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Tracked military vehicles are being replaced by their lightweight wheeled counterparts in many armies around the
world. However, mounting high calibre artillery guns on lightweight, wheeled vehicles may bring about problems
such as crew discomfort, vehicle slide, lift-off, turnover, and etc. To avoid these problems, spades are used to
connect the vehicle to the ground which in turn reduces the vehicle mobility. Furthermore, the optimum spade
design for different vehicles and soils is a difficult if not impossible task to accomplish. In this paper, a spade-less,
four-wheeled vehicle with a mounted mortar is modelled, and the effects of the firing impact amplitude, duration,
and elevation angle on vehicle response are investigated. It is found that all of the likely problems can be avoided
if appropriate precautions are taken, except for firing inaccuracy at very high bomb charges. Therefore, for many
cases, it is feasible to remove the spades.

NOMENCLATURE

Fr Recoil force
mr Recoil mass
mtr Rear unsprung mass
mtf Front unsprung mass
mc Mortar-chassis mass
mch Chassis mass
mmor Mortar mass
Ic Mortar-chassis mass moment of inertia
Ich Chassis mass moment of inertia
Imor Mortar mass moment of inertia
kr Recoil stiffness
kcr Rear suspension stiffness
kcf Front suspension stiffness
ktr Rear tire stiffness
ktf Front tire stiffness
khr Rear horizontal stiffness of chassis
khf Front horizontal stiffness of chassis
cr Recoil damping coefficient
ccr Rear suspension damping coefficient
ccf Front suspension damping coefficient
ctr Rear tire damping coefficient
ctf Front tire damping coefficient
chr Rear horizontal damping coefficient of chassis

chf Front horizontal damping coefficient of chas-
sis

L Vehicle wheelbase
a Distance from mortar-chassis centre of gravity

to front of the car
b Distance from mortar-chassis centre of gravity

to rear of the car
c Horizontal distance from mortar-chassis cen-

tre of gravity to mortar connection point to
chassis

f Distance from mortar centre of gravity to its
connection point to chassis

e Distance from chassis centre of gravity to rear
of the car

d Distance from chassis centre of gravity to front
of the car

h Horizontal distance from chassis centre of
gravity to mortar connection point to chassis

α Mortar elevation angle from horizon
hc Vertical distance from mortar-chassis centre of

gravity to mortar connection point to chassis
hr Vertical distance from mortar-chassis centre of

gravity to rear suspension
hf Vertical distance from mortar-chassis centre of

gravity to front suspension
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hcf Vertical distance from chassis centre of gravity
to front suspension

hcr Vertical distance from chassis centre of gravity
to rear suspension

hch Vertical distance from chassis centre of gravity
to mortar connection point to chassis

ycg Vertical distance from chassis centre of gravity
to that of mortar-chassis system

1. INTRODUCTION

Many armies’ vision of their future is a lighter, faster, and
a more lethal fighting force. The U.S. Army’s Future Com-
bat Systems Multi-Role Fighting Vehicle is an example of the
application of this vision.1 To this end, tracked military vehi-
cles are being replaced by their wheeled counterparts in many
armies around the world, due to their higher mobility and lower
maintenance needs.2

Artillery cannons and mortars are installed on both tracked
and wheeled military vehicles, and the heavier the chassis is,
the larger the cannon (with higher firing power) that will be
used. However, for defeating threats at greater distances and
yet still maintaining vehicle mobility, mounting higher calibre
guns on lightweight vehicles, in particular wheeled vehicles
is of great interest. On the other hand, the transmission of
high firing impact force on the chassis of light vehicles may
bring about problems such as crew discomfort, vehicle slide,
lift-off, turnover, tire blowout, firing inaccuracy, and bottom-
ing out of the suspension dampers. To avoid these problems,
the chassis of the light vehicle is usually connected to the
ground with spades, thereby transmitting a part of the recoil
force to the ground. But the use of spades contradicts with the
agile shoot and scoot capabilities of wheeled vehicles in the
counter-battery fire. Figure 1 depicts a High Mobility Multi-
Purpose Wheeled Vehicle (HMMWV) with a mounted high
calibre mortar and spades.

