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Automated truck platooning (ATP) has attracted growing attention since it can significantly promote energy
conservation and increase transport efficiency by arranging moving trucks at close distances. Currently, the ATP
has been widely implemented, but its effects on bridges have not been considered in the original design of many
existing highway bridges. Hence, these bridges may not be capable of sustaining the load of ATP. Some as-
sessments have been conducted, but little attention has been paid to the ATP-induced dynamic impact, which is
more critical to the design and evaluation of a bridge. In this paper, this problem was investigated using both
theoretical analysis and numerical simulation. The theoretical derivation was conducted to investigate the ATP-
induced bridge vibration, particularly in resonance conditions. It was found that typical highway bridges could
be at a high risk of resonance induced by the ATP moving at normal speeds. For more comprehensive assess-
ments, numerical simulations were performed based on a refined vehicle-bridge interaction (VBI) simulation
system, and the effect of critical parameters were studied, including vehicle speed, inter-truck spacing and so
forth. Results show that the dynamic impact on the bridge induced by ATP can be significantly larger than that
caused by a single truck due to the superposition effect. Such effect is caused by the combination of speed and
inter-truck spacing, it can also be greatly affected by the number of trucks and road surface conditions. The
simulation results also show that the current code-specified dynamic load allowance (DLA), particularly for the
Chinese code and Eurocode, may not be sufficiently capable of characterizing the dynamic effects of ATP loads.
Accordingly, a strategy of arranging ATP crossing highway bridges was proposed to reduce the adverse dynamic
impact.

1. Introduction not been considered in the design method of infrastructure systems in

many countries [5,8].

Automated truck platooning (ATP) is an important future-oriented
transport strategy, which helps manage multiple rapidly moving
trucks at close distances to reduce the aerodynamic drag [1]. Promoted
by the rapidly advancing 5th generation mobile network (5G) and
vehicle-to-vehicle (V2V) communication technology, the ATP has
attracted increasing attention from both research and industry [1-4] due
to its evidence-based promotion of fuel savings [1], emission reductions
[3], and many other benefits [2,5,6].

Deployment of ATP significantly increases the probability of multiple
closely spaced (<15 m) heavy trucks running in the same lane [7], for
which current physical infrastructures, particularly pavements and
bridges, may suffer negative impacts. However, such incident has almost
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Recent studies [9-12] have shown that reducing the wandering of
ATP accelerates pavement damage and shortens pavement life. To
address this problem, controlled lane positioning technology [9-11] was
proposed, and it has little influence on the energy efficiency of ATP [12].
Compared to pavements, bridge structures are more susceptible to
closely spaced vehicular loads, which could occur for ATP due to the
short time delay (0.3-0.5 s) [2] of the V2V communication. Some
research has been carried out to evaluate the loading effect of ATP on
bridges. DeVault et al. [13] defined a load rating factor (ratio of the live
load effect generated by ATP to the standard live load effect) to assess
the load effect of ATP. It was found that some specific bridge structures
in Florida state cannot sustain the load of a two-truck platoon.
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Kamranian et al. [14] focused on the Hay River bridge and obtained
similar conclusions. Besides, it was revealed that ATP threatens not only
the superstructures but also the substructures of the bridge [8] due to the
transfer of the increased internal forces, including bending moment,
shear force, and support reaction. As for steel bridges, the long-term
fatigue damage was also affected by the ATP [15], and the platoon
gap is a critical parameter. Birgisson et al. [3] pointed out that reducing
the platoon gap may result in greater bridge-loading capacity demand,
which is uneconomical. The report [3] from the Department of Trans-
portation in Texas indicated that traditional bridge design methods
might not be capable of accommodating the emerging truck platoons.
Thus, the current live load design method of the bridge may need to be
modified to handle the load of truck platooning [16,17].

Most of the aforementioned assessments were carried out based on
the static analysis method and more focused on the added static effect
[16]. In fact, the impacts of ATP on the bridge structures are not limited
to the increase in static loads, since closely spaced trucks usually move at
high speeds [18] and dynamically interact with the bridges [19].
Although the interaction between multiple vehicles and bridges has
been studied [20,21], little attention has been paid to closely spaced
heavy-duty trucks involved in ATP. Furthermore, similar to the train
loading [22], when the loading frequency formed by multi-vehicles
approaches the natural frequencies of the bridge, resonance might be
excited and cause significant bridge dynamic responses, even collapses
[23]. Therefore, it is of great urgency and necessity to conduct an in-
depth analysis of the ATP-bridge interaction problem to address the
potential adverse impacts.

In this study, theoretical analysis of the bridge vibration under ATP-
load is firstly carried out based on a simplified model (in Section 2) to
investigate the general rules of bridge resonance induced by ATP. To
explore the problem in a more realistic scenario, a series of numerical
simulations is then conducted (in Section 4) based on a refined vehicle-
bridge interaction (VBI) simulation system (introduced in Section 3), in
which several critical factors (i.e., truck speed, inter-truck spacing, truck
platoon size, and road surface conditions) are considered. For every
simulation scenario, the dynamic load allowance (DLA) of the bridge is
calculated to quantify the dynamic impact caused by the ATP. It is found
that under some loading conditions, the bridge response is significantly
increased due to resonance, and therefore the code-specified DLAs of the
bridge can be exceeded by a large extent. Moreover, the negative impact
can be further aggravated by the truck platoon size and road surface
conditions. A traffic strategy is proposed (in Section 5) to reduce the
potential adverse impacts of ATP on highway bridges.

2. Bridge resonance under moving truck platoon-loads
2.1. Truck platoon-bridge model

The vibration of a bridge is inevitable to be excited by moving ve-
hicles, particularly by a series of heavy trucks. Considering the mass
ratio of a truck to highway bridge is generally smaller than 1, the
additional mass of the vehicle has little influence on the effective fre-
quency of the bridge-vehicle system [24]. Thus, the truck platoon-bridge
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system can be simplified as an Euler-Bernoulli beam under a load of a
series of concentrated forces (P), spaced by the critical wheelbase (),
and inter-truck spacing (d,), as shown in Fig. 1.

