Risk of Excavators Overturning: Determining Horizontal

Centrifugal Force When Slewing Freely Suspended Loads

ABSTRACT

Purpose: Tracked hydraulic excavators are versatile and ubiquitous items of off-highway plant
and machinery that are utilised throughout the construction industry. Each year a significant
number of excavators overturn whilst conducting a lifting operation, causing damage to
property, personnel injury or even fatality. The reasons for the overturn are myriad, including:
operational or environmental conditions; machine operator acts or omissions; and/ or
inadequate site supervision. Furthermore, the safe working load (SWL) figure obtained from
manufacturer guidance and utilised in lift plans is based upon undertaking a static load only.
This research seeks to determine whether the SWL is still safe to be used in a lift plan when
slewing a freely suspended (dynamic) load, and if not, whether this may be a further
contributory factor to overturn incidents.

Approach: Previous research has developed a number of machine stability test regimes but
these were largely subjective, impractical to replicate and failed to accurately measure the
‘dynamic’ horizontal centrifugal force resulting from slewing the load. This research
contributes towards resolving the stability problem by critically evaluating existing governing
standards and legislation, investigating case studies of excavator overturn and simulating the
dynamic effects of an excavator when slewing a freely suspended load at high rotations per
minute (rpm). To achieve this, both the static load and horizontal centrifugal force from slewing
this load were calculated for six randomly selected cases of an excavator, with different arm
geometry configurations.

Findings: The results from the six cases are presented and a worked example of one is detailed
to demonstrate how the results were derived. The findings reveal that the SWL quoted on an
excavator’s lift rating chart considerably underestimates the extra forces experienced by the
machine when an additional dynamic load is added to the static load whilst lifting and slewing
a freely suspended load.

Originality: This work presents the first attempt to accurately model excavator stability by
taking consideration of the dynamic forces caused by slewing a freely suspended load and will
lead to changes in the way that industry develops and manages lift plans. Future research
proposes to: vary the weight of load, arm geometry and rpm to predict machine stability

characteristics under various operational conditions; and exploit this modelling data to populate



pre-programmed sensor based technology to monitor stability in real time and automatically
restrict lift mode operations.

KEYWORDS: Tracked hydraulic excavator, freely suspended load, lifting chart, safe
working load.

INTRODUCTION

Early items of off-highway plant and machinery shared a symbiotic linkage with their
operators, representing a mechanical extension of human physicality, where human senses
were transferred through machinery to complete physical work effort without exerting load
upon the operator’s musculoskeletal frame (Edwards and Love, 2016). This pseudo-cybernetic
organism led to manumission but remained dependent upon an operator’s cognitive ability to
guide the machinery to complete predefined tasks (Edwards et al., 2003). Following work
study, original equipment manufacturers (OEMs) acknowledged the impact of operator skill
and competence upon machine productivity and safety performance, particularly when
combined with adverse operational conditions (such as working on a slope or in confined
spaces) and environmental conditions (such as unstable ground) (Wu et al., 2015). Although
there followed a focus upon operator training and competence development, maximising
machinery safety and productivity efficiency remained a persistent issue; indeed, accidents
continue to plague industry (Zhou et al., 2015). The natural progression was for OEMs to
engineer-out human error, omissions or inactivity via the development of automation and

robotics, for example, Volvo’s ‘Automatic Sensing Work Mode’ (Volvo, 2016).

The most widely utilised item of off-highway plant is the tracked hydraulic 360° excavator (as
defined in 1SO7135 (ISO, 2009)). This machine can operate across diverse working
environments including demolition (Abudayyeh et al., 1998, Pun et al., 2006, Coelho and de
Brito, 2011; Shaurette, 2015); quarrying, mining and minerals extraction (Chanda and Gardiner
2010; Tiwari et al., 2013; Rusinski et al., 2015; Kozan and Liu 2016); forestry (Nakagawa et
al., 2010); agriculture (Qin et al., 2015); and construction and highways (Hola and Schabowicz,
2010; Hajji and Lewis, 2013; Wang et al., 2016). The excavator’s widespread appeal stems
from its inherent versatility which is achieved via hydraulic implementation lines that enable
various types of attachment to be fitted to the machine’s dipper (or stick). These attachments
extend the functionality of the excavator and include: impact hammers and shears for
demolition (Barsottelli and Avci, 2013); various bucket specifications for mass excavation
earthworks (Seo et al., 2011), dredging (Patel et al., 2015) and loading rock (Gondek et al.,
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2014); crushing and screening attachments (Bansal and Singh, 2015); compaction plates
(Edwards et al., 2003); clamshells (Cruickshank et al., 2011); and hydraulic grabs for materials
handling (Holt and Edwards, 2012). This versatility has evolved in a Darwinian manner as the
excavator has been adapted to numerous working environments and the operational tasks
required within these — such adaptability has caused excavators to be likened to Swiss army
knives (Edwards et al., 2003).

