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Abstract: Roll Over Protective Structures (ROPS) are
safety devices fitted to heavy vehicles to provide protection
to the operator during an accidental roll over. At present,
ROPS design standards require full-scale destructive test-
ing that can be expensive, time consuming, and unsuitable
for small companies. More economical analytical meth-
ods are not permitted due to a lack of understanding of
post yield behavior and the energy absorption capacity of
ROPS. To address this, a comprehensive research project
was undertaken to investigate ROPS behavior using an-
alytical techniques supported by experiments. This arti-
cle presents the dynamic impact analysis of a bulldozer
ROPS using calibrated finite element models. Results indi-
cate that (1) ROPS posts have significant influence on the
energy-absorbing capacity, (2) dynamic amplifications in
energy could be up to 25%, (3) stiffer ROPS cause high
peak decelerations that may be detrimental to the operator,
and (4) analytical techniques may be used for evaluating
ROPS performance.

1 INTRODUCTION

Heavy vehicles that are used in the rural, mining, and
construction industries are susceptible to rollovers as
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they have a high center of gravity and commonly op-
erate on sloping and uneven terrain. A steel moment-
resisting frame with either two or four posts is usually
attached to these vehicles above the operator’s cabin for
protection during rollovers. This safety device is called a
Rollover Protective Structure (ROPS) and its role is to
absorb some of the kinetic energy (KE) of the rollover,
while maintaining a survival zone for the operator. The
design and analysis of ROPS is complex and requires
dual criteria of adequate flexibility to absorb energy and
adequate stiffness to maintain a survival zone around the
operator.

Evaluation techniques used in the current Australian
standard for earth moving machinery protective struc-
tures AS2294–1997 are simplified and involve full-scale
destructive testing of ROPS subjected to static loads
along their lateral, vertical, and longitudinal axes. The
standard is performance based, with certain force and
energy absorption criteria that are derived from empir-
ical formulae related to the type of machine and oper-
ating mass. Deflection restrictions are also employed to
enable a survival space known as the dynamic limiting
volume (DLV) to be maintained for the vehicle operator.
These simplified provisions provide design guidelines
that will substantially improve the operator’s chances of
survival during an accidental rollover. This form of certi-
fication can be time consuming and extremely expensive
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as establishing the force and energy criteria can involve
large loads that may therefore require the use of a spe-
cialized testing facility.

Certification of ROPS by more economical analyti-
cal modeling techniques is currently not permitted by
ROPS standards for earthmoving machinery both in
Australia and internationally. Reasons for the exclusion
are attributed to a lack of knowledge and research in-
formation on the behavior of these structures in the post
yield region and their energy-absorption capacity. Pre-
liminary research has shown promise for the use of an-
alytical techniques to model the nonlinear response of
ROPS. These analytical methods were very simplified
and involved the use of elasto-plastic beam elements
to simulate the behavior of ROPS subjected to a static
lateral load. In recent years, substantial advances have
been made in both computational power and the imple-
mentation of advanced element types in Finite Element
(FE) techniques that can accurately model and predict
the nonlinear response of structures, particularly in the
post yield region. Research carried out on ROPS behav-
ior using analytical and experimental techniques include
those of Clark et al. (2006a,b), Kim and Reid (2001),
Tomas et al. (1997), Swan (1988), and Huckler et al.
(1985).

A comprehensive research project was undertaken
at the Queensland University of Technology to inves-
tigate ROPS behavior using computer simulations sup-
ported by experiments to (1) enhance our understanding
of ROPS behavior, (2) improve energy absorption and
safety, and (3) generate research information to facili-
tate the development of analytical techniques for design
and evaluation that may lessen the need for destructive
full-scale testing (Clark, 2006a).

This article treats the dynamic response of the ROPS
model for a K275 bulldozer, using calibrated FE models.
The experimental testing and calibration of the compute
model of this particular ROPS model are reported else-
where (Clark, 2006a,b). The dynamic impact loads are
characteristic of those that are experienced during the
sidewards rollover of a vehicle on a firm slope. A sim-
plified method based on a conservation of angular mo-
mentum approach reported by Watson (1967) is used to
estimate the dynamic impact parameters for the ROPS
during a sidewards overturn. The explicit FE code LS-
Dyna v970 was used to conduct the necessary dynamic
impact modeling for rollover impacts on firm slopes with
inclinations of 15◦, 30◦, and 45◦. The influence of con-
trolling variables such as ROPS stiffness, impact veloc-
ity, and duration and roll slope angle on the dynamic
response of the ROPS was studied. The results are com-
pared with those from previous static analysis to estab-
lish the effect of possible dynamic amplifications and the
adequacy of current standard provisions.

1.1 Dynamic finite element analysis

Rollover simulation using FE analysis has received lit-
tle attention from researchers. Chou et al. (1998) high-
lighted that the major difficulty associated with using
FE for rollover analysis was the large simulation time
required to capture the event accurately. In direct paral-
lel to this, Klose (1969) also emphasized that the rollover
process was extremely difficult to model as it involved
the complex interaction of numerous parameters that
influenced the behavior of the rolling vehicle. In the
open literature, the FE modeling of rollover protective
structures under dynamic loading has been limited to re-
search performed by Tomas et al. (1997) and Harris et al.
(2000). The work performed by Harris (2000) examined
the rearward rollover of a tractor whereas Tomas’s re-
search used the program MADYMO to study the effect
of ROPS stiffness and occupant restraint during the side-
wards rollover of an earthmoving machine. Although the
modeling techniques employed by each of these authors
have assisted with assessing the performance of ROPS
under simulated dynamic impact loads, little compari-
son has been made with reference to the adequacy of the
static loading procedures adopted in current ROPS stan-
dards and the possible dynamic amplifications that may
take place during such loading conditions. With these
views in mind the simplified procedure proposed by Wat-
son (1967) is used as a basis for a dynamic impact study to
investigate the influence of critical parameters that con-
trol the response behavior of ROPS subjected to such
loading conditions.

