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Abstract

The paper presents a dynamic model of the TMM-3M heavy mechanized bridge during the span lowering stage. The model is
constructed as a multi-body mechanical system, taking into account the elastic deformation of the cable, rear outriggers, front tires,
and front suspension system. It is a mechanical model driven by a cable mechanism. Lagrangian equations of the second kind have
been applied to establish a system of differential equations describing the oscillations of the mechanical system and serve as the basis
for investigating the dynamics of the span-lowering process. The system of differential equations is solved using numerical methods
based on MATLAB simulation software. The study has revealed laws of the displacement, velocity, and acceleration of components
within the mechanical system, especially those related to the bridge span depending on the choice of the drive speed of the engine
during lowering by operator. The research results show that the lowering time increases from 52 seconds to 104 seconds when the
engine speed decreases from 1800 rpm to 900 rpm. The tension force on the cable is surveyed to confirm the safety conditions
during the span-lowering process. The study also provides recommendations for selecting appropriate engine speeds to minimize
span-lowering time while ensuring the safety conditions of the TMM-3M bridge during the span-lowering process. This research
is an important part of a comprehensive study on the working process of the heavy mechanized bridge TMM-3M to make practical
improvements, aiming to reduce deployment time, decrease the number of deployment crew members, and increase the automation
capability of the equipment.
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1. Introduction

The heavy mechanized bridge is commonly deployed in military forces worldwide, typical-
ly comprising tracked or wheeled chassis carrying bridging equipment. They are used to rapidly
deploy temporary bridges for vehicles and personnel to cross obstacles such as rivers, streams,
and ravines. Sometimes, they are also utilized to shorten travel distances by creating shortcuts
across water obstacles or deep trenches. The heavy mechanized bridges have been researched and
manufactured by many countries worldwide for a long time, especially in Russia and developed
European countries [1-3].

The TMM-3M bridge (Fig. 1) is a type of heavy mechanized bridge with a Kraz255B truck
chassis [4—6], where the truck body has been replaced by the bridge span. The TMM-3M bridge,
produced by the Soviet Union for a long time, has certain technological limitations compared
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to modern developments. The deployment process of the TMM-3M bridge goes through four
stages, starting from lifting the lifting frame, opening the bridge span, lowering the bridge span,
and finally lowering the intermediate support legs. The lowering of the TMM-3M bridge is carried
out after both halves of the bridge span are fully opened, meaning they are in a straightened state.
The bridge span is gradually lowered using a cable mechanism. The cable mechanism is driven by
the power source, the original IAMZ-238 engine on the Kraz255B vehicle, through a power trans-
mission system. The lowering time of the bridge span depends on the cable release speed. The cable
drum rotates fast or slow depending on the engine speed selection, determined by the transmission
ratio from the engine to the cable drum under ideal conditions, where the ratio is constant. It can be
seen that during the span-lowering process, only the engine operates to drive the cable mechanism.
The TMM-3M bridge is considered to operate reasonably when the lowering time is short while
still ensuring conditions including vehicle stability, safety conditions regarding the limit of dy-
namic cable tension, safety conditions regarding the relationship between the inertial moment and
static moment of the bridge span compared to the braking moment to ensure the bridge span can be
stopped at any time during the span lowering process.

il

Fig. 1. The heavy mechanized bridge TMM-3M [4]

Due to the specialized nature of heavy mechanized bridges, primarily used in the military,
scientific publications on heavy mechanized bridges in general, and the TMM-3 M bridge in parti-
cular, are still very limited. Broad publications on heavy mechanized bridges mainly consist of de-
scriptions of structures, rational structures, and the application of 3D software for strength calcula-
tions, without computational and theoretical research [7—12]. Publications on the TMM-3M bridge
are also very few. In [13], a 2 DOFs model of the lowering and recovery process of the TMM-3M
bridge, including the elastic deformation of the cable, was mentioned but without considering the
viscous damping coefficient as presented by the authors. However, too many assumptions lead
to errors. In [14], the authors conducted direct studies on the TMM-3M bridge but only stopped at
examining the first stage, which is the lifting stage driven by a hydraulic system, which is different
from the span lowering process where the bridge span is driven by a cable mechanism.