Despite excavator popularity and aforementioned attempts to engineer-out accidents due to
human error (Edwards and Love, 2016), safety incidents continue to plague the construction
industry; these include those categorised as struck by machine, crushing, reversing-over, falling
objects and overturning. The focus of this research is to specifically investigate excavator
overturn following a spate of fatal incidents internationally. Examples include: an operator in
the United States who overturned an excavator operating in water and was drowned (Lezon,
2015); and operators in Australia (Akers, 2015) and Norway (Pourramedani, 2016) who
overturned excavators and were crushed to death. Such accidents persist despite excavators
incorporating several ‘engineered-in’ safety control systems such as out-riggers, roll over
protection systems (ROPS) and safe working load (SWL) indicators. Past research has
uncovered the inadequacies of the artificial and static tilt test for mini excavators (c.f. Edwards
and Holt, 2009) and devised new field testing regimes to predict machine stability (Edwards
and Holt, 2011). These latter field tests, which aimed to replicate machine operation, proved
unworkable in practice because they were not only subjective and overly reliant upon expert
judgement, but also, more critically, required an operator to potentially endanger themselves
while conducting the trials. Consequently, industry resoundingly rejected this testing regime
as the health and safety risks posed far exceeded the benefits accrued. However, these field
tests advanced knowledge by identifying that the machine’s hydraulic slew speed (measured
in rotations per minute (rpm)), particularly when used in lifting operations, created an
additional dynamic force that impacted upon machine stability but could not [at the time] be

measured accurately.

To explore this finding further and advance previous studies conducted, this research proposes
and validates a new method for calculating a tracked hydraulic excavator’s SWL (and hence,
machine stability) using both the static and dynamic loads that occur whilst slewing a freely
suspended load. An iterative research approach is adopted consisting of five core sections,

namely: i) a report upon machine overturn incidents when compared to the total number of
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machines operating within the UK, demonstrating the inherent inaccuracy of current reporting
mechanisms; ii) critical examination of existing standards and regulations that govern safe
lifting operations with excavators; iii) a report upon observational evidence derived from case
studies that highlight slewing at speed as one of the causal factors that contributes to excavators
overturning; iv) mathematical modelling of the force exerted by the cumulative static and
dynamic centrifugal forces derived as a result of slewing a machine handling a freely suspended
load; and v) an evaluation of how the inclusion of the dynamic force from slewing impacts

upon the SWL stated on a machine’s lift rating chart.

MACHINE PARK AND OVERTURN INCIDENTS: AN IMPRECISE SCIENCE

The annual sales totals for excavators within the UK over the period 1998-2015 varied between
circa 11,000 to 24,430 machines (Figure 1). For this total period, wheeled excavators accounted
for 2.96% of total sales, crawler excavators accounted for 34.55% and mini excavators
accounted for 62.49% of total sales. Determining the total number of excavators actually in
operation within the UK in any given year (the so called machine park) is more difficult to
establish in the absence of a comprehensive vehicle registration scheme. An arbitrary (rule of
thumb) calculation used by some OEMs multiplies an average of the yearly published sales
data for the most recent sales years (2008 to 2015) by an eight year average life expectancy
which equals 123,030 excavator machines being operated in the UK at any given time. This
rule of thumb is favoured because not all excavators have the same life expectancy. Mini
excavators are normally depreciated over a three-five year period, although these machines
may continue to work in the after-market (usually for sole traders who work them to
destruction). Conversely, mid-range mass excavators (circa 20-45 tonnes) can operate beyond
their average eight year life expectancy provided a robust system of fixed-time-to (or
scheduled) maintenance is adhered to. It is difficult to be more accurate than this rule of thumb
as first, not all OEMs publish their sales data and second, so called-grey machines (that is, non-
conformant CE marked excavators) enter the UK market from countries outside the European
Union (EU). Such machines fail European Union (EU) safety conformance standards of

manufacture and pose a significant risk to health and safety.

Measuring the exact number of overturn incidents (Figure 2) each year within this estimated
machine park is similarly problematic as is an accurate assessment of the extent of this safety
risk. A number of reasons are proffered (see Figure 3). First, there is no legislative requirement
to report excavator overturns to the UK’s Health and Safety Executive (HSE) within The
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Reporting of Injuries, Diseases and Dangerous Occurrences Regulations (RIDDOR, 2013).
Excavators used for lifting operations present an exception (LOLER, 1998) as RIDDOR
requires reporting for the overturning of lifting plant as a dangerous occurrence. Second,
interrogation of the RIDDOR database using a keyword search reveals various data entry
inconsistencies. Instead of the word ‘mini, tracked or wheeled excavator’ being used to
accurately describe the machine type, RIDDOR reports have a broad lexicon of terminologies
including 360 degree, 180 degree, JCB, Komatsu, digger or any number of other permutations.
This unstructured and organic growth of reports and terminologies used creates a huge keyword
identification and filtering process to obtain a true picture of overturning incidents. Third,
excavator overturns are grouped together by HSE statisticians with other incidents, e.g.
crushed, trapped and overturning, thus further complicating database search procedures.
Fourth, and perhaps of greater concern, is the issue of underreporting, such that confidence is
low regards the accuracy of the number of overturns reported as a RIDDOR incident. One

leading health and safety advisor suggested that:

“Larger contractors are more likely to be aware of, and report under, RIDDOR than others.
Many companies may understand (to a greater or lesser extent) reporting of injuries but in
my personal experience there is much less understanding of the need to report dangerous
occurrences. So | would have little confidence in any figures we did produce as having any

level of accuracy whatsoever.”