To further simplify the analysis, the truck platoon composed of n
closely spaced (<15 m) trucks can be ideally described as 2n moving
forces with constant spacing (d,). Assuming the position of the front axle
of the lead truck is x, which can be determined by the truck speed v and
time t, the time interval (At) required for the latter force to arrive can be
calculated by d,/v. Thus, the motion equation of the simply supported
beam without damping can be expressed as [22]

oIy, | Pyt = k-d,
Eli())64 +m Fraa 5[}671)(2‘7 . )}P (€D}

where m and I are the constant mass and constant moment of inertia of
the bridge cross-section, respectively; E is the elastic modulus of the
materials used in bridge structure; y(x,t) is the displacement of the
bridge at position x and time t; § is the Dirac function.

k=0

2.2. Analytical solution for bridge response

To solve Eq. (1), a partial differential equation, the modal decom-
position method is adopted to express the bridge displacement in
generalized coordinates q(t) and mode shapes. Hence, Eq. (1) can be
rewritten as

2n—1

G, (1) + 0l q;(1) = % Z sini%v (t - k.dv) 2

k=0 v

where L is the bridge span length; w; = (jz*/L?) EI/m is the jth cir-
cular frequency of the bridge. If only consider the first vibration mode of
the bridge, i.e., o = (x%/L?)\/EI/m, the general solution of Eq. (1) can
be obtained as

) S Y k-d, . k-d,
q(t) = EI;r“‘l——/}Z ; {smw (t — T) — Psinw (t — T) } 3)

where ® = 7v/L is the exciting frequency of the moving axle loads of the
truck platoon; f = @/w is the ratio of the exciting frequency to the
fundamental frequency of the bridge, and the dynamic amplification
factor can be calculated by 1/(1 — %). Thus, the dynamic displacement
response of the bridge can be expressed as

2P 1 mx [RR . [ kd, S k-d,
= . sin X, . f— _ . .
y(x,1) e T F sin— [ kEZO smw( » ) B kEZO smw( 5
(4)

On the right side of Eq. (4), the first term represents the forced
response of the beam induced by the moving axle loads, while the sec-
ond term is associated with free vibration due to the former forces that
have left the bridge. These two types of responses were termed steady
and transient responses [25], respectively, because of different
mechanisms.

Fig. 1. Simply supported bridge under the load of truck platooning.
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2.3. Bridge resonance induced by periodical truck platoon loads

The transient response of Eq. (4) can be rewritten into the following
form after adopting the transformation of triangular progression.

2n—1 2n—1
k-d, . . k-d,
E sin@w (t - —) = sinwt + E sinw <t - )
=0 v k=1 v

. wd,| . wd, )
' sin[(2n — 1)- 2V}~s1n{wt72n~ 2‘)}
= sinwt + od
sin—
2v

When applying L’Hospital’s rule, the limit solution of the equation
above can be expressed as

in[(2n — 1) .sin[wr — 2720
sinf(2n = D5 ) sinfor 205 _ 5, 1)sina)<t—n~%> ©®

2

lim

o tin sin

Considering the physical significance, the extreme condition for Eq.
(6) is
w-d, -

2

in (i=1,2,3...) )

Substituting this extreme condition into Eq. (5), the limit value of the
transient response in Eq. (4) is obtained as

2n—1 ) < kdt)
Z smw|t——
=0 4

According to Eq. (8), it can be deduced that the transient response
can be excited by every axle force in a truck platoon, and the amplitude
of the response will be repeatedly enlarged with the increase in the
number of trucks n of the platoon. Similar results can be obtained when
considering the higher modes of the bridge, so the resonance speed
regarding the transient response of a bridge with the fundamental fre-
quency of fp; = wj/2x can be derived as

3.6,
i

= 2nsinwt (€))

wdy_;
b1 =T

Vi (G=1,23.;i=123.) 9)
in which, V3, is the resonance speed (km/h); fy; is the jth vertical
fundamental frequency of the bridge (Hz), d, is the axle spacing of the
truck platooning (m), and the multiplieri =1, 2, ... is determined by the
extreme condition in Eq. (7).

According to Eq. (9), it can be observed that when the regularly ar-
ranged (d,) ATP crosses the bridge at a resonance speed (Vy,), different
bridge resonance conditions can be satisfied for different multipliers i.
Furthermore, multiple modal shapes of the bridge also correspond to
different resonance conditions. Therefore, a series of bridge resonances
may be induced under a load of ATP moving at random speeds.

Table 1
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Since the corresponding resonance speed of the steady response of a
bridge is much higher than the truck operation speeds [25], the reso-
nance condition of the steady response in Eq. (4) is not discussed here.

2.4. Problem statement

It is given that the cross-section stiffness of the bridge EI = 1.66 x 10®
kN-mz, the mass constant 7 = 19.1 t/m? [25], and these parameters are
not changed along bridge span length. Taking both j and i as 1, all the
resonance speeds for different combinations of axle spacing (d,) and
bridge span length (fundamental frequency) can be estimated by Eq. (9),
as listed in Table 1. These speeds were also marked in Fig. 2(a) to
compare with the operating speeds. Based on the data shown in Table 1
and Fig. 2, major observations were as follows:

(1) The resonance speed for a highway bridge can be lower than 100
km/h when the axle spacing of ATP ranges between 2 and 15 m
[16]. The bridge with a lower fundamental frequency corre-
sponds to a lower resonance speed, providing a low threshold for
ATP.

(2) The normal truck operation speeds (60-100 km/h) have a sig-
nificant overlap with the potential resonance speeds predicted for
the highway bridges, whose fundamental frequencies ranged
from 1.6 to 6.5 Hz (see in Fig. 2(a)). ATP-induced bridge reso-
nance could occur for these bridges.

(3) Some other typical short-and medium-span bridges designed per
current specifications [26,27] are also among the special bridges
described in (2), as shown in Fig. 2(b) [28-30]. It should be noted
that those bridges also include highway bridges with similar
frequency characteristics (<6.5 Hz), including long-span bridges.

To sum up, a variety of highway bridges may be threatened by the
ATP-induced resonance if the ATP were fully implemented. Similar
problems [22] in railway bridges had been prevented by designing the
bridge span to fixed lengths, but this “one size fits all” approach does not
apply to highway bridges. Because a highway bridge is usually con-
structed according to the site condition, the platooning trucks moving on
it also have various axle configurations and changeable spacings.
Generally, the bridge with a lower fundamental frequency is prone to
resonance excited by ATP moving at normal speeds. Meanwhile, the
fundamental frequency of the bridge may also coincide with the low-
natural frequencies of the truck [28], leading to bridge-vehicle reso-
nance. All these mixed resonance conditions combined with the ampli-
fied effect of speed and road roughness could lead to a complicated ATP-
bridge interaction problem, which entailed a more refined simulation
system.