Since the spades reduce the mobility of the wheeled military
vehicles and the optimum spade design for different vehicles
and soils is a difficult if not impossible task to accomplish, it
is very interesting to see if it is feasible to eliminate the spades
without introducing substantial problems. To this end, a good
realization of the dynamics of an integrated spade-less vehicle-
mortar system is needed. Then the effects of the firing impact
on the system should be extensively investigated and the likeli-
hood of the potential problems should be thoroughly assessed.

Fraud and Donnard4 patented a new design of spades for
military vehicles that made use of a retractable suspension for
the spades. They claimed their design would help for quicker
shoot and scoot though they did not eliminate the spades. Prior
experience with the M551 Sheridan, a light tank first put into
production by the United States in 1966, raised concern that
firing large calibre armaments from lightweight spade-less ve-
hicles may result in unacceptable crew discomfort and vehi-
cle reaction during recoil.5 Therefore, they conducted several
experiments to define the transmitted acceleration to the crew
in these vehicles, in order to assess crew discomfort levels.6, 7

Later, when the United States Marine Corps (USMC) was con-
cerned that the 105 mm gun recoil could have an adverse effect

Figure 1. The HMMWV with mounted mortar and spades.3

on their Light Armoured Vehicle (LAV), the Ballistic Research
Laboratory (BRL) was summoned to investigate the problem.8

They were particularly concerned about the turnover of the ve-
hicle when it was canted. They tested the system at two cant
angles (0 and -10 degrees) and four azimuth angles (0, 30, 60
and 90 degrees) for three different recoil systems for a station-
ary and a moving vehicle. They concluded that no turnover
would occur in any of the scenarios. However, they did not
investigate the effect of the elevation angle, which can signifi-
cantly affect the impact moment on the vehicle, and therefore
the results and the overturn risk. Moreover, there was no para-
metric analysis so that one could extend it to other vehicles or
mortar systems.

Another impact of high recoil force on the chassis when the
spades are removed is the introduced firing inaccuracy due to
the increased vibration of the chassis. Large, heavy vehicles,
such as the Abrams tank and the Bradley fighting vehicle, not
only will not be affected so much by the recoil impact, but they
also have high-cost gun turrets that are controlled by very ex-
pensive, fully-stabilized gun sights, to accurately position the
weapon muzzle on the target. However, small and lightweight
vehicles, such as HMMWVs, cannot justify such expensive
gun turrets or fully-stabilized sights. Therefore, to improve
the accuracy of the weapon firing from a small lightweight
vehicle, the US Army Research Laboratory (ARL) developed
the Inertial Reticle Technology (IRT).9 They replaced the con-
ventional sight with a video camera and the weapon mounting
plate with an actively controlled turret, which was automati-
cally controlled by two motors. However, adding a camera and
an active control system adds more complexity to the system,
in addition to its higher cost.

There are very few analytical studies on integrated vehicle-
mortar systems. These few analyses are all about tracked heavy
vehicles. Shengtao studied a heavy tracked tank to see if the
vehicle would turn over when the spade was eliminated.10 He
modelled the tank in the simplest way–as a one degree-of-
freedom rigid body–and then studied whether the offset be-
tween the firing force and the centre of gravity of the tank
would cause the vehicle to turn over. He concluded that for
large gun-to-vehicle ratios, the spade is needed to avoid hav-
ing the vehicle tip over. Most recently, Balla modelled an
integrated, tracked, vehicle-mortar system and studied its fir-
ing stability and accuracy.11, 12 However, many other potential
problems were not assessed, such as the effect of the firing
charge or the elevation angle on firing accuracy, vehicle slide,
vehicle turnover, etc.
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In their previous study, the authors developed a mathemat-
ical model for a spade-less integrated mortar-vehicle system
and tried to employ semi-active primary suspensions to reduce
the vehicles heave, pitch and fore-aft vibrations, and to im-
prove its firing accuracy.13, 14 The authors used a particular
mortar system with fixed bomb charge (force amplitude and
duration) and fixed elevation angle. However, different bomb
charges and elevation angles will be required to aim at different
targets for different distances. Therefore, to include all these
cases, a parametric study is conducted in this article to inves-
tigate the effects of different firing parameters–namely, firing
impact amplitude, duration, and elevation angle–on the vehicle
response, in terms of chassis maximum acceleration, vehicle
slide and lift-off, tire blowout, pitch motion, range inaccuracy,
and suspension travel. Consequently, the above mentioned
concerns are assessed and the range of firing parameters for
safe firing is determined. As a result, the feasibility of spade
removal from lightweight, wheeled vehicles is investigated.