In contributing to this discourse, a health, safety and environmental director of a large

construction contractor said:

“We regrettably know from our own experience that some of our previous sub-contractors
overturned machines more often than the 5 yearly figures quoted by the HSE. We live in a
litigious society that forces companies and their employees to miss the opportunity to learn
from mistakes by trying to hide them. The threat of fines or imprisonment from the HSE
has created a culture where companies are no longer prepared to seek advice, guidance and
support from them. Government policy changes, which seem to be encouraging the HSE
to actively pursue income, seem to be at the very heart of this disconnection with industry.
It’s a mitigating disaster as there is value in learning from mistakes that prevent a future

fatality and none in fines after a fatal event.”



Within the UK judicial system, fines imposed following a fatality can range from custodial

sentence or community service to substantial fines and penalties (HSE, 2014).

Given the estimated volume of machines being used and this anecdotal evidence from industry
practitioners, one would expect the reported rate of overturn to be higher than that reported by
the HSE (refer to Table 1). Indeed, industry concern regarding machinery overturn whilst
lifting and the inherent dangers it poses to worker safety, alongside concern about outdated
HSE statistics, provided the catalyst for this investigative research work.

EXAMINATION OF EXISTING STANDARDS AND REGULATIONS

Excavators are increasingly being used for lifting [lifting and lowering] operations even though
they are not specifically designed for this purpose as their primary function (CPA, 2009). When
planning a lifting operation, a competent person should conduct a thorough risk assessment in
accordance with The Management of Health and Safety at Work Regulations (MHSWR, 1999)
to ensure that the lifting equipment (the excavator, including lifting accessories e.g. chains,
slings, D-Shackles) are suitable for the lift, have been regularly maintained (PUWER 1998)
and that the works can be carried out in a safe manner (HSE, 2013). Working in a safe manner
includes: working on firm and level substrata, maintaining low rpm whilst slewing and
excluding workers and pedestrians from the machine’s operational area (CPA, 2009). The risk
assessment will also consider for example, whether the lifting equipment is: suitable for the
proposed use and visibly marked with any appropriate information (such as SWL) (LOLER,
1998). All lifting equipment must be subject to a thorough examination, by a competent person,
to detect any defects that are or may become dangerous (Oram, 2002). Accessories for lifting
must be thoroughly examined either at least every six months, and the excavator every twelve
months, or in accordance with an examination scheme (c.f. HSE, 2008). The machine’s SWLs
at various arm geometries/ configurations are displayed on lift rating charts within the
operator’s cab and are used to produce the lift plan, where BS 1SO10567 2007 (BSI, 2007)

provides a standard approach to determine the lift capacity for hydraulic excavators.

CASE STUDIES OF EXCAVATORS OVERTURNING
A number of case studies of machine overturn were examined to identify reasons underpinning
excavator rollover. Four typical scenarios that exemplify incompetence in current site practice

and highlight other factors that increase machine instability are described:



Case study #1: A stationary tracked excavator, operating on a level road surface, being used
to lift a mobile generator over a security hoarding surrounding a civil engineering site.

The lift plan identified that the generator specified for the task was within the SWL as identified
by the lift rating chart for the excavator, but an overturn still occurred. Further investigation
revealed that due to a shortage of the specific make and model of generator specified, the hire
company had supplied an alternative, more powerful generator. This generator was also
significantly heavier, exceeding the machine’s lift rating, but the original lift plan was not
checked and revised. The excavator overturned and damaged the site hoardings, the generator
being lifted and the machine itself — the operator (who was wearing seatbelt ‘lap’ restraint)
incurred minor abrasions and bruising. Observers on-site reported that the operator was rushing
to complete the lift before the lunchtime break and had slewed the machine at full rpm. One
observer noted:

“The genni [generator] was swinging back and forth on the chains as the operator revved

the machine up — you could tell he was rushing.”

Within the incident report, the overturn failure was attributed to: (1) poor communication
between the contractor and the hire company within its supply chain; (2) operator error; and
(3) failure of the operator/ site management to adequately check the lifting plans before
initiating the lift (contrary to Regulation 8 of The Lifting Operations and Lifting Equipment
Regulations (LOLER, 1998)). A plant operator on site said:

“The problem here is that we are under so much pressure these days to get everything done
at lightning speed and it’s us [the operator] who have to educate this lot [site management]
as to what they should be doing. I don’t get paid enough to be driving the machine, filling

out paperwork and telling others, who are better paid than me, how to do their job!”

Case study #2: A 14 tonne wheeled machine being utilised to lift a concrete skip (alternatively

known as a ‘hopper’) to place wet concrete into a foundation.

The site foreman that decided to lift the concrete skip (which was within the machine’s load
rating) did so without a lifting plan for the operation and furthermore, was unlicensed to operate
the machine. Anecdotal interviews with site witnesses suggested that the foreman slewed the

machine to the dump target at a high speed and lost control of the machine’s stability, causing



it to overturn. Fortuitously, the foreman escaped with only minor injury and the machine

incurred just slight damage. One observer stated:

“He [the foreman] should not have been on the machine and you could tell that he didn’t

know how to operate it.”