Resonance speeds (km/h) for different combinations of fundamental frequency of the bridge and axle spacing of the trucks.

Natural frequency (Hz)

L (m)

40.52 18.01 10.13 6.48 4.50 331 2.53 2.00 1.65
2 — — 72.94 46.68 32.42 23.82 18.23 14.41 11.67
3 — — 109.41 70.02 48.62 35.72 27.35 21.61 17.50
4 — — — 93.36 64.83 47.63 36.47 28.81 23.34
5 — — — 116.70 81.04 59.54 45.59 36.02 29.17
6 — — — — 97.25 71.45 54.70 43.22 35.01
7 — — — — 113.46 83.36 63.82 50.43 40.84
8 — — — — — 95.26 72.94 57.63 46.68
9 — — — — — 107.17 82.05 64.83 52.51
10 — — — — — 119.08 91.17 72.04 58.35
11 — — — — — — 100.29 79.24 64.18
12 — — — — — — 109.41 86.44 70.02
13 — — — — — — 118.52 93.65 75.85
14 — — — — — — — 100.85 81.69
15 — — — — — — — 108.05 87.52

Note: “—” represents resonance speeds greater than 120 km/h.
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Fig. 2. Identification of bridge resonance: (a) identified resonance speed for different combinations of bridge fundamental frequency and axle spacing of the trucks;

(b) fundamental frequencies for some typical short- and medium-span bridges.
3. Truck platoon-bridge interaction simulation system

The actual truck platoon-bridge interaction system is a complex
three-dimensional system, in which the bridge response is greatly
affected by the damping and stiffness of the vehicle and bridge [28].
Numerical simulation is an efficient method to analyze vehicle-bridge
interaction (VBI) problems [22,28,31-33]. In this section, a refined
VBI simulation system is developed to obtain more realistic bridge re-
sponses [34]. The accuracy of the developed VBI simulation system was
verified in the previous studies [28,32], in which the simulated bridge
responses, including strains and displacements, agreed very well with
the real bridge responses measured in the field test.

3.1. Truck platoon model

Given that five-axle semi-trailer trucks are frequently used for pla-
tooning transport [16,17] due to their great cargo capacity, three five-
axle semi-trailers (i.e., Chinese 5-axle truck [35], Florida C5 truck
[17], and European 5-axle truck [36]) were considered in this study, as
shown in Fig. 3(a). The analytical truck models (Fig. 3(b)) of the three
trucks were developed according to the parameters listed in Table 2
[35,36]. The parameters of the Florida C5 truck model, except for the
dimensions and weights, were taken the same as those of the other two

(a) 3t 12t 12t 14t 14t
Chinese 5-axle truck
| |
\ 3m [1.4m| Tm [1.4m]|
I I I I 1
4t 9t Ot Tt Tt
1 Florida C5 truck
| | [ |
| 3m [1.3m] 5.4m |L.3m]
5.8t 11.9t 7.8t 7.4t 7.0t
European S-axle truck
| I
[ 3m | 5.1m

‘1.1m‘ l.lm‘
T T T

truck models.

Platooning gap is a critical parameter in managing an automated
truck platoon, and it usually represents the truck-to-truck distance [16].
For load effect analysis, however, it would be more reasonable to use the
inter-truck spacing (axle-to-axle distance) to describe the relative dis-
tance, as shown in Fig. 4.

3.2. Bridge model

A simply-supported T-girder bridge was considered in this study. The
bridge is a common type of highway bridge in China with structural
characteristics similar to those of the slab-on-girder highway bridges
designed per AASHTO-LRFD specifications [27]. Since the bridge with a
longer span length (lower fundamental frequency) is prone to ATP-
induced bridge resonance, the span length of the T-girder bridge was
taken as 40 m. The corresponding dimensions of the cross-sectional (see
Fig. 5(b)) can be determined according to standard drawings [37]. On
this basis, the finite element model of the bridge was built in ANSYS
using solid element SOLID185, as shown in Fig. 5(c). Rayleigh damping
is used to represent the bridge damping effect, and the damping ratio is
taken as 0.02, as adopted in other studies for similar bridges [38,39]. In
order to achieve a good accuracy of the simulation while maintaining
acceptable computation efficiency, the first 50 mode shapes of the

(b)

Ls L 1. Le Ly
7 O Ot
$ 2. T2z
Kiz ci K Ciz Kl Cle
Za Za A
b4 B <3 Ci K Ci K3l Cie
ri ri’ i
1 Le Ls Lo, Lo

oLs|, La o\ Lo, Lo Ly X

Fig. 3. Configurations of three typical trucks: (a) axle weights and spacings; (b) analytical truck models (refined tire model unassembled).
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Table 2
Major parameters of the truck models in this study.

Major parameters Unit Chinese 5-axle truck [35] Florida C5 truck European 5-axle truck [36]

Gross mass of truck kg 55,000 36,000 40,000

Mass of truck bodyl kg 2,277 2,106 4,500

Mass of truck body2 kg 45,264 26,574 31,450

Rolling moment of inertia of tuck body1 kg-m? 20,196 20,196 460

Rolling moment of inertia of tuck body2 kg-m? 285,990 285,990 4,604

Pitching moment of inertia of truck body1 kg~m2 2,189.2 2,189.2 1,630

Pitching moment of inertia of truck body2 kg-m? 43,512 43,512 16,302

Suspension mass Axle-1 kg 700 700 700
Axle-2 kg 1,000 1000 1100
Axle-3 kg 1,000 1000 750
Axle-4 kg 800 800 750
Axle-5 kg 800 800 750

Suspension stiffness coefficient Axle-1 N/m 300,000 300,000 400,000
Axle-2 N/m 500,000 500,000 1000,000
Axle-3 N/m 500,000 500,000 750,000
Axle-4 N/m 400,000 400,000 750,000
Axle-5 N/m 400,000 400,000 750,000

Suspension damping coefficient Axle-1 N-s/m 10,000 10,000 10,000
Axle-2-5 N-s/m 53,000 53,000 10,000