2. MATHEMATICAL MODELING

The most common lightweight, wheeled, military vehicle in
many armies is probably the HMMWV. The HMMWV was
designed primarily for personnel and light cargo transport be-
hind front lines, not as a front line fighting vehicle. However,
due to the urge of high mobility in the battle fields, HMMWVs
are being equipped with different artillery guns and armament
to be used in the front lines. A typical spade-less HMMWV
with a mounted mortar is depicted in Fig. 2. The mortar in this
picture is a low-recoil Super Rapid Advanced Mortar System
(SRAMS).15–17

In this study, a six-degrees-of-freedom model of an inte-
grated HMMWV-mortar system developed in the authors pre-
vious study is utilised.13 Five degrees of freedom are the rear
and front tire deflections, vehicle heave, pitch, and fore-aft mo-
tions. The sixth degree of freedom is the recoil mass motion
of the mortar system. The mortar system is rigidly connected
to the vehicle chassis and the elevation angle (α), once cho-
sen, remains the same during firing. The mathematical model
is schematically illustrated in Fig. 3. The soil elasticity is not
considered in the current modelling hence, the simulations are
valid if the firing is conducted on a relatively hard soil as com-
pared to the vehicle tires. Although this model was originally
developed for a HMMWV, it is generic and can be used for any
other four-wheeled vehicle.

Since the pitch angle is usually small, the linearized dy-
namic equations of the system will be in the matrix form, as
follows:

Mz̈+Cż+Kz = rd, (1)

where z is the displacement vector defined as

z =
[
yG θ x ytr ytf xr

]T
. (2)

The displacement vector elements are vehicle heave, pitch, and
fore-aft motions; rear and front tire deflections; and recoil dis-
placement, respectively.

In Eq. (1), M,K, and C represent mass, stiffness, and damp-
ing matrices, respectively, and are defined in Eqs. (3) to (5)(see

Figure 2. A typical spade-less HMMWV with mounted mortar.

Figure 3. The mathematical model of an integrated spade-less HMMWV-
mortar system

page 186).13 In Eq. (1), rd is the vector of the body forces and
the firing impact, and can be written as

rd =
[
mcg 0 0 mtrg mtfg Fr +mrg sinα

]T
.
(6)

All the parameters are described in the nomenclature. In
order to decrease the order of differentiation, Eq. (1), which
is essentially six, scalar, second-order, differential equations,
is transformed into a state space, which will consist of twelve
scalar, first-order, differential equations. The state space form
will be as follows:

ẋ = Ax+Rd, (7)

where the state vector, the state matrix, and the disturbance
vector are defined, respectively, as

x12×1 =
[
zT żT

]T
, (8)

A12×12 =

[
06×6 I6×6

−M−1K −M−1C

]
, (9)

and

Rd12×1 =

[
06×6

M−1

]
rd. (10)

In all of the above mentioned equations, the mass, the
mass moment of inertia, and the centre of gravity location of
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M =



mc 0 0 0 0 0
0 Ic 0 0 0 0
0 0 mc 0 0 0
0 0 0 mtr 0 0
0 0 0 0 mtf 0

mr sinα mrc sinα+mrhc cosα mr cosα 0 0 mr


6×6

, (3)