However, having turned the machine over, the site foreman then ordered an operator of a 20
tonne tracked excavator to lift the 14 tonne machine to an upright position. For this impulsive
second lift, there was again no lifting plan and it is by sheer luck that the 14 tonne machine was
recovered despite it exceeding the load capacity of the 20 tonne machine. As a result of these
two incidents, all staff involved (including site safety supervisory staff) were dismissed from

employment. A senior safety advisor for the company said:

“This simple task was a disaster from start to finish and we’re very fortunate that no one
was killed. We have a strict zero policy on these incidents and all our guys are aware that
in the event of a machine overturning, we have specialist equipment to recover the machine.
There was no excuse for this behaviour. The real problem stems from the fact that the
wrong machine was initially selected - a concrete pump should have been hired. The
foreman should have known better as he was an experienced worker and site safety

personnel on site should never have allowed this to happen.”

Case study #3: An 18 tonne tracked excavator, equipped with rock grab, being used to create

a sea defence.

The operator positioned the machine on wet, uneven sand and simultaneously slewed and
tracked at high rpm whilst handling a large boulder. The tracks on the right hand side of the
machine sank into the substrata and the machine was observed to rollover by a nearby
banksman. The operator wore his lap restraint during operations and incurred minor bruising
and abrasions to his right arm and forehead. Although the operator was deemed to be
competent, the training received and experience accrued was on mass excavation earthworks

only and this was their first time operating a rock grab in this specific type of environment.



A combination of high slew drive speed, lack of familiarisation training and inadequate site
supervision were all noted as causal factors contributing to this incident. A site safety officer
added:

“This was a classic case of lone and inexperienced worker. The sea defence works were
spread along the coast and one site manager had to travel by car up and down the coast to
manage the works which consisted of up to eight tracked machines [excavators] and two
ADTs [articulated dump trucks]. Hindsight is a wonderful thing, but we should have
checked familiarisation training more carefully before employing these guys [the operator].
You would have thought that the banksman would have ensured that the machine operated
at low revs [rpm] and operated on level ground — the operator could have easily created a

bench to operate off. But the blame ultimately stops with us as the main contractor.”

Case study #4: A hired mini excavator equipped with a grading bucket operating on a

motorway embankment.

The mini excavator was operated by a groundwork labourer working for a sub-contractor
employed by the main civil engineering contractor. The operator tracked diagonally across the
embankment, slewing an empty grading bucket at full rpm, and the machine overturned. The
operator had worn his lap restraint and no serious injury was incurred. The operator later stated
that he did not check the rpm setting before operating the machine. He was unable to produce

a valid competence card and consequently, was later dismissed. A hire subcontractor said:

“We often get machines back off hire for maintenance and repair that have the rpm on full
throttle so it’s no wonder this occurred. The biggest problem with this incident though was
the poor selection of machine — minis [mini excavators] are not well suited to working on

gradients, especially, when slewing at high speed.”

Causes of Excavator Overturning

A litany of errors are apparent within the aforementioned case studies including inadequate
supervision, inappropriate selection of machine, operator inexperience and lack of competence
and poor communication within the supply chain (Figure 4). However, notable in all cases is
that the slewing speed was suspected to be a significant contributory factor and yet contractors

were unable to accurately assess the impact of this within the risk assessment and lift plan and



would indeed probably be unaware of the need to. Nor was it apparent whether the machine’s
SWL included this dynamic force. BS 1SO10567 2007 (BSI, 2007) states that:

“Tipping load calculations shall be made at each grid line intersection of a 0.5m, Im or 2m
vertically and horizontally spaced grid placed over the excavator’s working range. The
origin of the grid shall be at the intersection of the ground reference plane (GRP) and the
axis of rotation. The tipping load calculations shall be made to determine the load that can

be lifted with the machine at its balance point.”

The SWL provided in a manufacturer's lift rating charts is based upon a combination of
contributory factors, including: the excavator arm geometry (taking into account the dipper and
boom length); and whether the lift is being undertaken at the front, rear (longitudinal stability)
or side (lateral stability) of the machine. Whichever combination of factors is present during a
lifting operation, the lift capacity provided is based upon the forces produced from lifting a
static load and fail to account for the additional forces produced by a dynamic lift (where for
example, a load is lifted at the front of the machine then slewed to a lateral position to set it
down). The dynamic aspect introduces an extra horizontal load caused by the centrifugal force
of slewing as the excavator superstructure rotates. Therefore, the SWL quoted in the machine’s
cab may not provide complete and accurate information that would allow a robust lift plan to
be prepared for this specific operational activity. In theory, this may explain why adequate
lifting plans can still result in a machine overturn when slewing at high rpm — as in the second

case study presented earlier in this paper.

