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Abstract

This article presents a dynamic model of the TMM-3M heavy mechanized bridge during the frame lifting stage, which
is driven by a hydraulic system, constituting the initial phase of the bridge erection process. The model is constructed as a multi-
body dynamic system, taking into account the elastic deformation of the rear outriggers, front tires, and front suspension system.
The research model integrates a mechanical system controlled by hydraulic cylinders, with pressure being considered as a variable
reacting to external loads during the system’s operation. Lagrangian equations of the second kind are utilized to establish a system
of differential equations describing the oscillations of the system and form the basis for investigating the dynamics of the frame
lifting process. The system of differential equations is solved numerically using MATLAB simulation software based on the Runge-
Kutta algorithm. The study has revealed laws regarding the displacement and velocity of components within the system, evaluat-
ing the stability of the TMM-3M heavy mechanized bridge during operation. This research paves the way for a comprehensive
understanding of the working process of the TMM-3M heavy mechanized bridge, aiming for practical improvements to minimize
deployment or retrieval time, reduce the number of deployment team members, enhance the automation of the operation process
to reduce the workload for operators.
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1. Introduction

Heavy mechanized bridges are specialized equipment designed for both military and civi-
lian applications to facilitate the rapid deployment of temporary bridges. These bridges are used
to establish mobile routes for vehicles and people, enabling them to overcome obstacles such as
shallow gaps, rivers, or other barriers. The heavy mechanized bridges are typically deployed by
engineering units within the armed forces of various nations. In civilian settings, they are often
part of search and rescue units. The production and utilization of heavy mechanized bridges, espe-
cially since the 1960s, have been notable in countries such as the United States, India, Germany,
Russia, the Czech Republic, China, Finland, Poland, and others [1-8]. The base vehicles for these
devices can be wheeled or tracked. Scientific publications on heavy mechanized bridges remain
limited up to the present time. This limitation is partly attributed to the classified nature of military
operations in different nations and the infrequent civilian use of such equipment.

The heavy mechanized bridge TMM-3M in Fig. 1 is a representative example of heavy mecha-
nized bridges with a wheeled chassis. Manufactured by the former Soviet Union since the 1970s, it con-
tinues to be effectively utilized by several countries. Numerous improvements have been implemented
to enhance the technical capabilities and operational efficiency of this equipment. The deployment
process of the TMM-3M heavy mechanized bridge consists of four main stages in the following order:
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the frame lifting stage, the bridge span opening stage, the bridge span lowering stage, and the interme-
diate support leg lowering stage. During the frame lifting stage, the lifting cylinders operate to tran-
sition the entire bridge span from a horizontal position on the chassis to an upright standing position.
Simultaneously, in this stage, the main cable system on the equipment remains inactive.

Fig. 1. The heavy mechanized bridge TMM-3M [9]

When researching the deployment process of the heavy mechanized bridge TMM-3M during
the frame lifting stage, similarities can be observed with the operations of other machinery such as
self-dumping trucks, wheeled cranes, and wheeled excavators. Dynamics studies closely related to
the frame lifting stage in deploying bridge equipment, including the dynamics of self-dumping trucks
during unloading, the dynamics of equipment on hydraulic excavators, have attracted attention from
scientists and resulted in numerous publications. Research on the unloading process of dump trucks,
where the lifting of the body is considered as a static process to determine the maximum tipping
angle, was conducted in the study [10]. A similar study was conducted in [11], where the authors in-
vestigated the structure of the body lifting mechanism to optimize its design. In [12], the authors dis-
cussed the calculation of the lifting mechanism on dump trucks, with a focus on hydraulic cylinder
calculations for lifting and lowering the body. In the study [13], the authors established a multi-body
dynamics model of a dump truck using SIMPACK software, providing displacement, velocity, and
acceleration results for various stages, although without theoretical calculations. In [14], a nonlinear
model of the lifting and rolling process of dump trucks was established by considering the influence
of elastic deformation of tires, suspension systems, and torsional deformation of cargo boxes on the
rolling movement of the vehicle. In [15], the authors presented the oscillation of a hydraulic boom
suspended freely during rotation, highlighting the significant influence of hydraulic valve control
on the operational process. Research on anti-swing control for hydraulic boom cranes was addressed
in [16], which also discussed the impact of cylinder pressure. In a specific study [17], the author de-
veloped a hydraulic-driven mechanical system model for a wheel loader, where the pushing force of
the hydraulic cylinder varied based on external loads. However, this model does not include a front
suspension system, unlike the Kraz255B chassis on the heavy mechanized bridge TMM-3M. Some
research models treat the hydraulic cylinder as a resilient shock-absorbing spring, while others con-
sider the pushing force of the cylinder as constant [18—20].