K =



kcr + kcf bkcr − akcf 0 −kcr −kcf −kr sinα
bkcr − akcf b2kcr + a2kcf hfkhf − hrkhr −bkcr akcf −kr(c sinα+ hc cosα)

0 0 khf + khr 0 0 −kr cosα
−kcr −bkcr 0 kcr + ktr 0 0
−kcf akcf 0 0 kcf + ktf 0
0 0 0 0 0 kr


6×6

, (4)

C =



ccr + ccf bccr − accf 0 −ccr −ccf −cr sinα
bccr − accf b2ccr + a2ccf hfchf − hrchr −bccr accf −cr(c sinα+ hc cosα)

0 0 chf + chr 0 0 −cr cosα
−ccr −bccr 0 ccr + ctr 0 0
−ccf accf 0 0 ccf + ctf 0
0 0 0 0 0 cr


6×6

, (5)

the combined chassis-mortar system are used; however, there
might be different mortars or vehicle chasses combined to-
gether. Therefore, for the model to be generic, parameters of
the combined system are calculated using parameters of the
vehicle chassis and the mortar. Details of the formulation to
relate these parameters are discussed in the authors previous
study.13

3. PARAMETRIC STUDIES

As mentioned earlier, in order to assess the different prob-
lems that might occur in a spade-less wheeled vehicle when fir-
ing, a comprehensive study on shock response of the vehicle-
to-firing impact is needed. To this end, three different firing
parameters–firing impact amplitude, duration, and elevation
angle–are varied over a practical range, so as to account for
different bomb charges and firing conditions. Vehicle response
is then studied in terms of the chassis maximum acceleration,
vehicle slide and lift-off, tire blowout, pitch motion, range in-
accuracy, and suspension travel.

For the simulation results, the parameters of the HMMWV
and the SRAMS are used for the vehicle and the mortar system.
The geometric and physical properties of the vehicle chassis
are used from those provided by Aardema18 for a standard
HMMWV without any shelter or mortar. Vehicle suspension
and tire properties are adopted from the study conducted by
Karakas et al.19 and all are tabulated in Table 1. All the param-
eters in the table are introduced in the nomenclature.

Horizontal stiffness and damping have two components.
The first part, which results from bushings and other constant
sources, is assumed to be 7 % of the corresponding vertical
stiffness and damping.13 The other component of the horizon-
tal stiffness and damping results from deviation of the verti-
cal suspension from vertical position and it is assumed to be
equal to 15% of their corresponding vertical values.20 Further-
more, the static friction coefficient between the tires and the
dry ground is assumed to be 0.7.21

The mortar system considered in this paper is a 120 mm

Table 1. The vehicle parameters for the full scale half HMMWV model

Parameter Value Parameter Value
Symbol Symbol
mch 1810 kg ccf 9000 N.s.m−1

mtr 181 kg ctr 4000 N.s.m−1

mtf 181 kg ctf 4000 N.s.m−1

Ich 2976 kg.m2 L 3.3 m
kcr 163300 N.m−1 e 2 m
kcf 163300 N.m−1 hch 0.2 m
ktr 463800 N.m−1 hcf -0.2 m
ktf 463800 N.m−1 hcr 0.2 m
ccr 9000 N.s.m−1

Table 2. The mortar parameters for the full scale SRAMS model

Parameter Value Parameter Value
Symbol Symbol
mr 400 kg cr 80345 N.m−1

mmor 800 kg h 0.75 m
Imor 2000 kg.m2 f 1 m

smoothbore SRAMS. The properties of the mortar system are
presented in Table 2. The recoil system of a gun is essentially
a critically-damped system to absorb the recoil force.22 There-
fore, the recoil damping is set to a value so that the local re-
coil damping ratio is equal to unity. One should note that the
properties given here for the mortar system are for a full-scale,
full-mortar model, while the properties given for the vehicle
are for a full-scale, half-car model. Therefore, once they are
substituted into the system equations, one may either multiply
the vehicle properties by two or the mortar properties by half.
The geometric properties will not change for this matter.