2 ROPS FOR K275 BULLDOZER

The K275 bulldozer is a crawler type dozer with a gross
vehicle weight of approximately 50 tons commonly used
in the construction and mining industries for earthmov-
ing purposes. Rollover protection for the occupant is af-
forded through a two post rollbar type ROPS, which is
shown in Figure 1.

This ROPS is primarily a fixed base portal frame, con-
sisting of two posts and a beam, rigidly connected to the
chassis of the vehicle. In addition to the ROPS, an addi-
tional roof canopy section known as the Falling Object
Protective Structure (FOPS) , is incorporated to provide
protection to the operator under falling objects. In this
study, the FOPS, which is a separate detachable struc-
ture, was omitted. The overall geometry of the full-scale
K275 ROPS model was established from site measure-
ments taken at the manufacturer’s storage yard. Appro-
priate RHS/SHS member sizes were selected so that the
ROPS would possess sufficient strength and energy ab-
sorption characteristics that would enable it to success-
fully pass the requirements of the Australian Standard.
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Fig. 1. K275 bulldozer with ROPS.

2.1 Half-scale ROPS model

Previous research by Srivastava et al. (1978) has shown
that principles of similitude modeling could be success-
fully applied to ROPS testing techniques, and could lead
to large-scale economic savings. Based on the research
findings of these authors the principles of similitude were
applied to the K275 bulldozer ROPS to lessen fabrica-
tion costs and reduce the magnitudes of the test loads to
be applied to the ROPS. Reduction in the magnitudes of
the loads was essential as a full-scale test of ROPS for
a vehicle such as this was extremely large and would re-
quire the use of an extensive laboratory testing facility.
A scaling factor (for size) was then selected between
the model and prototype that gave rise to the scaling
factors of 1/8 for energy absorbed under lateral load, 1/4
for loads, and 1/2 for deflections. A half-scale model of
the K275 ROPS with length 1,000 mm, height 900 mm,
and section properties 125 × 75 × 5 mm for the posts
and 125 × 125 × 5 mm for the beam, was designed and
fabricated and subjected to the loading and energy re-
quirements of AS2294–1997. The member types used
for the ROPS consisted of 350 grade RHS with full
penetration butt-welded moment-resisting connections.
The half-scale K275 ROPS model was experimentally
tested under the required lateral, vertical, and longitu-
dinal loads (Clark, 2006a). The load and energy magni-
tudes established from AS2294.2–1997 were modified to
take into account the similitude relationships established
for this model. Strain and deflection measurements were
recorded for each loading sequence.

The experimental testing was followed by FE analysis
of the half-scale ROPS model under the same loads, us-
ing the program ABAQUS standard v6.3. Scaling laws
from the similitude study along with the program MSC
Patran were used to develop the necessary geometry for
the FE model.

Figures 2 and 3 show the experimental testing of the
ROPS model under lateral load and the FE model of

Fig. 2. Lateral load testing of K275 ROPS.

the same ROPS, respectively. The rectangular portion
(in lighter shade) at the top right-hand post in the FE
model shows the rigid body used to apply the dynamic
impact loading described later on in the article. The lat-
eral load deflection plots obtained experimentally and
from the FE analysis shown in Figure 4 demonstrate
excellent agreement between the two sets of results.
The variation of the stress with load at the base of the
ROPS post (a critical region), also showed excellent
agreement between the experimental and analytical re-
sults (Clark, 2006a). This calibrated FE ROPS model
was used for the dynamic analysis under lateral impact
loads.

Fig. 3. Finite element model of K275 ROPS.
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Fig. 4. Lateral load deflection response from experiment
(LVDT 1) and FEA.

3 DEVELOPMENT OF PARAMETERS FOR
DYNAMIC IMPACT ANALYSIS

FOR K275 BULLDOZER

Watson’s procedure (1967) based on conservation of an-
gular momentum, is used to determine the impact pa-
rameters for the RPOS model for roll slope inclinations

Fig. 5. (a) Initial rollover conditions, (b) impact on wheel at point B, and (c) impact on ROPS at point D.

of α = 15◦, 30◦, and 45◦. The simplifying assumptions of
this procedure include: neglecting forward velocity, use
of a two-dimensional vehicle model, assuming the vehi-
cle’s center of gravity to be directly above the point of
rotation at the wheel just before the roll, and treating the
vehicle as a rigid body that falls sideways freely under
gravity with no change in angular momentum about the
point of impact.

3.1 Derivation of K275 bulldozer rollover parameters

Figures 5a–c illustrate the three stages in the rollover of
a vehicle, which initially rolls about A, then about B, and
finally makes impact with the ground at D at which it
also rolls.

Loss in potential energy = Gain in KE
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Angular momentum of bulldozer about B after
impact =

IBωB = Mωb[k2 + (h − x)2 + y2]. (3)

Gain in KE between B and D
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Then total KE as the ROPS reaches the ground at D

= 1/2IBω2
B + Gain in KE between B and D = 1/2IBω2

C,

(5)

where ωC is the angular velocity of the vehicle just before
impact at D.

By equating the angular momentum before and after
the impact at point D, it is possible to derive the angular
velocity ωD of the vehicle after impact at D and hence
the KE of the system after impact is, as given by,

IGωC + MωC

√
(h − x)2 + y2 × DK (6)

= IDωD = MωD[k2 + B2 + (H − x)2] (7)
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In the above expressions, x, y, h, H, and B are vehicle

dimensions as shown in the Figures 5a–c, k is its radius
of gyration about the centroid, ωi angular velocity about
the point i(= A, B, C, D, or G) and Ii the moment of
inertia about i.