A comprehensive study of the working process of the heavy mechanized bridge TMM-3M
in the stage of lifting the specialized working equipment assembly, comprising the lifting frame,
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bridge span, and intermediate support leg, has not been published. In this paper, the author conducts
a dynamic analysis of the heavy mechanized bridge TMM-3M during the deployment stage, speci-
fically focusing on the frame lifting process. The results of this study serve as a basis for designing
and improving the hydraulic lifting system for bridge spans, replacing the original mechanical
rear outriggers with hydraulic ones to find a solution for reducing deployment time, enhancing
the automation capability of the working process, and reducing the number of operating members.

2. Materials and methods

2. 1. System description

The process of lifting the frame during the deployment of the heavy mechanized bridge
TMM-3M is carried out with the based vehicle in a stationary condition. During the frame lifting,
the based vehicle stands on an absolutely rigid surface, and the two rear outriggers legs are lowered
to the ground to address the lateral and longitudinal slopes of the terrain. At this point, the rear axle
of the vehicle chassis does not influence the oscillation of the equipment.

During this process, the bridge span, lifting frame, and intermediate support leg are rigidly
connected to form a unified block using clamps and connecting pins, collectively referred to as the
bridge span block. The lifting cylinder activates the lifting frame to generate a pushing force, lifting
the entire bridge span block from a horizontally positioned state on the vehicle chassis to an upright
standing position, gradually straightening the two linkages. The masses are considered absolutely
rigid and placed at the center of gravity of each section, including the non-suspended front axle
mass m,, the suspended mass on the vehicle chassis m,, and the mass of the bridge span block m.

The dynamic analysis model of the heavy mechanized bridge during the frame lifting stage
is a flat model, as illustrated in Fig. 2.

X0

e

Fig. 2. Dynamic model of the heavy mechanized bridge during the frame lifting stage:
1 — front axle; 2 — chassis; 3 — rear outriggers; 4 — linkages; 5 — lifting frame; 6 — front half-span
of the bridge; 7 — rear half-span of the bridge; 8 — intermediate bridge support

Wind load effects on the frame lifting process are disregarded in this model. In this model, the only
external force is the pushing force of the hydraulic cylinder, which induces a moment causing the
bridge span block to rotate. The entire mechanical system is placed within the fixed coordinate
system Oxyo. The vehicle body performs simultaneous translational motion along the vertical axis
and tilts about an axis passing through the center of mass, perpendicular to the symmetric vertical
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plane of the chassis. The bridge span block undergoes rotational motion around the hinge joint E,
connecting the bridge span block and chassis.

Besides the remaining geometric dimensions described in Fig. 2, several other symbols are con-
ventionally defined as follows: by, & respectively represent the damping coefficient and stiffness
coefficient of the front tires; b,, k, respectively represent the damping coefficient and stiffness
coefficient of the front suspension system; b3, k3 respectively represent the damping coefficient
and stiffness coefficient of the rear outriggers; Gy, G,, Gy correspondingly represent the center of
mass positions of masses my, m,, mgin a system; J,, J; respectively represent the moments of inertia
of the body vehicle and the bridge span block; H,, H, respectively represent the initial heights of
the center of mass of masses m; and m,.

The distances are denoted as follows:

m = EGy; ny = CGy; n3 = ED; ny = EGy; ns = EC;
o = ZEGQL; Oy = ZCGQL; O3 = ZDEGS; Oy = ZCEGQ
In which G, L always has a vertical direction along the chassis.