Based on the experimental pressure data measured inside the
SRAMS barrel the recoil firing force is modelled as a half-sine
impact with an amplitude of Fr and a duration of T . Different
forms of the sine function have been used by other researchers
as well, to model the cannon firing and ballistic forces.12 Un-
fortunately, the authors cannot reveal any of the experimental
data due to confidentiality constraints. The firing impact is
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then formulated as

Fr(t) =

{
Fr sin(πt/T ), , 0 ≤ t ≤ T

0 , t > T
. (11)

The recoil impact amplitude (Fr) is varied from 50 kN to
400 kN,23 and its duration (T ) is varied over the range of 5 ms
to 200 ms. Furthermore, the elevation angle (α) is varied from
10 to 80 degrees. Using the parameters given in this section
and the mathematical modelling in section 2, the simulations
are carried out in MATLAB and the results are presented in
section 4.

4. RESULTS

The simulation results will show different responses of the
vehicle in 3D diagrams or 2D contours, as a function of ei-
ther the firing impact amplitude and the elevation angle, or the
firing impact duration and the elevation angle. If the plotted
response is a function of the firing impact amplitude and the
elevation angle, the third remaining parameter, i.e., the firing
duration, is set to 50 ms. And if the plotted response is a func-
tion of the firing impact duration and the elevation angle, the
third remaining parameter, i.e., the firing impact amplitude, is
set to 135700 N. These selected numerical values belong to the
firing of a particular charge of a 120 mm SRAMS.

The safety and reliability of the electronics as well as human
discomfort, are greatly dependent on the acceleration transmit-
ted to them. According to the simulation results, the maximum
vertical acceleration occurs at the rear of the vehicle, while the
maximum horizontal acceleration is almost constant over the
vehicle length. Therefore, the rear of the vehicle is the critical
point where the electronics and the crew will experience the
largest acceleration. Figure (4) shows the maximum total ac-
celeration of the rear of the vehicle as a function of the firing
impact amplitude and the elevation angle. Figure (5) shows the
same response as a function of the firing impact duration and
the elevation angle.

The total acceleration in these figures is a conservative one,
since it is assumed that the maximum vertical and the maxi-
mum horizontal accelerations at the rear of the car occur at the
same time. Hence, the total acceleration is calculated as the
square root of the sum of the squares of the maximum vertical
and horizontal accelerations. This is a valid assumption, since
they actually occur almost at the same time. According to the
figures, as any of the three parameters increases, the maximum
total acceleration also increases. As shown in Fig. 5, higher
impact durations yield a sudden jump in the slope of the accel-
eration increase. This is probably because of the proximity of
the impact fundamental frequency to that of the chassis heave
or pitch motion.

According to the results, the maximum total acceleration
falls below 10 g for a large range of the firing variables. This
is well below the average human acceleration tolerence. Al-
though its being subjective makes the measurment of this tol-
erence an arduous task, there are few articles reporting an av-
erage acceleration tolerance based on different criteria. An
experiment conducted by Lombard and his colleagues is pre-
sented by Hundley et. al.,6 who reports an average toler-
ance level of 22.6 g based on local pain, bruising, and neck

Figure 4. The maximum total acceleration at the rear of the vehicle as a func-
tion of the firing impact amplitude and the elevation angle

Figure 5. The maximum total acceleration at the rear of the vehicle as a func-
tion of the firing impact duration and the elevation angle

pain. The acceleration tolerence for electronics is usually
much larger.

The other issue is to see if a recoil system designed and op-
timised for a particular bomb or charge properly reduces the
recoil force for other bombs and charges or not, as well as
to see if it works properly for all possible elevation angles.
Figures 6 and 7 show the maximum transmitted recoil force
through the recoil system as a function of the three parame-
ters. This force is normalised by the amplitude of the firing
impact; hence, a normalised force of zero indicates zero force
transmission, and a normalised force of one indicates complete
transmission of the firing impact through the recoil system to
the vehicle chassis. According to the figures, as the firing im-
pact duration or elevation angle increases, the transmitted re-
coil force increases, meaning that the recoil system function-
ality degrades. However, when the firing impact amplitude in-
creases, the recoil system efficacy improves.