Tire vertical stiffness Axle-1 N/m 1500,000 1500,000 1750,000
Axle-2 N/m 3000,000 3000,000 3500,000
Axle-3 N/m 3000,000 3000,000 3500,000
Axle-4 N/m 3000,000 3000,000 3500,000
Axle-5 N/m 3000,000 3000,000 3500,000

Tire damping coefficient Axle-1-5 N-s/m 2,000 2,000 2,000

Height of the gravity center h m 1.50 1.50 1.50

Ly m 3.00 3.00 0.50

Ly m 1.40 1.30 2.50

Ls m 7.00 5.40 3.80

Ly m 1.40 1.30 1.30

Ls m 1.00 2.00 1.10

Le m 2.70 2.30 1.10

Ly m 4.53 5.53 2.15

Lg m 4.57 1.77 4.15

b m 1.10 1.10 1.10

bridge were extracted and used in calculating the bridge responses based
on the modal superposition approach. The fundamental frequency of the
bridge was found to be 2.87 Hz.

Considering that heavy-duty trucks usually travel in slow lanes, the
ATP in the simulation was loaded on the outside lane of the bridge, as
illustrated in Fig. 5(a). In this case, the bottom of the Girder 3 at the mid-
span is the most unfavorable position, from which the bending strains of
the bridge were calculated for analysis.

3.3. Road surface profile model

Road surface condition is an important source of excitation for bridge
vibration and can be modeled as a zero-mean stationary Gaussian
random process. In this study, it was generated through an inverse
Fourier transformation based on a dynamic spectral density (PSD)
function as

N

r(x) = Z v/ 2¢(ny) Ancos(2amx + 6;) (10)

k=1

where r is the road profile; ¢() is the PSD function (m3/cycle) for the
road surface roughness; ny is the wavenumber (cycle/m); 6 is a random
phase angle uniformly distributed from O to 2r. In this study, the PSD
function is referred to Ref. [40], and three classifications (i.e., Class-A, B,
and C) of road roughness are considered according to the ISO specifi-
cation [41].

3.4. Truck-road interface/tire model

Tires are the most important contact components between trucks and
bridges, and the accuracy of tire models can significantly affect the
interaction relationship between the truck and bridge [33]. A refined

heavy-duty truck tire model [42] was developed in this section based on
the physical characteristics of the typical truck tire, as shown in Fig. 6.

For each step of the iterative process of truck-bridge dynamic
interaction, the tire deformations can be estimated as.

(r(x,x“) +w(x, x,) +1/ Ry —x2 —Ry 7z(x)> -cosf Az=0

Az, (x, x,) =
0 Az<0
(€ND)
cosf = Ry —2(x) 12)

(x)” + (Ro —2(x) )?

where x is the position of the tire center line in the travel direction, x, is
the relative contact position of the tire-road element to the centerline,d
is the angle between the center line and the radial tire element at x4, and
Az, (x, xg) is the radial deformation of the corresponding contact
element; w is the deflection of the bridge; Ry is the tire radius; z is the
overall deformation of the tire in the vertical direction. When Az, < 0, it
indicates that the element is not in the contact patch and is therefore
removed so that the length of the contact patch (a) can be determined.
The deformation rates of the contact patch Az, can be calculated by

XqV
2 2
\/ Ry —x;

in which v is the vehicle speed. Thus, the vertical contact force of each
tire acting on the bridge surface is

Az (x, x0) = | Fx,x0) +w(x, x4) + —Z(x) |-cos@ 13)

F(x) = ny "Z (k,(~)‘Az,(x,xa)~cosH + ¢, (+)-AZ(x,x,)-cosf ) 14)



T. Ling et al.

Front overhang

IEemi trailer wheelbase:
FO0™00 O_Q

Truck platooning gap

1

Engineering Structures 262 (2022) 114326

Rear overhang

'
'
'
'
]
'
'
'
'
]
'

(

‘{nter-axle spacm&‘
< >

Inter-truck spacing

000 (0] )

‘w

|

Fig. 4. The configuration of truck platooning.

(a) Loading position

Fast lane Slow lane
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Fig. 6. Refined heavy-duty truck tire model: (a) structures of a typical truck tire; (b) diagram of the refined tire model; (c) calculation diagram in the contact patch.

in which

ko(-) = Hi(xa)-Hy K,/ (na-ny) (15)
B Az, (x,x,)

Hl(x,x,,)fl—‘rm (16)

Cr(') = Ct/(na’nb) a17)

where F is the vertical contact force of the tire; k; is the distributed radial
stiffness coefficients of the contact elements along the contact patch;
H;j(x, x) is the modification function over the contact patch; H; is the
conversion coefficient, taken as 1.5; K; is the vertical stiffness of the
whole tire; n, is the number of contact elements in the travel direction,
which is determined by Eq. (11); np is the number of contact elements in

M, Y " C+Cppy Gy Y i Ky +Kpy Ky |[Y ]| _
M, Z C, C, VA K, , K, Z

the traverse direction. In this study, the length of each contact point in
travel and transverse direction was taken as 0.01 m and 0.02 m,
respectively; c,(-) is the distributed radial damper coefficient, which is
mainly determined by the hysteresis of tire materials. Thus ¢,(-) can be
simplified as a uniform distribution of the damper coefficient (Cy).

According to the actual situation, the steering axles of the truck were
modeled as single-tire while the other axles were simulated based on a
dual-tire assembly.

3.5. Truck-bridge interaction system assembly
The equations of motion for the vehicle and bridge are coupled

through the tire contact forces. The equation of motion for the vehicle-
bridge coupled system is

F +F¢ } (18)
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where M, C, K are the matrices of mass, damping, and stiffness,
respectively; the subscripts b and v represent the bridge and vehicle,
respectively; Y and Z are the displacement of the bridge and vehicle,
respectively; Cp.p, Cp-v; Cy-b, Kp-b, Kp-v, Ky-p are the special terms due to
the expansion of the tire contact forces vector F, and the FS is the tire
contact force caused by gravity. After all the equations and matrices are
developed and assembled according to Eq. (18), the Newmark-$ method
is adopted to solve the overall truck platoon-bridge interaction system.
The detailed solution process can be referred to Ref. [28].