2. 2. Motion equations
2. 2. 1. Generalized coordinates
Generalized coordinates have been assumed whose vector (Fig. 2) has the form:

¢ v ¢ v, (1)

where g(m) — vertical displacement of the unsprung mass of the front axle; y(m) — vertical dis-
placement of the center of mass of the chassis; ¢(rad) — pitch angle of the chassis; y(rad) — angular
displacement of the bridge span block.

2. 2. 2. The kinetic energy of the system

The kinetic energy of the system includes the kinetic energy of the unsprung mass of the
front axle, the kinetic energy of the suspended mass on the chassis, the kinetic energy of the bridge
span block, and is determined by the expression:

1 Y 1 .2 1 Ly 1 L
T=§m1q +§m2y +§J2(p +§]S\|I +

+1m‘ {n12¢2 +y2+nl(o+ 1}1)2 +2mny cos (Y + o3 — 0t ) (¢ + ) @ _,_}. o

27" +2ny cos(Q+ 0 ) oy + 2ns cos (@ +y + 03 ) (G + )y

2. 2. 3. The potential energy of the system

The potential energy of the system includes gravitational potential energy and elastic poten-
tial energy.

There is the expression defining the total potential energy of the system as:

y+ Hy+mnsin(@+o0y)+
m1g(q+H1)+m2g(y+Hz)+msg[ . (o+ou) J
M= +ngsin(Q+y+ o) 3)
1 1 1
tok(y=a-10) +5ha* + 5k (y+eo)
2. 2. 4. The total dissipative energy of the system
The total dissipative energy of the system is determined by the following expression:
NI BTN BT
‘1)=§bz(y—5]—f(P) +§b161 +§b3(y+e(p) . )
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2. 2. 5. Generalized forces

The visual work done by external forces acting on the system is: the pushing force (F,) of the
hydraulic cylinder at any given moment causing the rotation of the bridge span block by an angle .
The potential displacement work at that moment can be expressed as:

8A = F,réy. ®)

In which r is the distance from E to the line of action of the force vector Fn, and is deter-
mined by the expression:

nanssin (@ + oty )

r= .
\/n12 + 192 + ng? — 2myny cos(0ty — 0y ) + 2myms cos (Y — 04y ) — 2namg cos (W — oty )

(©)

The pushing force of the hydraulic cylinder is caused by the pressure in the cylinder chamber.
This pressure varies according to the external load acting on the piston rod and the displace-
ment speed of the piston. To determine the pressure and pushing force of the hydraulic cylinder,
let’s consider the following simple hydraulic cylinder model (Fig. 3).

ch
A Az Fn
p7 -
F pz 1
077 OZ#

Fig. 3. Sketch model of Hydraulic cylinder
The equation for the force balance acting on the hydraulic cylinder at any given moment is:
Mmpicy = p1Ay — paAy — Fps — Fy. 7
The frictional force (F,;) is determined by the expression:
Fos = fo - %y 8)

The studies [11, 12, 21-23], have indicated the relationship between the pressure in the cylin-
der chambers and the displacement speed of the piston according to the following expressions:

E, .
D= Vort Ay (Q1 (p1)— Aiitg — Qs (Pl,pz)); )
. E, .
P2 = V()2+—Azxcy(Q2 (p2)+ Apsicy + Qs (p1, p2) = Qu (p2)). (10)

Assuming no hydraulic oil leaks and the pressure in the piston rod chamber is constant, in
that case Q3 = Q4=0. Because the displacement speed of the piston is very slow, the inertial effect
of the piston is negligible. Therefore, the assumption is made to neglect the inertial force of the pis-
ton, meaning to disregard the m,¥,. Q, is the constant oil flow rate into the cylinder. In this case,
let’s obtain the following result:

F, = piA1 = prAs _fz/'xcyr (Q8))
= m(@ _Aixcy)v (12)
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where

Xy =S8—So+x = Fey = S. (13)

S is the total length of the cylinder at any given time, S, is the initial total length of the
cylinder, x, is the initial distance between the piston and the tail of the cylinder:

S—sart i +ny® + n3? — 2myny cos (o1 — iy ) ’ (14)
+2mng cos (Y — oy ) — 2nong cos (W — oty
§o (nynssin(y —op) = mymy sin(w—oq))\if. as)