Another concern when the spades are eliminated is that the
vehicle might slide on the ground for high bomb charges or
small elevation angles. To check this issue, the horizontal force
exerted to the tires by the chassis is compared to the maximum
static friction force that can be applied from the ground on the
tires.If the former force is larger than the latter the vehicle will
slide. The maximum friction force on the vehicle is calculated
by multiplying the friction coefficient and the normal force be-
tween the ground and the tires.

Figures 8 and 9 show the vehicle slide contours for a dry
contact between the tires and the ground, in terms of firing
impact amplitude, duration and elevation angle. The contours
are divided into two regions, the slide region and the no-slide
region, which are separated by the boundary line named dry.
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Figure 6. The maximum normalised transmitted recoil force as a function of
the firing impact amplitude and the elevation angle

Figure 7. The maximum normalised transmitted recoil force as a function of
the firing impact duration and the elevation angle

Figure 8. The vehicle slide contour in terms of the firing impact amplitude
and the elevation angle; the solid line indicates the dry tire-ground condition,
and the dotted line represents the wet tire-ground condition.

If the contact between the tires and the ground is wet or the
road has iced over, the boundary line falls below the dry line,
which decrease the no-slide region. The wet boundary line is
labelled as wet in the vehicle contour diagrams. The decrease
of the no-slide region in wet or frozen conditions is due to the
drop in the static friction coefficient that is considered to be
0.25 for the simulations in this paper. The friction coefficient
is assumed as 0.25 to represent an arbitrary wet or icy road
while investigating the surface and friction condition on the
sliding vehicle. According to the figures, as either the firing
impact amplitude or the duration increases, or the elevation
angle decreases, the vehicle is more likely to slide in both dry
and wet conditions.

As the bomb charge or elevation angle increases, there is a
tendency for the vehicle to lift off of the ground after firing. In

Figure 9. The vehicle slide contour in terms of the firing impact duration and
the elevation angle; the solid line indicates the dry tire-groind condition, and
the dotted line represents the wet tire-ground condition.

Figure 10. The vehicle lift-off contour in terms of the firing impact amplitude
and elevation angle.

Figure 11. The vehicle lift-off contour in terms of the firing impact duration
and the elevation angle.

the simulations, when the tire force becomes zero, it indicates
that the tire starts to lift off of the ground (a positive value of
tire force represents a compressive force). For this case study,
the rear tires always have a smaller minimum force than the
front tires do, for any firing impact amplitude, duration, or el-
evation angle. Therefore, the rear tires determine if the vehicle
lift-off occurs or not. Figures 10 and 11 show the vehicle lift-
off contours in terms of the firing impact amplitude, duration,
and elevation angle. The contours are divided into two regions;
these are the lift-off region and the no-lift-off region. Accord-
ing to the figures, as the firing impact amplitude or duration,
or the elevation angle increases the tires are more likely to lift
off.

A serious concern for lightweight, wheeled vehicles is tire
blowout when the spades are eliminated. The transmission of
excessive firing impact force to the chassis and the tires, at high
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Figure 12. The force contour for rear tires in terms of the firing impact ampli-
tude and elevation angle.

bomb charges, may blow out the tires due to excessive tire load.
Therefore, tire load analysis is essential for prediction and pre-
vention of tire blowout. For the vehicle-mortar configuration
considered in this paper, the rear tires experience larger loads
than the front tires do over the practical ranges for the three pa-
rameters studied in this research. Consequently, the rear tires
will determine if the tires will blow out under the firing im-
pact force. Figures 12 and 13 show force contours for the rear
tires in terms of firing impact amplitude, duration, and eleva-
tion angle. According to the figures, as any of these parameters
increase, the tire load increases too. These figures can be used
to see if a particular tire with a known maximum load capacity
will blow out under a given firing impact load, duration, and
elevation angle.