METHODOLOGY

An applied empirical research design (Taylor and Vachon, 2018) was implemented that
primarily utilised direct observation of machine specification data and diagrams, and the quoted
SWL for a range of machine arm geometries. This data set was subsequently analysed
quantitatively using established mathematical theories. Given the huge number of
permutations of machine operation, the study was simplified by keeping constant certain
variables, namely: the manufacturer and model of excavator (13 tonne), the attachment to load
length (2 metres) and the slewing speed (maximum 13.3 rpm). This meant that the study could
then focus upon the impact of the variables that were altered in the selected six common
machine configurations (i.e. the arm reach and load point height) and a comparison produced

between the OEM’s stated lift capacity and revised lift capacity when the dynamic forces from
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slewing were in effect. Future work will be required to assess the impact of the variables kept
constant in this investigation. A full worked example is presented to further elucidate upon the
methodology and mathematical calculations undertaken to derive these results prior to
discussing the implications of this research for contemporary practice and current international
standards. By including a worked example, other researchers and practitioners will be able to
readily reproduce the results for specific machine configurations being utilised on site (taking

into account bespoke arm geometries) vis-a-vis relying upon static SWLs quoted by OEMs.

The methodology and mathematical approach used to identify the impact of the additional
horizontal forces upon an excavator undertaking a dynamic lift (i.e. lifting and slewing) were
validated through three main ways. First, the individual impact of five machine components
upon the righting and overturning moments acting upon the excavator when undertaking a
‘static’ lift were calculated (i.e. boom, dipper, undercarriage, balanced superstructure and
counterweight and engine), using the premise that the machine was known to be in equilibrium
using SWL guidance. This knowledge could then be applied to the calculations for the
‘dynamic lift’, the impact of which was as yet unknown. Second, the pivot point of turning
(i.e. the tipping edge at which the excavator would overturn) needed to be established. The
calculations applied to this were cross referenced and validated against OEM literature. Third,
to establish the ‘dynamic forces’ which were added to the ‘static forces’, mathematically
proven centrifugal force calculations (Bohacek et al., 2018) were applied, prior to comparison

against the manufacturer’s SWL that were based upon a static load only.

Determining the Impact of Dynamic Forces Upon an Excavator’s SWL

To test the impact of horizontal forces (produced as a result of carrying out a dynamic lift
operation) upon lift capacity, six case studies of a 13 tonne excavator were selected for
investigation (Table 2). In each, certain variables were kept constant, namely the model of
excavator, a 2m attachment to load length and a slewing speed set at the maximum 13.3 rpm
(to analyze the most extreme scenarios). However, for each case study the arm geometry
configuration (load point height and arm reach) was altered and the lift capacity in the lateral
position for each configuration was extracted from the manufacturer’s lift rating chart. The
lateral position was chosen as this is where the effect of the horizontal force from slewing is at
its greatest and the machine most in danger of tipping. For each configuration selected, when
the forces due to the effect of both the static load and the dynamic horizontal load due to

slewing were combined, the maximum tipping load that would maintain machine equilibrium
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was reduced to between a third and two thirds of those stated on the load chart (refer to the last
column of Table 2). Although these are significant and consistent results, it should be noted
that they are only applicable to the machine selected in this study, operating at a slewing speed
of 13.3 rpm and with a lifting attachment length of 2m. The first of the six cases will now be

worked through in detail to demonstrate how the results were derived.

Calculating the Forces from Undertaking a Static Lift

When an excavator undertakes a static lift of a load 'M' (where the load includes the item being
lifted and any lifting equipment used), then the force from that load acts vertically at the point
of attachment, at load radius 'R' (Figure 5), and exerts an overturning effect - or moment - on
the machine. Working against this overturning is the righting moment produced by the weight
of the excavator body components and counterweight. In order to maintain equilibrium and
prevent the excavator from tipping over, the overturning moment from lifting a load must be
in balance with the righting moment of the machine. The maximum SWL that can be safely
lifted to maintain equilibrium, for a specific arm geometry, is provided in the machine

manufacturer's lift charts.

In the worked example (Table 3), the arm configuration selected is at a reach of 7m (Table 3,
col D) and a load point height of 3m (Table 3, col E). The SWL provided in the manufacturer
lift charts for a lateral lift at this arm geometry is 1,850kg (Table 3, col B). As this lifting
capacity is based on ISO 10567 (75% of the tipping load) the load is grossed up to 100% at
2,467kg (Table 3, col C) for the purposes of the calculations and reduced back to the 75%
figure at the end for comparison.

To calculate the overturning moment, it was first necessary to establish the pivot of the turning.
When operating at the lateral position, this was taken as the outside edge of the outside roller
(idlers and front drive) within the track, rather than the outside edge of the track itself (refer to
Figure 6). This is approximately a third of the way into the track and was measured as 1.083m
from the centre of rotation. The 7m radius was therefore reduced by the 1.083m offset to give
the distance from the centre of the mass of the load to the tipping edge, which was 5.917m
(Table 3, col F). Multiplying this by the gross mass of 2,467kg produced an overturning
moment from the load of 14,597.2 kgm (Table 3, col G).
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Although this overturning moment is balanced by the overall righting effect of the excavator
body and counterbalance, some of the individual excavator body components do actually
increase the overturning effect, namely the boom and dipper. This was proven by separating
the machine into five components, namely the boom, dipper, undercarriage, balanced
superstructure and counterweight and engine (see Table 4) and calculating their individual

impacts upon the moments acting upon the excavator.