S

2. 2. 6. The system of differential equations
Apply the Lagrange’s second kind equation to formulate the system of differential equations
describing the oscillations of the system in the form:

d(T) or om o . y
7\ 3, ‘a_q,-+a_qi+a_q',-‘Qi(l‘ +4). (16)

Substituting the expressions for kinetic energy, potential energy, and dissipative functions
into equation (16), let’s obtain the system of differential equations describing the oscillations of
the system as follows:

M1ij+(b1+b2)q—b2])+b2f(b+(k1+k2)q—k2y+k2f(p+ﬂ’l1g=0, (17)

(my +my)ij +m (m cos(@+au)+mny cos((p+\|/+0c3))('|'>+
+mgny cos(Q+ Y+ o) § —mj(m sin(@+ oty ) +ngsin (@ +y + ocg))(i)2 -
—by+(by +b3) Y+ (bse — bo [ ) o — mgnysin (@ +y + 03 ) (2¢ + )y —
—koq +(ky + k3 )y + (=ko f + kse) @+ (my + my) g =0, (18)
mg (m cos(@+ oty )+ngcos(Q+y+ ocg))y+ ms(m2 +myngcos(y + a3 —oc1))\'4'1 +
+(]2 +mg (m? +ng® + 2 cos(y + ot —(x1)))¢>+(bge—b2f)y'+b2fq+
+(172f2 + bge2)('p— mgnyng sin (W + o3 — o ) (20 + V)W + ko fq + (kse — ko f )y +

+(k2f2 + k362)¢ + msg(m cos(@+ 0 )+nscos(@+y+agz))=0, (19)

mgny cos((p+\y+oc3)y+ms(n42 +nyng cos(y + oty —0c1))q')+(]s +msn42)1'|’f+
+mgnyng sin (y + ot — oy ) % + mgny cos (@ +y + 03 ) =7 ( LAy — p2ds — fukiey ), (20)
(V()1 + A1xr1/)p1 + EOAN'Ccy = 0Q1~ (21)

The Matlab software application is used to solve a system of differential equations (17)—(21)
with given initial conditions is:

[%0 vo ¢ wo m] =[0 0 0 2512 12500000],
[0 50 @ Wwo m] =[0 0 0 0 0].
The Table of input parameters to solve the system of differential equations is in Table 1.
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Table 1
Factors and value (all parameters are in SI-units)
Parameter Value Parameter Value Parameter Value

e 2.24 ki 800000 J 39252
f 5.62 ks 295000 Js 24558
ny 5.36 k3 107 E, 169x107
ny 3.83 a 0.052 Vor 0.00064
s 0.51 o 0.054 A 0.0128
ny 2.8 a3 0.3053 A, 0.007
ns 1.56 o4 0.1483 )2 3000000
by 500 m 910 fo 240000
by 24000 my 8390 X0 0.15
bs 200 my 7800 Q 1.33x107

3. Results and discussion
The simulation results are presented in the graphs in Fig. 4—7. Vertical displacement and
velocity of the non-suspended front axle mass m, are represented in Fig. 4.

0 1
0.5
-0.05 l\N\/V\\
— i =
£ M \/\ E 0 (\(\m\\/\vuv
- = vuuv
<
-0.1
-0.5
-0.15 -1
0 5 10 15 20 0 5 10 15 20
t (s) t(s)
a b

Fig. 4. Vibration of the center of mass of m;: a — vertical displacement; b — vibration velocity

Vertical displacement and velocity of the suspended mass on the vehicle chassis m;, are re-
presented in Fig. 5.
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Fig. 5. Vibration of the center of mass of m,: a — vertical displacement; b — vibration velocity
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Pitch angle and angular velocity of the chassis are represented in Fig. 6.
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Fig. 6. Vibration of the chassis: @ — pitch angle; b — angular velocity
Angular displacement and angular velocity of the bridge span block are represented in Fig. 7.
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Fig. 7. Vibration of the mass of the bridge span block m:
a — angular displacement; b — angular velocity

The graph in Fig. 4 illustrates the vertical displacement and oscillation velocity of the cen-
ter of mass m,; over time. It can be observed that the oscillation graph diminishes gradually, with
a large amplitude during the initial 2 seconds and decreasing thereafter. The oscillation velocity
approaches zero from the 5" second onward. During the stable working phase, the position of the
center of mass m; is lower than the initial position by approximately 6.2 cm.