The tires commonly used in HMMWVs can resist up to 18
kN. This low maximum capacity restricts firing high bomb
charges at large elevation angles. However, by a thorough
search, these authors found other rugged tires for HMMWVs
that are capable of handling higher tire forces. Baja T/A off-
road tires, made by the BFGoodrich company and having an
NSN number of 2610-01-563-8328, are examples of E-range,
high-capacity tires capable of handling more than a 22 kN load
when stationary. Furthermore, there is a new generation of
airless tires called Tweel, first commercialised by Michelin.
These tires have a higher load capacity than their pneumatic
counterparts, due to the airless characteristics. To design even
higher capacity tires for military applications, particularly for
HMMWVs, Resilient Technologies and Wisconsin-Madison’s
Polymer Engineering Center are currently developing a patent-
pending, non-pneumatic tire that can even survive an IED at-
tack, and still make a 50 mph getaway.24 This tire is basically
a round honeycomb wrapped with a thick, black tread. The air-
less tire is currently being tested on a Wausau-based National
Guard HMMWV. However, airless tires have their own draw-
backs, and the decision regarding whether to use them or not
requires a thorough consideration of all their advantages and
disadvantages.

Another method to mitigate the risk of the tire blowout is
the pressure change of the tires. Nowadays, the technology
on some of the cars allows the driver to decrease or increase
the tire pressure with a remote. Since the load capacity of the
tire significantly depends on its pressure, if this technology is
installed in the vehicle, then the pressure could be changed
accordingly when firing, which would increase the tires load
capacity and, prevent tire blowout.

Figure 13. The force contour for rear tires in terms of the firing impact dura-
tion and the elevation angle.

Another concern for lightweight vehicles firing high calibre
guns without spades is a large pitch angle of the chassis, which
significantly affects crew comfort and firing accuracy. Accord-
ing to simulation results (not shown in this article), as the fir-
ing impact amplitude or duration, or elevation angle increases,
the maximum pitch angle increases as well. Consequently, the
chassis pitch angle affects the firing accuracy. If the momen-
tum velocity of the bomb, leaving the barrel, is designated by
V0, the firing range will be

R = (V 2
0 sin 2α)/g, (12)

whereR is the range, α is the elevation angle, and g is the grav-
itational acceleration. By assuming a half-sine firing impact as
mentioned before, the impulse imparted to the bomb will be

T∫
0

Ffiringdt =

T∫
0

Fr sin (πt/T )dt = 2FrT/π, (13)

where Ffiring and Fr are firing and recoil forces, respectively.
Therefore, if the bomb mass is designated by m, the bomb
velocity leaving the barrel, i.e., V0 will be

V0 = 2FrT/mπ. (14)

Now, one can evaluate the change in the range in terms of a
change in the elevation angle by differentiating Eq. (12) with
respect to α. Differentiating Eq. (12) and substituting V0 from
Eq. (14) yields,

dR =
2

g
(2FrT/mπ)

2 cos (2α)dα. (15)

Making use of Eq. (15) and assuming that the bomb weighs
15 kg, the firing inaccuracy due to the pitch motion is plot-
ted in Figs. 14 and 15. According to the figures, as the ele-
vation angle deviates from 45 degrees, the inaccuracy in the
firing range increases. However, this increase in inaccuracy
for complementary elevation angles (having equal deviation
from 45 degrees) is not equal; the smaller angle will have a
smaller inaccuracy in the range. Therefore, since firing at com-
plementary elevation angles ideally results in the same range,
it is recommended to fire at the smaller elevation angle due
to its smaller inaccuracy. Furthermore, as the impact ampli-
tude or duration increases, the inaccuracy in the firing range
also increases. This increase in inaccuracy becomes as large
as a few kilometres for large impact amplitudes or durations.
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Figure 14. The firing range inaccuracy as a function of the firing impact am-
plitude and elevation angle.

Figure 15. The firing range inaccuracy as a function of the firing impact dura-
tion and elevation angle.