When studying the working process of the cable mechanism in the span lowering process
of the TMM-3M bridge, let’s find similar characteristics in terms of structure and operation me-
chanism to that of the cable crane wheel. The elastic deformation of the cable in mechanical sys-
tems and the oscillation of wheeled chassis have also been considered in many published studies.
In[15, 16], L. A. Tuan and colleagues studied an overall model of the crawler crane, where the elas-
tic deformation of the cable was considered, including both the elasticity and damping coefficient.
A similar study on the wheeled crane was conducted in [17-19], but the authors did not mention the
oscillation of the wheeled chassis in these studies. Regarding the oscillation of the wheeled chas-
sis, in studies [20—22], the authors built a model of the suspension system on trucks and trailers,
providing results of displacement, velocity, and acceleration during the vehicle movement process.
This differs from the span-lowering process of the TMM-3M bridge, as the wheeled chassis re-
mains stationary during the span-lowering process.
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The study of the dynamics of the TMM-3M bridge during the span-lowering process to
investigate and identify the optimal working mode is essential and practical, especially in combat
scenarios, where minimizing the lowering time holds significant value.

2. Materials and methods

2. 1. System description

Characteristics of the span-lowering process include the Kraz255B chassis standing still
in place. The torque from the engine is transmitted to the cable drum through a power transmission
system consisting of a clutch, gearbox, transfer case, and shafts with constant overall transmission
ratios. It is assumed that during the span-lowering process, the TMM-3M bridge stands on an ab-
solutely rigid foundation with no horizontal tilt, vertical slope, wind load, or friction in the joints.
Apart from the components considered elastic, such as the cable, front bridge, front tires, and rear
outriggers, all other components are assumed to be absolutely rigid, with their centroid positioned
at their center of gravity.

The dynamic model of the TMM-3M bridge during the span lowering stage is a flat
model described as shown in Fig. 2. The entire system is placed in the fixed coordinate sys-
tem Oxgyo. Let’s use symbols to describe the dynamic parameters of the system as follows:
my, my, m3, my, represent the masses of the front axle, chassis, lifting frame, and bridge span, respec-
tively; Gy, Gy, G, Gy, are the centroids of my, my, m3, my; Hy, H, are the initial heights of m;, m, re-
lative to the ground; J,, J3, Jp, J; are the inertial moments of the chassis, lifting frame, bridge span,
and cable drum around their respective axes of rotation; ks, ks, ky,, k. represent the stiffness of the
front tires, front suspension, rear outriggers, and cable; bﬂ, bfs, byo, b represent the damping coef-
ficients of the front tires, front suspension, rear outriggers, and cable. In addition to the dimensions
described in Fig. 2, the symbols describing the remaining geometric dimensions are represented as
follows, noting that G,L always has a longitudinal direction along the chassis:

11 =G2F; 12 =G2G3;13 =G2H; l4 =NF; 15 =FGb; l6 =FH,
Y1 = ZFGQL, Y2 = ZGgGQL; Y3 = ZHGQL, Y5 = ZNFGb, Y6 = ZHFGQ
One additional point to note about this system is that, during the actual span-lowering pro-

cess, the driver keeps the accelerator pressed to maintain a constant engine speed and disengages
the clutch to transmit motion from the engine to the cable drum.
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Fig. 2. Dynamic model of the TMM-3M bridge during the span lowering stage:
1 — front axle; 2 — chassis; 3 — rear outriggers; 4 — linkages;
5 — lifting frame; 6 — bridge span
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2. 2. Motion equations

2. 2. 1. Generalized coordinates

Generalized coordinates have been assumed, which vector (Fig. 2) has the form:

T

[a v ¢ o of, ey

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; w(rad) — angular

displacement of the span; ¢(rad) — rotational angle of the cable drum.

2.2.2. The Kinetic energy, the potential energy and the total dissipative energy of the system
The kinetic energy of the system is determined by the expression:

1

1 1 P | . .
T:5m1q'2+§mgy'2+§(]2+j3)(p2+§jbw2+§]t¢2+§m3(122(|>2+y2+2l2cos(<p+“{2)(ph)+
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The total potential energy of the system is determined by the expression:

1'[=m1g(q+H1)+m2g(y+H2)+m3g(

y+H,+ y+Hy+sin(o—vq)+
+my +
+lg sin((p+yg)

+Issin(@+w—y1—7s)
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The total dissipative energy of the system is determined by the following expression:
1 L 2 1 . 1 . 2 1 1\ 2
D= Ebfs (v-4-/¢) +§bﬂq2 +§bn, (7 +ed) +§bc(Al) . )

In expression (3), Al represents the total deformation of the cable, including static deforma-
tion Al; and dynamic deformation Al;, and is determined by the expression:

mygls COS((P +O-Y1—7Y5)
klgly sin(w+Y6)