For each component, the height to the centre of mass and the radius from the centre of rotation
were obtained from manufacturer specifications and diagrams (Table 4, col D and E) and in
each case the radius was again adjusted for the offset from the tipping edge (Table 4, Col F).
The mass of each component (Table 4, col C) was initially an estimation from available
specifications, but as the machine was known to be in equilibrium, this component mass
distribution was then refined until the total combined righting moment -14,398.60kgm (Table
4, col G) was close to balancing the overturning moment 14,597.2 kg. The imbalance of 198.6
kgm, at 5.917 m radius, produced a difference in gross load of 33.56kg, or 1.36% of the gross
load (2,467 kg) - this was deemed to be an acceptable level of accuracy.

Upon examination of the separate component turning moments (Table 4, Col G), as expected
the boom and dipper added to the overturning moment of the load, but the larger righting
moments of the more central undercarriage, balanced superstructure, engine and counterweight
meant that the machine components combined provided an overall righting balance to maintain

equilibrium.

Calculating the Additional Horizontal Forces from Undertaking a Dynamic Lift

When an excavator undertakes a dynamic lift of the same load 'M', the action of slewing the
load to a designated drop point creates an extra force (see Figure 7). This force is a centrifugal
force 'P' caused by rotation of the load and it acts horizontally at the attachment point height
'H" above ground level of the excavator. The higher the height the load is being slewed, then

the larger the effect of the force.

As the excavator slews, the load will take a circular path around the excavator due to two equal
and opposing forces. Centrifugal force acts along the radius of the circle, from the centre of
rotation towards the load, causing the load to fly outwards from the curved path due to the
inertia of motion, i.e. the tendency of an object to resist a change in its motion. Centripetal
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force also acts along the radius of the circle, but from the load towards the centre of rotation,

keeping the load moving in a curve around the excavator and preventing it from flying out.

The circular motion of the load as it is slewed is accelerated motion, therefore the centrifugal

2
. . . . . 1%
force P is calculated as P = mass x acceleration. Acceleration is defined as (Ej where v =

velocity and R = radius), thus:

P= masSX% Eq.1

After substituting for velocity (distance/time) with v =@ , Where T = 1/ (rpm/60) (i.e. the

time taken to complete one 360° rotation of distance 2xtR), and rpm is rotations per minute, by

calculation and transposition the formula becomes:

_ massx Rx rpm?x0.011
9.81

P

Note: the force P measured in Newtons (N) is converted to kilogram (kg) by dividing by 9.81.

As mass, radius and rpm are all known variables this formula could then be used to calculate
the centrifugal force, but due to the dynamic nature of the slewing a series of applications of
the formula was required. In the first application of the formula, based upon slewing the static
load M (2,467 kg) at a speed of 13.3 rpm at load radius R (7m, i.e. the radius of the excavator
load attachment point from the centre of rotation) a new equivalent horizontal force P1 was
created, which resulted in a revised travelling load radius R1 (R + dR1) to match this force.

This revised load radius was calculated through the use of similar triangles as shown in Figure

8, where:
AdR = P Eq. 3
L E
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AdR = the change in radius; L = the distance from the attachment point to the centre of mass of

the load; P = the horizontal centrifugal load; E = the tension load; M is the static load.

In a second iteration, as the distance from the slewing load to the centre of rotation increased,
a new equivalent horizontal force P2 was calculated, from slewing load P1 at the revised radius
R1 and resulted subsequently in a new revised load radius R2. After three iterations, the
difference in the new and previous equivalent horizontal force and radius were small enough
to deem them suitably accurate values, hence no further iterations were required (refer to Figure
9).

The moment due to the centrifugal force caused by the excavator lifting and slewing the load
could then be calculated. From the iterative process above, the final equivalent horizontal force
P generated from slewing (calculated as 4,270 kg) was multiplied by the height of the
attachment point where the force is acting (in this case 3m), creating an overturning moment
due to slewing of 12,810 kg.m (Table 3, col H).

Next, the effect of the slewing on each of the five excavator components was calculated. The
height to the centre of mass H (Table 4, col E) was multiplied by the centrifugal force P of each
component, calculated using equation 2 earlier, substituting the mass of the component (Table
4, col C), the radius from the centre of rotation (Table 4, col D) and the machine rpm of 13.3.

There was an expectation that the effect of the centrifugal force on the rotating excavator
superstructure would result in a slight reduction in the overall tipping effect. However, upon
examination of the moments due to the slewing (Table 4, col H), it is apparent that they actually
increase the overturning moment by in total 3,142.6 kg.m. There are a number of reasons to
explain this. The effect of the rotating element is based on the distance from the centre of
rotation not the greater distance from the tipping edge of the track used for the static stability.
Furthermore, the undercarriage is not rotating so does not make a contribution to the dynamic
stability; the balanced part of the superstructure likewise makes no contribution as its centre of
mass is at the centre of rotation. Finally, the counterweight and engine are relatively close to

the ground which reduces their dynamic effect and provides the only righting effect.