Therefore, the use of spades on lightweight vehicles is recom-
mended for higher accuracy when very high calibre guns and
large bomb charges are being used.

And, finally, the suspension travel of the vehicle should
also be checked so as to not exceed the maximum allowed
value; otherwise, the dampers will bottom out and eventually
cease to function. For the vehicle-mortar configuration in the
simulation–with a given firing impact amplitude, duration and
elevation angle–the rear suspension travel is always larger than
that of the front suspension. According to simulation results
(not shown here), as the firing impact amplitude, duration, or
the elevation angle increases, the maximum suspension travel
increases as well. However, the maximum suspension travel
reaches 22 cm in the worst case, which is still acceptable and
will not normally result in suspension damage or bottoming
out of the dampers.

The effects of firing impact on a spade-less, lightweight,
wheeled vehicle was analysed in this section and the vehicle
response was assessed in terms of chassis maximum accelera-
tion, vehicle slide and lift-off, tire blowout, pitch angle, range
inaccuracy, and suspension travel.

5. CONCLUSION

The research was conducted to investigate the effects of fir-
ing impact on spade-less, lightweight, wheeled, military ve-
hicles and determine whether spade removal was feasible.
To this end, a generic six-degrees-of-freedom mathematical
model of a vehicle-mortar system was used. The effects of
three main firing parameters–firing impact amplitude, dura-
tion, and elevation angle–were investigated on the vehicle re-

sponse. These three parameters enable the analysis to cater
to different bombs, bomb charges, and firing conditions. The
vehicle response was assessed in terms of vehicle maximum
acceleration, slide, lift-off, tire blowout, pitch angle, range in-
accuracy, and suspension travel.

Simulation results show that maximum acceleration occurs
at the rear of the vehicle. Although the maximum acceleration
is below 10 g and might not affect a single fire, multiple firing
might bring about, fatigue electronic damage, or crew discom-
fort such as headaches, transitory head pain, and neck strain.
To prevent these problems, it is recommended that the elec-
tronics are not mounted at the rear of the vehicle and that the
crew should be absent from the vehicle or sitting in the front
seats while the cannon is being fired.

It was also shown that the functionality of the recoil sys-
tem will be degraded as the impact duration or elevation angle
increases. The efficacy of the recoil system is more sensitive
to the former parameter, i.e., the impact duration. The simu-
lation results also show that the vehicle will not slide unless
firing horizontal, high calibre guns at very large charges. This
slide issue becomes problematic if the ground is wet and slip-
pery. Similarly, the vehicle would not lift of the ground unless
it fired high bomb charges at large elevation angles.

Furthermore, according to the results, the tires are likely
to blow out when the firing impact amplitude or duration be-
comes very large. To prevent this from happening, the use of
more rugged tires is recommended. As the firing impact ampli-
tude or duration increases, the pitch and the firing inaccuracy
increase as well. However, although the pitch angle increases
as the elevation angle increases, the firing inaccuracy increases
as the elevation angle deviates from 45 degrees. Nevertheless,
the firing inaccuracy for the complementary elevation angles
is not the same, as it is smaller for the smaller elevation angle;
therefore, it is recommended that the smaller elevation angle be
chosen to fire between the two complementary angles, which
ideally result in equal ranges. And, finally, the simulation re-
sults show that there would be no excessive suspension travel,
even at high bomb charges or elevation angles.

In summary, all of the above mentioned problems about a
spade-less, lightweight, wheeled vehicle can be avoided if ap-
propriate precautions are taken (except for firing inaccuracy, if
high calibre guns at high bomb charges are used). Firing at dis-
tant targets with high calibre guns and high bomb charges from
a spade-less, lightweight vehicle can result in up to a few kilo-
metres of inaccuracy in range. Thus, for this purpose, spades
are needed for a lightweight, military vehicle with passive sus-
pensions. However, for a broad range of firing amplitude, du-
ration, and elevation angle, it is feasible to remove the spades,
which therefore increases the vehicle mobility and avoids the
challenging and sometimes impossible task of an optimum and
efficient spade design.
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