The graph in Fig. 5 depicts the vertical displacement and oscillation velocity of the center
of mass m; over time. The graph exhibits a gradually diminishing oscillation that stabilizes around
the 7" second. At that point, the oscillation velocity approaches zero, and the position of the center
of mass m, is lower than the initial position by approximately 13.5 cm. This diminishing oscillation
is attributed to the damping system of the front suspension, which aids in damping the oscillation.

The graph in Fig. 6 illustrates the angular displacement and angular velocity of the ve-
hicle body around the axis passing through the center of mass m,. The graph shows a gradually
diminishing oscillation, with the maximum amplitude of angular displacement being approxi-
mately 1.5°. The correlation between the graphs in Fig. 4, 5 with Fig. 6 indicates that the angular
oscillation of the vehicle body also follows a diminishing oscillation pattern consistent with the
oscillation of m; and m,.

The angular displacement and angular velocity of the bridge span block are depicted in the
graph in Fig. 7. The initial value of the rotation angle y defining the position of the bridge span
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block in the coordinate system considered above is 144°. The process of lifting the frame to raise
the entire bridge span block is a process of gradually decreasing the rotation angle. At the end of the
phase, the rotation angle v is 53°. The graph of the angular velocity  in Fig. 7 shows that the an-
gular velocity increases over time but at a slow rate. The variation of \y over time is reflected in the
graph of y not being a smooth curve. The theoretical problem mentioned above is solved with one
of the input parameters being the constant flow of oil supplied to the cylinder chamber. However,
in reality, this flow is not constant due to the control of the operator. If the oil flow to the cylinder
is increased, the rotational speed of the bridge span block will also be faster.

The research focuses on the TMM-3M heavy mechanized bridge during its initial deploy-
ment phase. However, the results obtained are not sufficient to evaluate the overall process of
complete bridge erection. Nonetheless, they hold theoretical significance in terms of calculations,
serving to improve the overall performance of the TMM-3M bridge. The study reveals limitations
in that it does not account for wind loads, the effects of soil elasticity, as well as the horizontal and
vertical slopes of the ground on the lifting process. The TMM-3M bridge is military equipment
that has been in production for a long time, thus its manufacturing technology may have limita-
tions compared to current developments. Providing recommendations for operational efficiency,
minimizing deployment time, reducing the number of personnel required for deployment, and en-
hancing the automation capabilities of the TMM-3M bridge are highly necessary and achievable
through reasonable improvements in certain components and assemblies of this equipment such as
the rear outriggers, hydraulic lifting system, and cable drive mechanism. To achieve these aims, the
next areas of focus should involve studying the dynamics of the TMM-3M bridge during the open-
ing span, lowering span, and lowering intermediate supports, taking into account the influence of
wind loads and soil conditions to assess the overall deployment process of the equipment and find
the most reasonable improvement solutions.

4. Conclusions

The article has presented a dynamic model and established a system of differential equa-
tions describing the oscillations of the TMM-3M heavy mechanized bridge during the frame lifting
stage. The results indicate that the approximate completion time for the frame lifting process is
around 20 seconds, with a damping time of oscillations of about 5 seconds from the initial mo-
ment. The article has analyzed the oscillations of the system during the lifting process, which
align reasonably well with real-world working conditions. The content of the article has effectively
addressed the integration of the mechanical-hydraulic model, demonstrating the pressure changes
within the hydraulic cylinders in response to external loads. The achieved results of the article mark
the beginning of a comprehensive study of the working process of the TMM-3M heavy mechanized
bridge, potentially serving as theoretical groundwork for design calculations, improvements to the
rear outriggers of the equipment, and control problems related to driving the hydraulic cylinders to
increase the lifting speed of the bridge mass while maintaining necessary stability.
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