4. Simulation and results
4.1. Simulation framework

Based on the refined VBI simulation system developed in the former
section, numerical simulations were carried out within the framework
displayed in Fig. 7. In the simulation, three kinds of road surface con-
ditions (Class A-C) were considered, where the inter-truck spacings
ranged from 2 to 15 m [13] at an interval of 1 m, and the truck speeds
ranged from O to 120 km/h at an interval of 5 km/h. For each combi-
nation of inter-truck spacing, truck speed and road surface conditions,
the dynamic responses of the bridge under the load of ATP composed of
a different number of trucks were calculated for the three 5-axle trucks.
To reduce the effect of the randomness of the artificial road profile
samples, each simulation job was repeatedly simulated 20 times, and the
average of the 20-times results was eventually taken as the effective
result.

4.2. Dynamic impact description

Dynamic Load Allowance (DLA) [27] is usually used to characterize
the additional load effect caused by the dynamic impact of vehicles. The
DLA is defined as

Rdyn - R:Ia

Ry 19

Dynamic load allowance =

in which, Rsta and Rgyn are the maximum static and dynamic response of
the bridge, respectively, which refer to the maximum bending strain of
the critical girder at the mid-span of the bridge.

Per the bridge design codes from China [26], the United States [27],
and European Union [43], the code-specified DLAs for the bridge (40 m)
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Fig. 8. Dynamic bending strains of the bridge under a single-truck scenario
(moving at 80 km/h with Class-B road surface conditions).

analyzed in the present study are 0.17, 0.33, and 0.14, respectively.

4.3. Dynamic impact under single-truck scenario

The dynamic bending strain curves (strain/position) of the bridge
under a typical single-truck scenario for the three 5-axle trucks are
displayed in Fig. 8, of which the x-axis label “truck head position” refers
to the relative position of the front axle of the truck to the bridge
entrance. As illustrated in Fig. 8, the bending strains induced by the
Chinese 5-axle truck are the largest in terms of amplitude, and then
followed by the European 5-axle truck and the Florida C-5 truck. This
difference depends on the variance of gross weight and axle-load dis-
tribution of the three trucks. Overall, the dynamic components of the
dynamic bending strains of the bridge under the single-truck scenario
are not significant, even for a truck speed of 80 km/h and Class-B road
surface conditions.

To quantify the dynamic impact on the bridge under single-truck
scenarios, Fig. 9 shows the calculated DLAs of the bridge under
different combinations of truck speed and road surface conditions for the
three trucks. The DLAs caused by the Chinese 5-axle truck and the
Florida C5 truck demonstrate a clear increasing trend with the increase
of truck speed, whereas the trend for the European 5-axle truck is not
clear. It can be explained by the effect of speed on the vehicle-bridge
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Fig. 9. Dynamic load allowances of the bridge under the single-truck load of (a) Chinese 5-axle truck, (b) Florida C5 truck, and (c) European 5-axle truck.

coupling vibration [19]. By comparison, the DLAs caused by the Florida
C5 truck are significantly greater than those caused by the other two
trucks. It is because the gross weight of the Florida C5 truck is relatively
smaller, as introduced previously, and usually a lighter vehicle produces
larger DLAs than a heavier one [19]. Based on the simulation results, all
the DLAs induced by the three trucks have not exceeded the respective
code-recommended values, even when the bridge surface is in a worse
condition (Class-C).

4.4. Dynamic impact under truck platooning scenario

The maximum dynamic response of the bridge can effectively reflect
the dynamic impact of the truck platooning load. Accordingly, Fig. 10
shows the maximum bending strains of the bridge under truck pla-
tooning scenarios (with different combinations of inter-truck spacing
and truck speed) for the three 5-axle trucks. To obtain the general rules,
Fig. 10 only presents the results under four-truck platooning scenarios
with Class-B road surface conditions. As previously mentioned, the
sampling intervals of the truck speed and inter-truck spacing are 5 km/h
and 1 m, respectively. The maximum bending strains for the combina-
tions not sampled were obtained using linear interpolation. Overall, the
maximum bending strains of the bridge under truck platooning sce-
narios increased slightly with the increase of vehicle speed but
decreased significantly with the increase of the inter-truck spacing. This
overall trend is quite reasonable and proves the efficiency of spacing
control in reducing the load effect on highway bridges. However, it is
noteworthy that the maximum bending strains of the bridge peak at
critical truck speeds (identified by dashed red line/face), destroying the
overall trend previously summarized. Taking Fig. 10(a) for an example,

when the four-truck platoon is moving at 85 km/h, the induced
maximum bending strains of the bridge for some inter-truck spacings
(>9 m) are significantly increased and even close to that for the inter-
truck spacing of 6 m. Similar phenomena can be observed in the other
subfigures of Fig. 10. It is because the additional dynamic load effects
caused by ATP under those critical loading scenarios outweigh the
reduced load effects by merely enlarging inter-truck spacing, indicating
that the method [16] of increasing the inter-truck spacing of ATP to
reduce the additional load effect on highway bridges may not be
reliable.

4.4.1. Resonance condition identification and validation

According to Section 2, the dynamic response of the bridge will be
amplified when the ATP load pattern satisfies resonance conditions. To
validate this speculation and figure out the peak-related phenomena in
Fig. 10(a)—(c), the maximum bending strains of the bridge under
different inter-truck spacings are plotted for each critical truck speed
(identified from the upper part of Fig. 10(a)—(c)), and the maximum
bending strains at 5 km/h are also plotted as static references, as shown
in Figs. 11-13, in which the results of the ATP composed of 1-4 trucks
are considered.

The maximum bending strains at 5 km/h (Figs. 11-13, connected by
a solid interpolating line) are nearly linearly reduced as the inter-truck
spacing increases, until the inter-truck spacing is larger than 9 m. For
the same combinations of inter-truck spacing and truck speed, the
maximum bending strain of the bridge caused by ATP will not be further
amplified when the ATP is composed of more than two trucks. It in-
dicates that ATP has a limited impact on the bridge in terms of the static
load effect, and the additional static load effect could be removed by
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Fig. 10. The maximum bending strains of the bridge under the load of the four-truck platoon for a different combinations of truck speed and inter-truck spacing: (a)

Chinese 5-axle truck; (b) Florida C5 truck; (c) European 5-axle truck.
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Fig. 13. The maximum bending strain of the bridge under the load of the European 5-axle truck. (a) 65 km/h; (b) 85 km/h; (c) 110 km/h.

increasing the inter-truck spacing to a certain value, which depends on
the specific span length of the bridge.