3.2 Determination of moment of inertia of vehicle

The moment of inertia (IG) about the vehicle’s center
of gravity, is a parameter that is not readily available
from the vehicle manufacturer. To overcome this prob-
lem a two-dimensional rectangular approximation of the
vehicle was made, dimensions of which are outlined in
Figure 6. Using this rectangular approximation for the
vehicle and assuming that there is an even mass distribu-
tion and that the centroid of the vehicle is located 1.45 m
from the ground, the moment of inertia about the ve-
hicle’s centroid may be estimated using the following
equation:

IG = 1
12

M(a2 + b2) + Mc2. (8)

The terms a and b represent the length and width of
the rectangle whereas M and c represent the mass of

Fig. 6. Rectangular approximation of K275 bulldozer for
moment of inertia calculation.

the vehicle and its distance from the geometrical center,
respectively. Using the values of a = 2.60 m, b = 2.56 m,
c = 0.35 m, and M = 49,850 kg for the K275 bulldozer, the
moment of inertia of the vehicle about the centroid can
be approximately calculated as 62,000 kgm2. This value
compares well with the value of 60,000 kgm2 obtained
by Cobb (1976) for a 50-ton tractor.

3.3 Kinetic energies and velocities for different roll
slope angles

The equations derived in the previous sections were ap-
plied to the K275 ROPS for roll slope angles of 15◦, 30◦,
and 45◦. Table 1 shows a summary of the results obtained
for the kinetic energies and angular velocities at differ-
ent stages of the roll. The last row gives the velocity of
impact of the ROPS with the ground during a sideward
roll over.

3.4 Energy absorption by soil

The amount of energy absorbed by the soil was de-
rived from information based on research performed
by Kacigin and Guskov (1968). These authors suggested
that the force developed in the soil normal to the ground
slope could be approximated by the following equation:

Fg = Ap tanh
(

K
p

�

)
, (9)

where A is the area of contact, K the coefficient of vol-
umetric compression, p the bearing capacity of the soil,
and � the maximum soil deflection. For the present in-
vestigation, these parameters were set at � = 100 mm,
K = 20.7 kg/cm3, and p = 46.2 kg/cm2, based on infor-
mation provided by Cobb (1976) and representative of
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Table 1
K275 dynamic rollover parameters

Ground slope (α)

Property Units 15◦ 30◦ 45◦

(1) KEA before impact J 524,748 758,301 1,004,635
(2) � A Rad/s 2.05 2.47 2.84
(3) � B Rad/s 1.94 2.34 2.69
(4) KEB after impact J 272,814 394,237 522,305
(5) KEBD gain J 23,015 44,968 63,858
(6) KED total before impact J 295,830 439,206 586,164
(7) � C Rad/s 2.02 2.47 2.85
(8) KED after impact J 87,193 129,452 172,767
(9) � D Rad/s 0.64 0.78 0.91

(10) Energy absorbed by soil J 25,717 25,717 25,717
(11) Energy absorbed by ROPS =

(6)-(8)-(10)
J 182,919 284,037 387,679

(12) Translational velocity at impact m/s 2.71 3.37 3.94

Fig. 7. Force-deflection behavior for hard clay soil.

average values for firm clay soils. These parameters were
used in Equation (9) to construct the load deflection
response profile for the soil as shown in Figure 7. The
energy absorbed by the soil was then determined by
calculating the area under this curve. This amount was
subtracted from the estimated amount of energy that
the ROPS must absorb during the impact, resulting in a
slightly reduced translational velocity at impact.

4 DEVELOPMENT OF A DYNAMIC FE MODEL
FOR K275 BULLDOZER ROPS

A full-scale FE model of the K275 ROPS of length
2,000 mm and height 1,800 mm, which was treated earlier
(Clark, 2006a) was developed and subjected to dynamic
impact forces that were characteristic of those sustained

by the ROPS during the first impact of a sidewards
rollover. The section properties of the ROPS members
were 350 grade 150 × 250 × 10 mm RHS for the posts
(initially) and 350 grade 250 × 250 × 12 mm RHS for the
beam. Subsequently the post sizes were varied to study
the influence of the post stiffness on the ROPS response
as described in Section 5. During a rollover, the impact
between the ground surface and the ROPS results in en-
ergy absorption by both the ROPS and the ground. To
simplify the modeling procedure, the ground surface was
idealized as a rigid body that was able to transfer the es-
timated rollover KE into the ROPS. This KE transfer
was performed by assigning the vehicle’s mass to a rigid
body and moving it laterally into the ROPS with a pre-
scribed translational velocity. The velocity of the rigid
body was adjusted to account for the energy absorbed by
the ground surface during the impact as discussed above
for a firm clay surface. The KE imparted to the ROPS
was derived from the results obtained using Watson’s
procedure for each roll slope angle, and summarized in
Table 1.

The geometry and mesh definition necessary to ac-
curately model the ROPS were developed using the
pre-processor MSC Patran, in conjunction with the LS-
DYNA pre-processor Femb v28.0. The surface geome-
try of the ROPS was defined with reference to the mid
thickness section of each member and was meshed us-
ing quadrilateral shell elements. The surface definition of
the model predominantly has two major parts, the ROPS
and the rigid body at the top right-hand post shown in
lighter shade in Figure 3. Corner radii were omitted in
the ROPS model as they had minimal global influence
and to simplify the connection between the post and the
beam.
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The Hughes–Liu shell element was chosen to model
the response behavior of the K275 ROPS under the
established loading conditions. This particular element
type is a reduced integration, large strain, shell element
that consists of four nodes with six degrees of freedom
per node. Selection of this element was based on its sim-
plistic formulation and overall computational efficiency.
The mesh density chosen for the ROPS was 20 mm and
the shell thicknesses that were implemented through-
out the model were 10 mm for the posts and 12 mm
for the beam. All nodes were equivalenced particularly
at the connection region between the posts and the
beam to permit uniform stress transfer throughout these
regions.

