz), total brake failure
occurs at approximately 70 mL of fluid leakage and 5 bar,
whereas under high load (50 Hz), failure occurs at approxi-
mately 25 mL and 9.3 bar, indicating that higher loads signifi-
cantly reduce the system’s tolerance to leakage and define the
activation condition for the secondary safety brake.

3.The experimental evaluation of the secondary safety
brake under total hydraulic failure shows that the system is
capable of stopping wheel rotation across all tested load condi-
tions. However, the stopping time is longer compared to normal
hydraulic braking, reaching up to 6.5 s at maximum load.

4. The comparison between the primary hydraulic brake
and the secondary safety brake demonstrates that the primary
system provides higher braking performance, with shorter stop-
ping times (1.4-2.9 s) and greater braking power. In contrast,
the secondary system exhibits lower braking effectiveness at



higher energy levels, but remains functional as an independent
fail-safe mechanism under total hydraulic failure conditions.
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