As to the maximum bending strains at critical speeds (Figs. 11-13,
red dotted line), they are undermined by notable peaks at specific inter-
truck spacings. For those inter-truck spacings, the magnitudes of the
maximum bending strain of the bridge are amplified by the number of
trucks in the ATP, as marked using red arrows, resulting in significantly
larger maximum bending strains than those in static scenarios.
Accordingly, all those peak-related combinations of inter-truck spacing
and truck speed from Fig. 10(a)—(c) can be identified, as listed in
Table 3.

Substituting all the identified truck speeds and inter-truck spacings,
along with the fundamental frequency of the bridge (2.87 Hz) and truck

axle information into Eq. (9), the multipliers are estimated as shown in
Table 3, which indicated the specific resonance conditions. The results
showed that all those calculated multipliers for the identified combi-
nations of truck speed and inter-truck spacing are near integers,
implying that fractional harmonic resonance conditions are satisfied.
Thus, all those peak-related phenomena in Fig. 11 are confirmed to be
induced by bridge resonance, which can be reasonably predicted by the
theoretical equation of Section 2.

4.4.2. Typical bridge responses in resonance condition

For illustration, Fig. 14(a)—(c) showed the typical bending strain
curves of the bridge under the typical resonance conditions of C1, C2,
and C3, respectively. It reflects the increasing trend of the bending strain
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Table 3
Validation of resonance condition.
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Truck (Overall length) Loading Case Combination The multiplier for all axle loads The multiplier for effective wheel loads
Speed (km/h) Spacing (m) Calculated Theoretical Calculated Theoretical
Chinese 5-axle truck C1 85 4 2.04 2 1.02 1
(12.8 m) Cc2 85 12 3.01 3 1.02 1
Cc3 115 8 1.87 2 0.75 —
Florida C5 truck F1 65 2 2.07 2 1.05 1
(11 m) F2 65 9 3.18 3 1.05 1
F3 65 15 4.13 4 1.05 1
F4 110 2/3 1.22 1 0.62 —
F5 110 11 2.07 2 0.62 —
European 5-axle truck El 65 3 2.11 2 0.94 1
(10.3 m) E2 65 9 3.07 3 0.94 1
E3 65 15 4.02 4 0.94 1
E4 85 6 1.98 2 0.72 —
E5 85 14 2.95 3 0.72 —
E6 115 11 1.91 2 0.53 —

100[C1: 85 km/h @ 4m) 100f€2: (85km/h @ 12 m)’ 100[€3: (115 km/h @ 8 m)’
80 80t S0}
5 60 € 60 g 60t
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Fig. 14. Typical bending strain curves of the bridge under the load of the four-truck platoon composed of the Chinese 5-axle truck, (a) moving at 85 km/h with an
inter-truck spacing of 3 m; (b) moving at 85 km/h with inter-truck spacing of 12 m; (c) moving at 110 km/h with an inter-truck spacing of 8 m.

of the bridge under the periodic load of ATP. The superposition effect is
significant even when the road surface condition is smooth. That is
because the superposition states of the dynamic responses of the bridge
are completely determined by the ATP-specified loading frequency, as
the fundamental frequency of the bridge is fixed. Additionally, the worse
the road surface condition is, the more significant the superposition
effects are. Because the basic amplitude of the bridge response caused by
each truck can be greatly affected by the road roughness [19]. Based on
the above analysis, the maximum dynamic responses of the bridge in
ATP-induced resonance conditions appear to be amplified by both the
road surface conditions and the number of trucks, they would therefore
be significantly larger than those under non-resonance loading sce-
narios, including the single-truck loading scenarios demonstrated in
Fig. 8. Since the maximum dynamic responses are directly related to the
calculation and evaluation of the DLA of the bridge, it is reasonable to
challenge the current code-specified DLAs, which mainly account for
one truck-induced impact on the bridge at a time, which may not be

sufficient to characterize the impact from the ATP load, particularly in
resonance conditions.

4.5. DLAs of the bridge in resonance conditions

Related to Fig. 10, the DLAs of the bridge under the same truck
platooning scenarios are calculated for the three trucks, as illustrated in
Fig. 15, in which the road surface conditions of Class-B is considered to
represent a normal road condition. It is notable to see that the DLAs of
the bridge in some resonance conditions exceed the current code-
specified values, especially for the Chinese code (Fig. 15(a)) and Euro-
code (Fig. 15(c)), from which the DLAs are suggested with relatively
small values but found to be exceeded to a large extent. The extent may
be expanded for the bridges with a lower fundamental frequency,
because those bridges are generally recognized to have smaller DLAs but
are prone to ATP-induced resonances. The DLA suggested in the
AASHTO LRFD specification (2017) is recognized to be generally more

0.40
0.32
0.24
0.16
0.08

Fig. 15. DLAs of the bridge under the load of four-truck platoon: (a) Chinese 5-axle truck; (b) Florida C5 truck; (c) European 5-axle truck.
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conservative, but it can still be exceeded under some resonance condi-
tions (Fig. 15(b)). It contrasts with the finding of Fig. 8, in which all the
DLAs obtained under single-truck scenarios are within the code-
specified values even when the road surface is in Class-C condition.
Therefore, for highway bridges, the ATP-induced resonance scenarios
can be regarded as a new critical loading case, under which a larger DLA
may be induced. Besides, with a poor road surface condition or a large
number of trucks in the ATP, the DLAs of the bridge can be further
amplified, exceeding the current code-specified DLAs.

It should be emphasized that in the preliminary study conducted, the
fundamental frequency of the bridge was identified as the key factor in
predicting bridge resonances, and the resonance conditions in simula-
tion can be reasonably predicted. Since the focus of this study is to
provide recommendations for the management of ATP, the simulation
results were then discussed focused on the effect of truck platooning
behaviors with different combinations of truck speed and inter-truck
spacing.