Combining the Static and Dynamic Forces to Produce a Revised SWL
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When the moments calculated for the static effect (Tables 3 and 4, col G) and the dynamic
effect (Tables 3 and 4, col H) of lifting and slewing the load M were combined (Tables 3 and
4, col 1), an imbalance was clearly apparent as the total restoring moment was reduced to 11,256
kg.m and the total overturning moment was increased to 27,407.2 kg.m. For the excavator
undertaking the dynamic lift to be back in balance then the maximum overturning moment
needed to once again equal the restoring moment, thus the load being lifted had to be reduced.
Using force = load x distance, the equivalent load needed for balance was calculated as 11,256
divided by the distance 5.917 (Table 3, col F) which is 1,902.3 kg (Tables 3 and 4, col J).
However, the total load was made up of two components, the first resulting from the static
vertical component (load M) and the second from the dynamic centrifugal force (load P). The
balance between the static overturning moment (Table 3, col G) and the slewing overturning
moment (Table 3, col H) was 53% and 47% respectively, therefore the load was split across
the two components in the same ratio, i.e. 1008.2 kg for the static vertical component and 894.1
kg for the dynamic centrifugal component (Table 3, col K and L). These are gross loads so to
produce a revised chart figure they were reduced back down to 75%. When the original lift
capacity for this excavator configuration of 1,850kg (Table 3, col B) is compared to the revised
figure of 756.2 kg (Table 3, col K) for the vertical static component, which now takes account
of the effect of slewing the load at the speed of 13.3rpm, there is a significant difference as it
is reduced by 59.12%.

IMPLICATIONS AND FUTURE RESEARCH

A litany of factors may impact upon excavator stability on construction and civil engineering
sites and these include: under-capacity of the machine for the intended load being handled;
incompetent operators or competent operators’ errors, acts or omissions; poor site
management; environmental conditions (e.g. ground type); operational factors (e.g. working
on a slope); and lack of/ or inadequate lift plans. The degree to which each of these factors
impacts upon stability is largely unknown but in case law, the operator is often held culpable
for any accident or incident occurring. However, a fundamental finding from this research, is
that a machine’s lift rating chart (that is supplied with each machine and available within an
operator’s cab) is based upon calculations for a static lift and does not take into account the
extra dynamic forces produced when handling a freely suspended load. Therefore, the SWL
contained within lift rating charts (used to develop lift plans) that are designed to protect
operator health, safety and welfare underestimate the total overturning moment force acting
upon the machine. Indeed, the revised SWL derived using the proposed new method for
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calculating a tracked hydraulic excavator’s stability (based upon a sum of static and dynamic
loads) illustrates that the OEMs’ quoted SWL may be reduced significantly as a result of the
dynamic load especially when operating at full RPM. Consequently, machine overturning
incidents occurring could theoretically occur even when operators and site management have
taken every reasonable precaution and used OEM SWL data to develop a lift plan. Linking past
machine overturning events to the omission of this dynamic effect is impossible to achieve
because stability is dependent upon many other factors and reporting of incidents lacks
accuracy and completeness, and often contains retrospective analysis which is subject to bias
(c.f. Kessels-Habraken et al., 2009).. Nevertheless, this research illustrates that a significant
risk factor is not accurately factored into lift plan calculations. In response to the findings
presented, several UK construction and civil engineering contractors have already
implemented measures to reduce the SWL load ratings by as much as 50% of those quoted by

OEMs, thus integrating an additional factor of safety into any future lift plans developed.

Such temporary action may act as a useful stop-gap but future research and development is
urgently needed as the scientific evidence presented herein is compelling. Future work may
include industry 4.0 innovations (c.f. Junior et al., 2018) that model the impact of other factors
that impact upon machine stability, e.g. different machine weights, arm configurations and
slewing speeds. This could then be used to develop sensor based technology to measure
stability characteristics in real time. At present, commercially available safe load indicators are
based upon pre-programmed independent static load testing of the machine conducted by the
device manufacturer. So whilst such may present a better indication of lifting risk, it still fails
to predict the dynamic effects of lifting and moving a load. Industry 4.0 and sensor based
technology development would ideally need to intelligently model static, dynamic,
environmental and operational factors simultaneously and so considerable computational
power and expense may be required. A solution lies with mobile communications via cloud
technology which have removed this financial barrier (and increased computational power) by
allowing internet connected devices to communicate algorithmically via the cloud, providing

excavator machines with accurate information and instruction on machine stability.

Aviation was one of the first industries to embrace the incredible sophistication and versatility
offered by mobile computerisation, in the areas of civilian aircraft and remote controlled drones
(Holland et al., 2001) — indeed, most aircraft today have very limited human interaction. Other
technological advancements could similarly assist or contribute to improving machine stability,
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for example, Volvo’s new fully automatic rpm system that predicts the speed needed for

various configurations of machine operation. One practitioner stated:

“Volvo’s system looks to be a great innovation and we anticipate that it should be able to
differentiate between digging (where speed and break-out force is needed) and lifting mode

(where speed should be kept to an absolute minimum).”