The performance of ROPS is based primarily on
its ability to absorb energy, which is most commonly
implemented through the formation of plastic hinges
at specified locations within the structure. The selec-
tion of an adequate material model is vital to the per-
formance of the ROPS and such a model must be
capable of accounting for the nonlinear stress/strain
behavior of the chosen material. To accurately model
this behavior, the LS-DYNA nonlinear material model
MAT PIECEWISE LINEAR PLASTICITY was se-
lected. This constitutive relation requires that the
stress/strain behavior of the steel be included in the
form of a true stress versus plastic strain curve. The re-
quired material properties were calculated using Equa-
tion (10a,b) and were based on uni-axial tensile testing
of coupons cut from the 350 grade RHS/SHS used in
the ROPS model that was experimentally tested (Clark,
2006a).

σTtrue = σEng(1 + εEng) (10a)

εPlastic = ln(1 + εEng) − σTrue

E
. (10b)

Figure 8 shows the true stress versus plastic strain
relationship that was incorporated into LS-DYNA

Fig. 8. True stress vs. plastic strain distribution for ROPS
material.

for all analyses. In addition to this material density
ρ = 7,850 kg/m3, elastic modulus E = 200,000 Mpa, and
Poisson’s ratio ν = 0.3 were assumed.

The influence of strain rate effects on the dynamic
response of the steel RHS/SHS used in the fabrication
of ROPS was incorporated into the LS DYNA material
model by adopting the Cowper Symonds constitutive re-
lation. Cowper Symonds coefficients of D = 950 s−1 and
q = 4 were chosen for the model based on research con-
ducted by Johnson (2001) who used these parameters
for a similar impact study involving 350 grade RHS. The
boundary conditions applied to the model were designed
to simulate full base fixity at the base perimeter nodes
of the ROPS posts. An acceleration field was also ap-
plied to the model in the downward vertical direction to
simulate the effects of gravity on the model.

The loading procedure for the impact study involved
the use of a rigid impacting surface that was modeled
as a rectangular plane of dimensions 250 mm wide by
280 mm high and 10 mm thick. These dimensions were
chosen based on a width equivalent to that of the ROPS
post and on the assumption that approximately 20%
of the height of the ROPS post would come into con-
tact with the ground during a rollover. The impact-
ing body was meshed with 40-mm density Hughes–Liu
shell elements and assigned the LS-DYNA material type
20 MAT RIGID, to reduce the computational time re-
quired to perform the necessary analyses. The impacting
body was constrained globally about all the degrees of
freedom with the exception of the translation along the
horizontal direction to enable it to translate in the di-
rection of the applied lateral velocity. To enable the im-
pacting body to transfer the correct amount of KE to the
ROPS, it was assigned a mass equal to that of the K275
bulldozer. This mass was distributed evenly throughout
the body by assigning an appropriate mass density. The
rigid impacting body was given initial translational ve-
locities of 2.71, 3.37, and 3.94 m/s to represent the impact
velocities that would occur for rollovers on slopes with
inclinations of 15◦, 30◦, and 45◦, respectively.

The contact definition between the impacting surface
and the ROPS was modeled using the LS-DYNA con-
tact type AUTOMATIC NODES TO SURFACE. For
each model, the impacting body was selected as the
master surface, whereas the ROPS was selected as the
slave surface. The static and dynamic coefficient of fric-
tion between the two surfaces was set to 0.6, which was
in accordance with the value chosen by Cobb (1976)
for a similar numerical rollover study. Other variables
required by LS-DYNA for contact definition were set
to their default values. No self-contact was defined for
any part of the ROPS, as it was found from visualiza-
tion of the deformed ROPS structure that no elements
came into contact with each other during the analysis.
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Four different forms of output were requested from
each FE model. (1) DATABASE BINARY D3PLOT to
view the results of the model using the post-processor
eta/PostGL, (2) DATABASE GLSTAT to obtain the
global energy data during the analysis that included the
kinetic, internal, sliding, and total energy of the system,
(3) DATABASE NODOUT to track the displacement,
velocity, and acceleration of a node located at the cen-
troid of the rigid body, and (4) DATABASE SPCFORC
to record the reaction forces at the supports of the ROPS
during the analysis that will be used in the development
of the load deflection profile for the ROPS. All results
were graphed and visualized using the programs ETA
PostGL and ETAGraph, respectively.

5 RESULTS OF DYNAMIC IMPACT ANALYSIS

To develop a comprehensive understanding of the ROPS
behavior under impact loads and its energy absorption
capabilities, a detailed numerical investigation was per-
formed that involved adjusting the stiffness of the ROPS
posts. To achieve the required stiffness variation between
the models, post sizes of 120 × 250 × 10, 150 × 250 × 10,
200 × 250 × 10, and 250 × 250 × 10 were chosen, along
with the constant beam size of 250 × 250 × 12 mm. Each
model was analyzed using LS-DYNA for simulated im-
pacts on firm slopes with inclinations of 15◦, 30◦, and 45◦

and involved the movement of a rigid impacting surface
into the side face of the ROPS model with an appropri-
ate velocity that corresponded to the angle of inclination
of the roll slope, as given in Table 1.