4.5.1. Effect of number of trucks

Figs. 16-18 show the predicted DLAs of the bridge under the load of
ATP composed of a different number of trucks at different road rough-
ness for the typical resonance conditions previously identified. As shown
in Figs. 16-18, the DLAs of the bridge under the typical resonance
conditions increase significantly with the number of trucks. Overall, the
worse the road surface condition is, the more significant the increasing
trends are. The increasing trends seem to slow down after the ATP is
extended to a certain scale, which may be explained by the bridge
damping effect and the change of boundary conditions [38]. As a result,
all the current code-specified DLAs of the bridge can be exceeded to a
large extent. They highlight the necessity of limiting the size of the ATP
and modifying the code-specified DLAs. Because modifying the code-
specified DLA of the bridge to accommodate the emerging ATP with
the unlimited size is of no practical use and may be unrealistic. On the
contrary, only limiting the size of ATP may not be effective since the
current code-suggested DLA can be exceeded even when a two-truck
platoon crosses the bridge regardless of the road surface conditions,
such as the loading cases C3 and E5. They indicate that ATP-induced
bridge resonances play a dominant role in determining the DLAs of
existing highway bridges. To reduce the potential adverse impact, both
measures of modifying the code-specified DLA and limiting the scale of
ATP should be considered.

4.5.2. Effect of inter-truck spacing

Promoted by the low-latency V2V technology, the inter-truck
spacing of a truck platoon can be flexibly controlled. Thus, a series of
bridge resonance conditions will be satisfied by one resonance speed
combined with different inter-truck spacings (e.g., F1, F2, F3). In that
case, the DLA for the condition of larger inter-truck spacing (repre-
senting low-order fractional harmonic resonance) is found not neces-
sarily lower than the DLA of a smaller spacing condition (near ideal
resonance). It is mainly because the closer inter-truck spacings usually
correspond to the larger static load effects, which would in turn result in
lower calculated DLAs. Besides, it usually requires a significant spacing
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adjustment for the ATP load changing from one resonance condition to
an adjacent resonance condition. For example, when the inter-truck
spacing of the ATP increases from 4 m to 12 m, the resonance condi-
tion is only transited from C1 to C2, representing the bridge response
overlay at 1-cycle interval to 2-cycle interval. However, the amplitude
attenuation of bridge vibration for a short cycle time is weak due to the
low structural damping. In summary, increasing the inter-truck spacing
can significantly reduce the static load effect but may have little influ-
ence on the dynamic load effect on a bridge, thus resulting in a larger
DLA. This conclusion further emphasizes that the traditional method of
increasing truck headway to reduce the load effect is not fully applicable
to ATP scenarios, especially in ATP-induced resonance conditions. It
also implies that, as long as limiting the inter-truck spacings of the ATP,
the requirement of adjusting design loading (lane-loading) in the bridge
design code can be avoided. Nonetheless, the current code-specified DLA
may still be questionable, and more assessments should be carried out
for various highway bridges under the ATP loads, particularly in reso-
nance conditions.

5. Bridge resonance control

As discussed previously, those passive methods such as maintaining
the road surface conditions, increasing the inter-truck spacing, and
limiting the number of trucks cannot eliminate those adverse dynamic
impacts. Modifying the code-specified DLA might be effective but may
result in a massive amount of follow-up work.

5.1. Cancellation of the bridge resonance

According to Eq. (9), bridge resonance occurs when the time interval
between two adjacent axle loads of the ATP is i (integer) times of the
natural period of the bridge. It is easy to infer that if the ratio of the
loading period of the ATP to the natural period of the bridge is not an
integer, the load effect from each axle can be counteracted and even be
canceled entirely. Thus, the cancellation conditions can be deduced as.

vb[:% (G=1,23.5i=1,23.;j#£2—1) (20

Based on the fundamental frequency of the bridge (2.87 Hz) and the
known overall wheel spacing of the three kinds of trucks (12.8 m, 11.0
m, 10.3 m), the resonance and cancellation conditions for some multi-
pliers, i, are identified by Eq. (9) and Eq. (20), respectively, as shown in
Fig. 19.

It can be seen from Fig. 19 that the line markings of the resonance/
cancellation conditions for different multipliers are scattered among
various speeds. The line-markings regarding lower multipliers (i.e., i =
2, 3) are distributed sparsely and more inclined to occur at relatively
high speed, and vice versa. As the multiplier increases (i > 3), the line-
marking of the resonance and cancellation conditions approach each
other. Thus, a slight adjustment of the truck speed in the low-speed
range may lead to the alternating fulfillment of multiple resonances
and cancellation conditions. Nevertheless, the resonance conditions for
the lower multiplier should be paid much attention to, because the
resonance vibrations of the bridge under those conditions are
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Fig. 16. DLAs of the bridge versus an increased number of trucks in the platoon for typical resonance conditions (Chinese 5-axle truck).
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17. DLAs of the bridge versus an increased number of trucks in the platoon for typical resonance conditions (Florida C5 truck).
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Fig. 18. DLAs of the bridge versus an increased number of trucks in the platoon for typical resonance conditions (European 5-axle truck).

significant, and those conditions are also prone to occur at high speeds,
which further amplify the bridge vibrations.

For comparison, the contour plot of the simulated DLAs of the bridge
under the load of four-truck platoons moving with Class-B road rough-
ness is also displayed in Fig. 19. It can be seen that:

(1) Overall, the resonance conditions identified from the simulated
DLAs are consistent with the theoretical results. All the relatively
larger DLAs are distributed around the resonance conditions
(Fig. 19, solid red line-marking), while the DLAs near the
cancellation combinations (Fig. 19, long dash line-marking) are
truly small;

(2) The resonance effects quantified by DLAs vary with the resonance

conditions (special combinations of the inter-truck spacing and

truck speed), even for those combinations that belong to the
resonance conditions with the same multiplier;

Not all the calculated DLAs distributed over the resonance line-

markings are significant. Only when the truck speed exceeds a

limit, the DLASs of the bridge around the resonance line-markings

are significantly increased, and greater DLAs are usually prone to
occur at higher speeds. The probable reason will be described in

the following Section 5.2.

3

-

12

5.2. Speed threshold

As shown in Fig. 19, the speed limit can be recognized as a speed
threshold (marked by short-line dashes) for the ATP to induce critical
resonance. The speed threshold divides the operation speed range into a
safe zone and a resonance zone.