AI=L[1+ ]—qu)"‘th)O_LOy ®)

L and L, represent the length of the HN cable at any given time and at the start of the survey, re-
spectively. There is:

L= \/162 + 142 + 21416 COS((D + ’YG),

Ly= \/162 + 142 + 21416 COS((D() + ’Y(;) (6)

The expression defining A/ in expression (4) is:

. —lilgsin(w+76)® mygls cos(@+w—y(—7vs)
L kcl(;l4 51n(0)+ ’YG)
—sin(Q+o -7y —y5)sin(0+v6)@
myglsL —cos(Q—y1—V5—Y6)®
+ -
kclgl4 SlIl2 ((,0+’Y6)

- R/ (7)
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2. 2. 3. Generalized forces

During the lowering process, the brake band on the cable drum is typically kept in a fixed,
non-adjustable state to ensure safety. To drive the cable drum, torque from the engine is transmitted
and converted into cable drum torque. This torque must exceed the difference between the brake
torque and the torque caused by the changing load on the cable drum. Let M,, denote the torque
induced by external forces acting on the cable drum. The feasible displacement work of the external
forces acting on the system is:

A = M,30. @®)

2. 2. 4. The system of differential equations

In practice, when lowering the TMM-3M bridge, the driver performs the following steps
sequentially: depress the accelerator pedal to increase the engine speed to a certain value and
maintain that speed, shift the gear lever to reverse, and finally release the clutch to transmit
torque from the engine to the cable drum. Thus, the speed of the cable drum can be considered
constant. The system has four degrees of freedom. Apply the Lagrange’s second kind equation
to formulate the system of differential equations describing the oscillations of the system in
the form [14, 17]:

% a_ql _a_qi+_+a_qi:Qi(1:1+4). (9)

d( T oT oIl o0d®
9q;

T oo rs o o T fa e s T

Letq=[g vy ¢ o];a=[¢ v ¢ o]:d=[Gd § ¢ of.

Substituting the expressions for kinetic energy, potential energy, and dissipative functions
into equation (9), let’s obtain the system of differential equations describing the oscillations of the
system as follows:

Mq+Cq+Kq+G=Q. (10)
The matrix M = [m,j], (i, j= 1,_4) in equation (10) is determined as follows:
myy = my; Myg = Moy = 0; myg = mzg = 0; myg =myy =0,
Moy = My + M3 + My; Mg = Myy = Myl COS((P +O—-Y - 75),
ma3 = mgly cos(@+7Y2)+my (11 cos(@—v1)+I5cos(@+ -7 —75)),
msy = myz;msg = Jo+ Js+msld +my (12 +12 + 2015 cos (o —v5)),
Mag = My3 = mb(ls2 + 15 cos(o)—y5)); mas = Jp+mpl?. 11
The matrix C = [c,-j], (i, j= 1,_4) in equation (10) is determined as follows:
11 = bfs + bft; C12 =0C21 = —bfs; C13 =031 = bfsf; c14 =41 =0,

20 = by + by o =—mylssin(@+ o -y —75) (20 + ©),

. lisin(@—v1)+ .
Co3 = boe — by [ —mslysin (@ +y2)+my, _ ( ) ¢,
+lssin(Q+w -y —7v5)
32 =bre = by ;033 = by [2 + bye?; c3 = —mylils sin (0 —v5) (20 + @),
a2 = 0; ca3 = mylils sin (W —y5) ; ca4 = 0. (12)
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The matrix K = [kij], (i, j= 1,_4) in equation (10) is determined as follows:
ki =k + Ry ko = koy =Ry kiz = ks = ko [ ks = kay = 05 koo = Ry + ki,
kog = k3o = =k [ + kroe; kos = kio = 05 ksg = ks [2 + kroe?; ks = kag = 0; kyy = 0. (13)
The matrixG=[g; & &3 g4]T in equation (10) is determined as follows:
g1 =mg; g = (my+mg+my)g; g4 = mygls cos(9+®—7y; —7s),
g3 = maglycos(@+7v2)+ m;,g(h cos(@—7y1)+I5cos(@+ -7y, — 75)). (14)

The matrixQ=[0 0 Q3 QA]T in equation (10) is determined as follows:

Qs =—kAl(AL) = bAI(AL) Qi =—keAl(AL) = bAI(AL) (15)
In expression (15), (Al ),(p, (Al ), o (Al )'W (Al ), (@) 21 defined as follows:

~ —myglsLsin(@+®—y;—7vs)

) (¢) kclﬁl4 sin ((.l) + ’Y(;)

(ar), = (&l

, o\ IsL —Y1—7Ys5—
(Al)wz(AZ) ‘ _ Mp8ls cos(@— Y1 —¥5—Ys)

@) kdgly sin? (®+Ys)
—Lylgsin(w+7s) mpgls cos((p+(0—Y1 -7s)
+ L 1+ kcl(jl4 sin(m+ ’Ye) ' (16)

The Matlab software application is used to solve a system of differential equations (10) with
given initial conditions is:

90 o @ wo]T=[610 Yo Po 1-5]Ty
[0 90 @ @] =[0 0 0 0.