5.1 Formation of plastic hinges

During the initial contact phase between the two bod-
ies, the rigid surface began to impart the stored KE to
the ROPS. This transfer of energy resulted in the ROPS
deforming appreciably and was characterized by the for-
mation of plastic hinges at the top and base of each post
of the ROPS. Figure 9 shows the Von Mises Stress dis-
tribution in the 150 × 250 × 10 mm post ROPS for 30◦

roll slope angle and confirms the presence of yielding
at the hinge locations at the top and base of the posts.
The response behavior of the ROPS during this phase
was characteristic of the collapse mode displayed by a
typical fixed base frame subjected to a static sidewards
load and was very similar to the behavior displayed by
the same ROPS model studied earlier under static loads
(Clark, 2006a). Other ROPS models displayed analo-
gous behavior.

5.2 Velocity and peak deceleration response

The velocity versus time response of the rigid surface
was measured during the impact at a node located at the

Fig. 9. Von Mises stress distribution and plastic hinges during
impact.

rigid surface’s centroid. Results showed a linear reduc-
tion in the velocity of the rigid surface during the impact
as the rigid surface was brought to rest from the initial
velocity. The contact time between the ROPS and the im-
pacting surface required to dissipate the KE depends on
the stiffness of the ROPS and the velocity of the impact-
ing surface. The contact time decreased with the stiffness
of the ROPS (posts) and increased with roll slope angle
(Clark, 2006a) and in the present investigation varied
from 80 ms for the stiffest ROPS (with 250 × 250 × 10
mm posts) and roll slope angle 15◦ to 280 ms for the least
stiff ROPS (with 120 × 250 × 10 mm posts) and roll slope
angle 45◦. For a stiffer ROPS impacting a firm surface,
the contact time is small, which will result in the transfer
of large forces and peak decelerations into the ROPS.
When the stiffness of the ROPS is reduced, the contact
time will increase and will result in the transfer of much
smaller forces and peak decelerations into the ROPS.
This response behavior is more desirable for the occu-
pant, but will be characterized by larger deformations,
which might encroach upon the operator’s cabin. The
dual design criteria of adequate stiffness and energy ab-
sorption capability of the ROPS are thus evident.

The variations in the peak deceleration of the rigid
surface with time were also monitored at the centroid of
the rigid surface during impact and the results are shown
in Figures 10a–d. These figures show that the initial re-
sponse was characterized by significant fluctuations and
large peak deceleration readings. The duration of the
fluctuations decreased with ROPS stiffness, whereas
the peak decelerations increased with ROPS stiffness.
These initial peak decelerations vary from about 6g for
the stiffest ROPS to about 4g for the least stiff ROPS
and were due to the initial stiff response of the ROPS in
the elastic region as the rigid surface came into contact
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Fig. 10. (a) Acceleration vs. time response K275 ROPS—250 × 250 × 10 posts, (b) acceleration vs. time response K275
ROPS—200 × 250 × 10 posts, (c) acceleration vs. time response K275 ROPS—150 × 250 × 10 posts, and (d) acceleration vs. time

response K275 ROPS—120 × 250 × 10 posts.

with the ROPS. As the structure started to yield and the
plastic hinge formation throughout the structure became
more pronounced, the deceleration response of the rigid
surface stabilized to approximate mean values that var-
ied from 3g for the stiffest ROPS to 1.5g for the least stiff
ROPS.

5.3 Load deflection response and energy absorption

Figures 11a–d show the load deflection responses of the
ROPS. The magnitude of the load for each time step
was calculated through summation of the base reaction
forces measured in the direction of the applied impact.
The deflection of the ROPS was measured by monitor-
ing the displacement of the rigid impacting surface as it
came into contact with the ROPS. All the ROPS models
displayed similar response, with a higher force and lower
deflection demand for the higher stiffness ROPS. This re-
sult was expected, as the collapse load for a ROPS frame
is directly related to the post stiffness and the stiffer
ROPS is able to absorb energy with less deflection, as
the force demand is higher. The similarity in the shape

of each graph, irrespective of the angle of inclination of
the roll slope, is also noticeable. Although the energy
demand placed on ROPS increases with increasing roll
slope inclination, it appears to have minimal influence
on the initial part of the load deflection response for a
given ROPS configuration. It also appears that the influ-
ence of strain rate effects for the narrow velocity range
covered in this study is reasonably uniform.

The energy absorbed by the ROPS can be determined
from the area beneath the load deflection response pro-
file. This quantity of energy absorption should be ap-
proximately equivalent to the KE imparted to the ROPS
by the rigid surface. The KE versus time and energy ab-
sorption versus time response profiles for the impacts are
shown in Figures 12a–d. The KE for each case decreases
with time although the energy absorbed increases with
time. As predicted, the two curves for each case are a re-
verse mirror image of one another with some minor vari-
ations taking place due to a small percentage of energy
being dissipated through friction. These energy absorp-
tion values are higher than those under static analysis.
For example, in the case of the 150 × 250 × 10 mm ROPS
and a roll slope angle of 30◦, Figure 12c indicates that the
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Fig. 11. (a) Load deflection response K275—250 × 250 × 10, (b) load deflection response K275—200 × 250 × 10, (c) load
deflection response K275—-150 × 250 × 10, (d) load deflection response K275—120 × 250 × 10.

ROPS was required to absorb approximately 250,000 J of
energy, which is almost three times the amount required
from AS2294.2 (1997). The difference between these two
energy absorption levels suggests that there are some dis-
tinct discrepancies between the two approaches. As men-
tioned previously the exact philosophy used to develop
the code requiring energy absorption levels is difficult to
quantify, whereas the dynamic loads used in the present
study were established from a simplified mathematical
model.