It is found that the speed threshold for each truck is almost
completely equal to the corresponding minimum critical resonance
speed identified in Fig. 10. It is because the bridge responses at those
resonance speeds are accumulated not only by the axles from different
trucks, but also by the front and rear axles (groups) from the same truck.
For example, when the ATP (Chinese 5-axle truck) is moving at 85 km/h
with the inter-truck spacing of 4 m, it satisfies the condition of 1/2
fractional harmonic resonance in terms of the front or rear axle loads
from different trucks, as shown in Table 2. Meanwhile, Considering the
effective wheel loads from the same truck and neglecting the steering
axle load, the result of adding the inter-truck spacing (4 m) to the trailer
wheelbase (3 m) is quite close to the effective wheelbase of the tractor
(8.4 m), as demonstrated in Fig. 20(a). In this case, the superposition
effect of the front and rear axle loads from one truck is maximized. It
essentially fulfills the co-frequency resonance condition for the bridge,
resulting in a significant bridge vibration even at a relatively low reso-
nance speed. A similar finding can be obtained when the inter-truck
spacing is 12.8 m, as shown in Fig. 20(b).

Therefore, the identified minimum critical resonance speed can be
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Fig. 20. Description of the resonance condition associated with the speed threshold (Chinese 5-axle truck displayed). (a) Moving at 85 km/h, spacing of 4 m; (b)

moving at 85 km/h, spacing of 12.4 m.

reasonably recognized as the speed threshold to induce a notable bridge
resonance response. On the contrary, when the resonance speeds are
within the speed threshold, the resonance effect is not obvious since the
dynamic load effect caused by each axle load at this speed is relatively
small. Besides, the resonance conditions regarding low speeds are quite
closer to the cancellation conditions, which play a dominant role in
determining bridge vibration. As for the situations of resonance speed
exceeding the speed threshold, the dynamic response of the bridge
induced by every single axle is significant. Moreover, the increased
loading frequency makes the superposition effect between two adjacent
axles (groups) more significant. All these factors contribute to the more
significant resonance effects for higher resonance speeds.

Accordingly, the speed threshold can be reasonably identified by
substituting the fundamental frequency of the bridge and the effective
wheelbase (spacing between the heavy axles/groups) of the truck into
Eq. (9). This rule also applies to other freight trucks.
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5.3. Optimal strategy for ATP crossing highway bridges

For practical purposes, based on the previous discussion, an optimal
traffic strategy is proposed for the ATP to manage the operation models
before crossing the highway bridges, as illustrated in Fig. 21.

(1) Bridge fundamental frequency is unknown
e Step 1: Maintain the road surface conditions and avoid other
adverse factors that motivate the truck vibration;
e Step 2: Limit the number of trucks of the ATP to no greater than 3;
o Step 3: Ensure the inter-truck spacing of the ATP greater than 9 m
to avoid the additional static load effect on the bridge;
e Step 4: Reduce the truck speed as small as legally possible
(generally not below the legal low-speed limit of 60 km/h).
(2) Bridge fundamental frequency has been measured
o Step 1: Ensure the inter-truck spacing of the ATP larger than 9 m
to avoid the additional static load effect of the bridge;
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e Step 2: Identify the effective wheelbase of the truck, then
combine it with the known bridge fundamental frequency to
determine the speed threshold via Eq. (9);

o If the speed threshold exceeds the legal low-speed limit (60
km/h), maintain the truck speed between the legal low-speed
limit and the speed threshold;

o If the identified speed threshold is lower than the legal low-
speed limit (60 km/h), compare the current loading fre-
quency of the ATP with the fundamental frequency of the
bridge.

e Step 3: Manage the current combination of truck speed and inter-
truck spacing according to the cancellation conditions identified
by Eq. (20).

In general, automatically modifying the operating states of the ATP
according to cancellation conditions is the most effective method to
reduce the accompanying adverse dynamic impact on highway bridges.
To this end, adjusting the speed simultaneously for all trucks is of more
practical value, since changing the inter-truck spacing is a time-
consuming process that also relies on the change of speed. Neverthe-
less, it always prefers to maintain the ATP at a relatively low speed, as
long as the speed is within the legal speed limit.

6. Summary and conclusions

In this study, the potential dynamic impact on highway bridges from
the emerging automated truck platooning (ATP) has been theoretically
analyzed and numerically investigated. The following conclusions can
be drawn:

(1) The emerging ATP consisting of common heavy-duty trucks can
produce adverse dynamic load effects on existing highway
bridges, particularly for the medium-to-long span bridges that
have a fundamental frequency below 6.5 Hz. Since these bridges
are prone to resonate with severe vibration when the ATP crosses,
further investigation is needed to quantify the adverse impact for
design purposes.

The DLAs suggested in current bridge design codes may not be
sufficiently capable of characterizing the dynamic effects brought
by ATP. When the inter-truck spacing of the ATP satisfied a
certain relationship with the truck speeds, bridge resonance
would occur and may thus result in larger DLAs against current
code-specified values. The DLAs would also be amplified by the

(2
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number of trucks and be greatly affected by the road roughness.
To prevent such adverse situations, limiting the truck platoon size
is found to be an important approach based on numerical
simulations.
(3) The traditional method of reducing the load effect of ATP by
merely increasing the inter-truck spacing is not entirely reliable.
It is found that a series of bridge resonance conditions could be
induced when combining the normal truck speed with multiple
inter-truck spacings. Those resonance conditions associated with
larger inter-truck spacing may result in a more significant dy-
namic impact on bridges. Therefore, toward decreasing the
additional overall load effect from the ATP, avoiding resonance
should also be an important principle.
Managing the automated truck platooning across the highway
bridges according to cancellation conditions is the most effective
method of eliminating bridge resonance and reducing the related
adverse impact. To this end, the fundamental frequency of the
bridge should better be tested or roughly estimated in advance, so
that all the cancellation conditions can be predicted by the
cancellation formula, and the speed threshold could also be
identified by substituting the bridge fundamental frequency and
the truck axle configuration into the resonance formula. There-
fore, the speed of the ATP can be managed according to the
cancellation conditions or at least be maintained below the
specified speed threshold, to reduce the dynamic impact on the
highway bridges.

(4

-

The present study focused on exploring and revealing the potential
dynamic impact induced by ATP on highway bridges, which is important
to the highway bridge/truck platoon stakeholders. The theoretical
findings and developed analysis framework in this study can serve as a
basis for further investigations on the bridge structural requirements
and traffic limitations associated with the ATP. Based on this study,
various types of bridges in the highway network could be evaluated
regarding the critical resonance conditions through simulation or
experimental studies.
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