The table of input parameters to solve (10) is in Table 1.

Table 1
Factors and value (all parameters are in SI-units)

Parameter Value Parameter Value Parameter Value
e 2.24 bro 500 Y6 1.6246
f 5.62 b. 500 m 910
A 8.51 kry 800000 my 8390
b 7.46 kg 295000 ms3 950
I 9.21 kro 108 mp 5600
n 9.5 ke 2300000 ) 39252
Is 5.25 M 0.0872 VE 13912
I 7.0 7 0.543 T 38587
by, 500 Y3 0.7306 R, 0.12
by 24000 Ys 0.07 do 0
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2. 2. 5. The cable tension force

During the process of lowering the bridge span, safety is always a concern due to the dy-
namic loading that occurs. The dynamic tension force generated during the lowering process must
always be kept below the allowable value of 162000 N. The dynamic tension force F; appearing
during the lowering process is determined by the expression:

- myglsLcos(@+m—y;—7vs)
a= 1514 sin(w + 'YG)

+ ke (L—Lo - Reo) + b (Al). (17)

3. Results and discussion

3. 1. The span-lowering time according to the engine speed

Let’s survey the influence of selecting the engine speed on the dynamics of the TMM-3M bridge
during the span-lowering process. The survey investigates the effect of engine speed on the angular ®
of the bridge during span-lowering in 10 cases, ranging from 900 rpm to 1800 rpm. The results are
shown in Fig. 3, with Fig. 3, b being an excerpt to illustrate the variation of @ over time more clearly.

The oscillation of A exhibits a decaying pattern. The damping time of the oscillation is approx-
imately 15 seconds. This also indicates that at the beginning of the span-lowering process, the bridge
span will experience the most intense oscillations, gradually stabilizing as the curve representing the
angular velocity @ becomes smoother. In a separate survey with the engine speed set at 1400 rpm, let’s
obtain the graphs of angular velocity and angular acceleration of the bridge span, as depicted in Fig. 4.

1.5 1.4
= =900 rpm ——1400 rpm
——1000 rpm ----1500 rpm
% = = 1100 rpm —— 1600 rpm
\\‘:\ ——1200 rpm 1700 rpm
1 N | 1300 rpm —— 1800 rpm
&= NN
g NN
N N ~
N ~ ~
3 N \\ So
0.5 N SO

0 20 40 60 80 100 120
t(s)
a
Fig. 3. The graph of the bridge span’s angular ®: a — the original graph;
b — zoomed-in graph section
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Fig. 4. Vibration of the bridge span: a — angular velocity; b — angular acceleration

From the graph in Fig. 4, a, let’s observe that as the engine speed increases, the time taken
to complete the span-lowering stage decreases. This reduction in lowering time is more pronounced
at lower engine speeds. At engine speeds ranging from 900 rpm to 1300 rpm, increasing the en-
gine speed by an additional 100 rpm results in a significant decrease in lowering time, ranging
from 7 to 12 seconds. However, when increasing the engine speed by an additional 100 rpm within
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the range of speeds from 1400 rpm to 1800 rpm, the lowering time only decreases by 3 to 5 seconds.
The relationship between the lowering time of the bridge and the engine speed, corresponding
to the 10 surveyed cases, is depicted in Fig. 5.

110

t - approximate

t - survey

Span lowering time (s)
[oe)
(=1

50 :
800 1000 1200 1400 1600 1800 2000
Engine speed (rpm)

Fig. 5. The span-lowering time ¢

Using the interpolation method, after conducting 10 surveyed cases of lowering time ac-
cording to engine speed, it is approximately representing the dependency of the lowering time #(s)
on the engine speed n(rpm) according to the exponential function law as follows:

t =89041x n0993, (18)

(18) helps approximately determine the span-lowering time corresponding to the engine
speed at any given time. It is possible to determine that the span-lowering time at an engine speed of
1800 rpm is approximately 52 seconds, and the span-lowering time at an engine speed of 900 rpm
is approximately 104 seconds.