5.4 Elastic rebound energy

Current ROPS standards give designers little guidance
on how to adequately proportion a ROPS to meet their
specified requirements. The many ROPS configurations
investigated analytically in the QUT research project
(Clark, 2006a), suggested that a carefully proportioned
ROPS with sufficient stiffness about the lateral direction
may be able to satisfy the requirements of the standard
adequately. The term “may” has been used wisely here,
as it is extremely important that the ROPS members be
proportioned so that they will have sufficient strength to

withstand the subsequent vertical and longitudinal load-
ing requirements of the standard. Designers and man-
ufacturers commonly develop excessively stiff ROPS to
avoid premature failure and subsequent retesting. The
reason for this is driven by economical constraints as
the nature of ROPS standards currently do not permit
the use of analytical testing procedures for the certifica-
tion of ROPS. Through carrying out the dynamic impact
simulations on the above-mentioned ROPS model, it has
been discovered that increased ROPS stiffness leads to
a shorter contact time and the development of larger re-
action forces and consequently the transfer of increased
peak decelerations to the vehicle’s occupants.

It is well understood that each of these response pa-
rameters are undesirable and may jeopardize an oc-
cupant’s chances of survival during a rollover. Carney
(1993) has suggested that unacceptably high decelera-
tions can be responsible for severe occupant injury dur-
ing vehicle collisions. In addition to this, the use of an
overly stiff ROPS will also result in the generation of
more elastic rebound energy, which in the case of a
rollover may lead to multiple revolutions of the vehi-
cle after the initial impact. Lu and Yu (2000) suggested
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Fig. 12. (a) Energy vs. time response of K275 ROPS—250 × 250 × 10 mm, (b) energy vs. time response of K275 ROPS—200 ×
250 × 10 mm, (c) energy vs. time response of K275 ROPS—150 × 250 × 10 mm, and (d) energy vs. time response of K275

ROPS— 120 × 250 × 10 mm.

that during an impact, the recoverable elastic energy may
lead to further injury to the occupants of vehicles as well
as the structure that is being protected and to illustrate
this concept they proposed a simple model based on the
collision of a vehicle with an elastic spring. During such a
collision, the spring would compress, which would cause
the vehicle to decelerate and transfer its KE of the impact
into stored elastic strain energy in the spring. Under a
situation such as this, where no plastic deformation is
able to take place, the elastic strain energy will be re-
leased once the maximum elastic deflection capability
of the spring has been reached. At this stage, the stored
elastic strain energy will be converted back into KE and
will result in the acceleration of the vehicle in the op-
posite direction. Under a situation such as this, the au-
thors suggest that the initial deceleration followed by
an acceleration in the opposite direction may cause se-
vere injuries to the vehicle’s occupants. The simplified
elastic spring analogy proposed by Lu and Yu (2000) was
used to address the adequacy ROPS performance dur-

ing the impact simulations. Figure 13 shows the variation
in the elastic rebound energy with the plastic moment
capacity of the ROPS. The term plastic moment capac-
ity has again been re-introduced to quantify the stiffness

Fig. 13. Elastic rebound energy of ROPS—effects of plastic
moment capacity and rollslope angle.
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of the ROPS posts. It is clearly evident from this graph
that the amount of elastic rebound energy that is released
during a rollover impact increases with increasing ROPS
post stiffness and is more severe for smaller roll slope
angles.

5.5 Dynamic amplifications

The energy absorbed by the K275 ROPS under the es-
tablished dynamic loading conditions for each stiffness
configuration was compared with the corresponding en-
ergy absorption capabilities under static loads (Clark,
2006a). This was done for a given deflection and then
repeated at regular intervals. The mean dynamic ampli-
fications were then determined for each roll slope an-
gle and ROPS post stiffness. The results are shown in
Figure 14 and emphasize that there are dynamic amplifi-
cations in the energy absorbed by all ROPS models and
that this can be as much as 25% compared to the corre-
sponding static energy-absorbing capabilities. This can
be attributed to the influence of the strain rate and iner-
tia effects arising from the input KE. These findings sug-
gest that a much greater energy demand will be placed
on ROPS during a dynamic rollover event as compared
with energy absorption criteria present within current
ROPS performance standards.

5.6 Effect of impact duration—transient pulse loading

It is known that the surface properties have an influence
on the impact duration of a rollover. To further enhance
the understanding of the impact response of rollover pro-
tective structures, a dynamic study was performed that
involved the use of transient pulse loads. The time dura-

Fig. 14. Dynamic amplification of energy absorbed for different ROPS stiffness and rollslope angle.

tion of the impulse was varied to study rollover impacts
that could take place on a variety of surface conditions. In
the field of vehicle crashworthiness, impact studies have
shown that during frontal collisions, automotive vehicles
are subjected to a force distribution that commonly takes
the form of an impulse curve. Common impulse curves
used for the evaluation of such events may be either
haversine, half sine, triangular, or square in shape. The
shape of the loading distribution that is placed on ROPS
during an impact arising from a sidewards rollover, is un-
known and has received little attention by researchers in
the open literature. In the absence of such information,
an assumption has been made that idealizes the rollover
impact as a transient half-sine pulse. The duration of this
pulse is an additional parameter that has not been clearly
defined by other researchers in this area. Some guidance,
however, has been provided by the earthmoving machin-
ery manufacturer Caterpillar, who, during the late 1960’s
performed a series of full-scale dynamic rollover tests
on a variety of earthmoving machines on roll slopes of
varying inclination and soil type. Visualization of this
video footage suggested that the contact time between
the ROPS and the ground during a rollover may lie
within the 100 to 300 ms range. Results in the previ-
ous section also indicated similar contact times (80 ms–
280 ms). Based on this information, a series of transient
pulse loads with durations ranging between these lim-
its were developed and applied to the established FE
model of the K275 ROPS using the explicit FE code
LS-DYNA.

5.6.1 Determination of pulse variables. Using principles
of dynamics and with reference to Figure 5c for side roll
of a vehicle and its rotation,
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Table 2
Summary of peak values of impulse loads

15◦ 30◦ 45◦

Time (ms) BD (m) �Iωd (kgm2/s) A (kN) �Iωd (kgm2/s) A (kN) �Iωd (kgm2/s) A (kN)

100 2.461 270,847 1,728 330,018 2,106 381,252 2,433
150 2.461 270,847 1,152 330,018 1,404 381,252 1,622
200 2.461 270,847 864 330,018 1,053 381,252 1,217
250 2.461 270,847 692 330,018 842 381,252 974
300 2.461 270,847 576 330,018 702 381,252 812

F(t)x(BD)= d/dt(IωD), (11a)

where I is the polar moment of inertia of the rotating
body, ω the angular velocity, d/dt(IωD) the rate of change
in angular momentum, F(t) is the impact force on the
body, and (BD) the moment arm.

For the assumed half-sine transient pulse, this impact
force is given by

F(t)=Asin (π t/T), (11b)

where t is time, T is the duration of the pulse ( = contact
time), and A the amplitude.

Using Equations (11a,b) and integrating across the
time of contact, the amplitude A can be determined and
then the expression for the impact force F(t) takes the
form

F(t) = π�IωD

2TBD

(
sin

(
π t
T

))
. (12)

This equation can be used to model a number of pulses
with different durations and will enable the impact re-
sponse of the ROPS on surface profiles with varying con-
ditions to be assessed.

5.6.2 FE model. The FE model was similar to the one
treated earlier and it was subjected to a series of dynamic
pulse loads. For this investigation, a 150 × 250 × 10 RHS
and a 250 × 250 × 12 RHS were used for the posts and
beam of the ROPS, respectively. As before the Hughes–
Liu shell element with a mesh density of 20 mm were
used to model the ROPS, two material models were used
to simulate the response of the ROPS under the applied
pulse loads. The first model was the LS-DYNA nonlinear
material model MAT PIECEWISE LINEAR PLAS-
TICITY, which was applied to all the ROPS elements,
except those that were within close proximity to the
loading zone. For the loading zone region, an elastic
strip was incorporated into the model to avoid exces-
sive deformation of the ROPS material. Implementa-
tion of this strip involved specifying the LS-DYNA
material model MAT ELASTIC to all elements within

this region. Similar to the previous dynamic analysis
in Section 5, elastic material properties of density ρ =
7,850 kg/m3, Elastic modulus E = 200,000 Mpa, and Pois-
son’s ratio ν = 0.3 were assumed. Strain rate effects,
Cowper Symonds relations, and the boundary conditions
were identical to those used earlier.

Loading of the ROPS involved application of a face
pressure load to the outer surface of the top corner of the
ROPS over a 250 mm × 250 mm zone. The intensity of

Fig. 15. (a) 150 ms load pulses; (b) 250 ms load pulses.
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the face pressure was dependent on the time of contact
used for the pulse load. The contact time of the pulse was
varied between 100 and 300 ms to account for differing
surface conditions that may be experienced by the ROPS
during rollovers on roll slopes with inclinations ranging
between 15◦ and 45◦. Table 2 provides a summary of the
peak values of the force F(t) (i.e., the amplitude A in
equation (11b)) that were applied to the ROPS model.
Figure 15a and b shows the transient load pulses for
150 mm and 250 mm contact times. The pulses for other
contact times were similar. The FE model was subjected
to each dynamic pulse load for the defined roll slope
inclinations giving rise to a total of 15 FE simulations.
There was no need for any contact definition as loading
of the ROPS was performed through the application of
face pressures only. The output requests from LS-DYNA
involved monitoring the displacements of certain nodes
located on the ROPS in association with the recording
of the base reactions forces that were determined for
the base perimeter nodes of each post. Energy data and
visualization output data were also recorded for each
simulation.

Fig. 16. (a) Load deflection response for 45◦ rollslope; (b) load deflection response for 30◦ rollslope; (c) load deflection response
for 15◦ rollslope.

5.6.3 Results from transient load analysis. Table 2 indi-
cates that the intensity of the applied load (A) is most
severe for impacts of short duration. For certain pulse
durations, the peak force intensity of the pulse was cal-
culated to be well above the collapse load of the ROPS,
which resulted in premature failure. To account for this, a
termination condition was introduced, which allowed the
analysis to be prematurely stopped once the zone of the
DLV had been violated and the ROPS was no longer able
to provide protection to the vehicle’s operator. For this
particular ROPS configuration, this deflection limitation
was set to 500 mm. Each model was analyzed for the load
pulses described above and the load deflection behavior
of the ROPS was plotted accordingly and is displayed in
Figures 16a–c. These graphs show that for short duration
impulses, the deflection limit of 500 mm was impeded
during each analysis and that the responses are simi-
lar to those experienced by a simple fixed base framed
structure under a sidewards applied static force. The in-
teresting difference in this response is the second peak
that takes place in the load deflection response of the
model prior to reaching the DLV deflection limitation.
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This behavior is believed to be a second-order effect that
has been characterized by the extensive plastic deforma-
tion sustained by the ROPS during this loading sequence
in association with the influence of strain rate effects on
the model. Von Mises stress distribution throughout the
ROPS and the extent of the plastic deformation experi-
enced by the ROPS for a 100 ms impulse on a 30◦ roll
slope were plotted, and the results were similar to those
shown in Figure 9. Plastic hinges developed at the top
and base of each post.