3. 2. The oscillation of the vehicle chassis

Let’s survey the oscillation of the vehicle chassis in the case of an engine speed of 1400 rpm.
The displacement and velocity of m; and m;,, the angular displacement and pitch angle of the vehicle
chassis, are depicted in Fig. 6.
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Fig. 6. Vibration of the base vehicle: a — front axle displacement; b — chassis displacement;
¢ — chassis roll angle; d — front axle velocity; e — chassis velocity;
f—angular velocity of the chassis

86

Engineering



Original Research Article:
full paper

The displacement and velocity laws shown in Fig. 7 demonstrate the coherence of the os-
cillation laws between the vehicle chassis and the bridge span. At the beginning of the span-low-
ering phase, it is possible to observe that the bridge span experiences the most intense oscillations,
coinciding with the period when the vehicle chassis exhibits the strongest oscillations. Subsequent-
ly, the oscillations of the vehicle chassis become smoother and gradually diminish. The graph
in Fig. 6 illustrates that as the lowering phase approaches its end, the center of mass of the bridge
span moves further away from the axis of rotation. Therefore, both m; and m, tend to elevate gra-

Number 4

dually relative to the ground.

The survey results from the remaining 9 cases of engine speed indicate that the laws go-
verning ¢, y, ¢, and their corresponding velocities are very similar and akin to the case of an engine

speed of 1400 rpm.

3.

The span-lowering stage is critical because of the significant load on the bridge span and the
oscillations of both the bridge span and the vehicle chassis, resulting in dynamic loads. To assess
the allowable tension conditions for the cables during the span-lowering process, it is possible to
conduct a survey of the static tension force and the dynamic tension force appearing on the cables

3. The investigation of tension forces

during the span-lowering stage.

The survey results of the dynamic tension force Fy in 10 cases of engine speeds ranging
from 900 rpm to 1800 rpm are depicted in Fig. 7. At the initial stage of the span-lowering process,
the strong oscillation of the bridge span leads to a dynamic tension force with a large oscillation

amplitude, as shown in Fig. 7, b, which is an enlarged portion of the graph from Fig. 7, a.

Surveying two cases of engine speeds, 1400 rpm and 1500 rpm, to explore the correlation
between static tension force Fy; and dynamic tension force F; during the span-lowering phase,

let’s obtain the results depicted in Fig. 8.

Cable tension Fd (N)

Fig.
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7. The dynamic tension force: a — the original graph; b — zoomed-in graph section
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Fig. 8. The correlation between static tension force and dynamic tension force:
a —when n=1400 rpm; b — when n= 1500 rpm
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From the graph in Fig. 8, it is possible to observe that the dynamic tension force and the sta-
tic tension force vary by the same law. During the first 15 seconds of the span-lowering phase, this
variation is most pronounced, as indicated by a larger oscillation amplitude compared to the rest of
the stage. From Fig. 7, 8, it is possible to notice that the tension force tends to increase gradually
over the span-lowering time and reaches its maximum value at the end of the phase, approximately
46000 N, which is significantly lower than the cable’s withstand limit of 162000 N.

3. 4. Limitations of the research and directions for its further development

The survey results mentioned above are associated with the dynamic model of the
TMM-3M bridge during the span-lowering stage under the assumption of neglecting the effects
of wind load and characteristics of the ground, such as slope and elasticity. Although the presen-
ted results are reasonable, for a more in-depth consideration of the TMM-3M bridge-span-
lowering process, it is essential to take into account the factors that have been neglected. This
is an issue that should continue to be investigated in the future. The deployment process of the
TMM-3M bridge is a complex process consisting of multiple stages. Linking these stages to gain
an overall understanding of the dynamics of the TMM-3M bridge throughout the entire deploy-
ment process is also necessary.

4. Conclusions

The article presents the dynamic model of the TMM-3M heavy mechanized bridge during
the span-lowering phase, with the assumption of neglecting the effects of wind load and ground
slope. The results of the article have indicated an approximate law regarding the lowering time
dependence on the engine speed. The lowering time decreases by 50 seconds when increasing the
engine speed from 900 rpm to 1800 rpm. The survey results also demonstrate the variation law of
tension forces on the cables during the lowering process. The maximum tension force observed in
the surveyed cases remains within the allowable limit. This study plays an important role in the
comprehensive research of the working process of the TMM-3M bridge, aiming to continue im-
proving the structures and rational drive systems.
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