The energy absorbed by the ROPS for each case is
given in Table 3 and illustrated in Figure 17. Typically,
the trend that may be depicted from each of these graphs
is that the short duration pulses that are characteristic of
impacts that would occur on hard surfaces will result
in significant plastic deformation that is characterized
by a high force/deflection demand and a corresponding
large amount of energy absorption. For large duration
pulses that are characteristic of softer surface impacts,
the force/ deflection demand placed on the ROPS will be
small and consequently the energy-absorbing capacity
of the structure will also be small. For events such as
this, the soil will be forced to absorb more of the impact
energy, whereas for impacts on firm surfaces, the ROPS
will be forced to absorb a much larger proportion of
the rollover energy. The energy absorbed under larger
duration (250 ms and 300 ms) pulses are too small to be
seen clearly in this figure.

Figure 17 shows that the energy absorbed by the ROPS
is a decreasing function of the pulse duration and high-
lights that much larger energy demands are placed on
ROPS during an impact on a firm soil when compared
to a corresponding impact on a softer soil. The other no-
ticeable trend that is evident from this graph is a slight
increase in the energy absorbing capacity of ROPS for
an impact occurring on a steeper roll slope. The reason
for this increase may be attributed to the influence of
inertia effects as a higher impact velocity is associated
with a steeper roll slope. The influence of this parame-
ter may also be distinguished through reference to the
Figure 16a–c, where the second peak in the load carrying
capacity of the ROPS increases with increasing roll slope

Table 3
Energy absorption levels under transient pulse loads

Time (ms) 15◦ Rollslope 30◦ Rollslope 45◦ Rollslope

100 389,945 J 392,231 J 425,365 J
150 367,052 J 372,772 J 396,527 J
200 14,811 J 361,993 J 371,378 J
250 5,410 J 12,811 J 363,511 J
300 4,163 J 5,823 J 10,641 J

Fig. 17. Energy vs. impulse duration for varying rollslope
angles and impact durations.

inclination, further emphasizing the possible influence of
the strain rate sensitivity of the ROPS material.

6 CONCLUSIONS

FE techniques have been used to carry out dynamic im-
pact simulations on ROPS that would be characteristic
of those encountered during a sideward rollover of an
earthmoving vehicle on a slope. Dynamic loads were de-
veloped based on conservation of angular momentum
principles. The results from the study showed some in-
teresting and important trends.

6.1 Energy absorption

The present approach resulted in the ROPS energy-
absorption criteria that exceeded the requirements of
the current Australian standard by as much as 190%.
This figure may seem alarming and may question the
adequacy of the current Australian standard, however,
it must be noted that the approach in this article is ap-
proximate and does not account for any further energy
absorption by other parts of the vehicle. Moreover, the
exact philosophy behind the energy absorption princi-
ples in the standard is not clear, which makes its accu-
racy difficult to question. Aside from accuracy of either
method, the present results showed that the method of
energy dissipation under dynamic loading was similar to
that under static loads.

For roll slope angles of 15◦ and 30◦ it was found that
ROPS proportioned according to the minimum code re-
quirement could successfully withstand the initial impact
of a sideward rollover. However, when the roll slope an-
gle was increased to 45◦, which is outside the scope of the
standard, it was found that the DLV would be impeded.
Other ROPS models with higher stiffness were found to
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absorb the energy of the initial impact for all roll slope
angles. Although energy absorption levels were signifi-
cantly larger for each ROPS, the DLV zones were not im-
peded under the estimated first impact on the roll slopes
considered.

6.2 Peak loads and dynamic amplifications
in absorbed energy

It was discovered that strain rate effects and inertia influ-
ences due to the input KE resulted in significantly higher
peak loads for each ROPS frame studied. This increase
in load was found to fluctuate during the initial load de-
flection response. A more accurate assessment however,
was made by establishing the amplification of energy ab-
sorbed. This dynamic amplification was as much as 25%
for the K275 ROPS models treated in this study.

As expected the peak decelerations were found to be
an increasing function of ROPS post stiffness and were
also more pronounced for steeper roll slope inclinations.
This result suggests that a stiffer ROPS may therefore
be less desirable for occupant protection as opposed to
a more flexible one.

6.3 Ground surface condition and impact duration

Influence of ground surfaces conditions on the impact re-
sponse of the ROPS was investigated by varying the du-
ration of the impact pulses. It was discovered that shorter
duration pulse loads resulted in complete collapse of the
ROPS structure and consequently resulted in large en-
ergy absorption demands being placed on the ROPS. The
influence of the strain rate sensitivity of the ROPS ma-
terial was found to have only a minor influence on the
energy absorption capability of the ROPS, with a gen-
eral trend indicating that steeper angle impacts resulted
in slightly higher levels of energy absorption demand be-
ing placed on the ROPS. Long-duration pulse loads were
found to place lower energy absorption demands on the
ROPS by forcing the ground surface to absorb more of
the rollover energy.

Stiffer ROPS had a shorter period of contact, which re-
sulted in a higher level of elastic rebound energy, whereas
a more flexible ROPS possessed a longer contact time
and was therefore able to dissipate the rollover energy
more effectively with much less elastic rebound energy.
The larger elastic rebound energy in stiffer ROPS is
indicative of possible further rolls. This finding also pro-
motes the use of more flexible rollover protective struc-
tures for use as energy-absorbing safety devices.

6.4 Main findings
� ROPS proportioned based on the minimum static

load provisions of the ROPS standard AS2294 (1997)

could adequately sustain an initial sidewards impact
on a firm roll slope with an inclination as high as 30◦

without DLV violation.
� Use of an overly stiff ROPS resulted in the genera-

tion of high peak decelerations and reaction forces
that may be detrimental to the occupant’s chances of
survival during a rollover.

� ROPS post stiffness played an important roll in con-
trolling its energy-absorbing capacity.

� Mean dynamic amplification in energy absorbed in-
creased with increasing roll slope angle and this
amount varied from about 17% to 25% for the ROPS
cases treated.

� The power and feasibility of using analytical tech-
niques for evaluating ROPS performance, which was
one of the main aims of the QUT research project,
has been demonstrated.
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