Additional research is also urgently required through work in conjunction with OEMs and other
industry stakeholders via international standards development, to improve information and
instruction issued throughout industry. Two areas of development are immediately apparent.
First, lift rating charts and operations and maintenance handbooks supplied with machines
should be updated with new information to notify operators that the SWL indicated is for a
static lift only or updated to include dynamic forces. Whilst this latter update is being
implemented, the SWL of existing machines should be halved for all lifting operations that
involve slewing. Second, BS ISO 10567:2007 (BSI, 2007) should be revised to better reflect
the dynamic load imposed upon a machine as a result of the horizontal centrifugal force such
that future SWL quoted more accurately reflect the full load exerted upon machine stability

whilst slewing.

Engineering-out the risk is another prominent area of future work that should be pursued by
OEM s as such would include automatically lowering a machine’s rpm to a minimum whilst
slewing with a load. This simple action would reduce the centrifugal force to a minimum thus,

ensuring that machine stability is enhanced and associated risk of overturn minimised.

CONCLUSION

Excavator overturn is a persistent issue that continues to plague industry and yet to date, very
little new knowledge has been generated to better understand this phenomenon and prevent its
occurrence. Knowledge that has been advanced has largely been based upon subjective
assessment criteria and rudimentary field work observations that have been resoundingly
rejected throughout industry. Moreover, statistics available fail to portray the full extent of the
issue as often incidents go unreported — reasons for this are myriad but include a desire to avoid

disciplinary action and concomitant litigation proceedings.
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The SWL stipulated on a machine’s load chart has historically provided the main source of
information used to assess the risk of tracked hydraulic excavators overturning when producing
a lifting plan. Yet this research reveals that the SWL is applicable to a static lift only and that
when the load is freely suspended and slewed, an additional horizontal centrifugal force is
exerted upon the machine’s stability. Using the new method presented in this paper for
calculating a tracked hydraulic excavator’s SWL, practitioners can better estimate machine
instability risk posed and employ appropriate risk mitigation control measures (such as
reducing the size of load to be lifted, using a larger machine and/or lowering the rpm to a
minimum level). Additional work is, however, needed to: i) model all factors that impact upon
machine stability using industry 4.0 and supporting technological innovations in sensor based
systems, cloud computing and computational intelligence. In coalescence, these technologies
appear at this stage to present the best opportunity to mitigate the risk of turnover; ii) further
develop international standards for hydraulic excavator lift capacity and ensure that adequate
information and instruction accompanies all machines sold. Such information could alert
operators and safety managers to the fact that SWLs are based upon a static lift only and that
additional risks may be involved when slewing, hence the need to maintain low rpm.
Alternatively, and indeed preferably, lift charts should be revised to take account of these
dynamic forces; and iii) engineer-out potential hazards within excavator machines (such as
slewing at high speed) to automatically reduce the risk posed and eliminate operator error or
abuse.

It would appear from case study evidence, that accidents often arise due to human or
management error and the standard response to this has been to take legal action against the
operator without questioning the SWL data input into lift plans. This research sheds new light
upon past preconceptions and illustrates that more needs to be done by OEMs to provide more
comprehensive, complete and accurate information on SWLs for an excavator machine.
Moreover, any future incidents occurring should use the new method of calculating SWLs
presented herein to assess whether the operator was actually at fault. Such work is dependent
upon better and more consistent reporting of incidents occurring, analysis of such, and far
greater transparency within industry and knowledge sharing between practitioners. Failure to
implement the recommendations made within this paper will result in continued and sustained

reoccurrence of excavator overturning incidents.
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Figure 1 — UK excavator sales 1998-2015
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Figure 2 — Excavator overturn example
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Figure 3 — Reasons for inaccurate/ incomplete overturn data
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Table 1 — Excavator incidents 2005-2010

Fatal Major Over 3 days
Struck by 14 155 178
Falling objects 5 74 69
Crushed/trapped/ 7 33 57
overturning
Fall from height 1 5 5

NB: These are the latest figures reported.
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Figure 4 — Reasons for excavator overturn emanating from the case studies
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1 Table 2 - A Comparison Between OEM Stated Lift Capacity and Revised Lift Capacity Including the Slewing Effect

Case Excavator Arm Load Point Height  OEM Stated Revised Lift Capacity, Revised Lift Capacity
Study Reach Lift Capacity (Including the Dynamic as a Percentage of the
Forces from Slewing OEM Lift Capacity
(m) (m) (kg) (k) (%)
1 7 3 1850 756 40.87
2 5 3 3110 1389 44.66
3 6 4 2410 919 38.13
4 5 4 3210 1281 39.91
5 6 5 2430 818 33.66

6 6.689 4 2010 736 36.62




Figure 5 - Excavator with freely suspended load: side view — static case no rotation.
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8  Table 3 — Determining the impact of the dynamic forces from slewing upon the SWL — The Load

A. B. C. D. E. F G. H. l. J. K. L.
OEM Gross CoM CoM CoM Static Dynamic Total Equivalent Equivalent Equivalent
Lift Lift Radius? Height? Tipping O/T oIT oIT Load for  Load - Load -
Capacity Capacity Point® Moment  Moment Moment Balance -  Static Dynamic
at 75%* at 100% Total element element

(53%) (47%)

kg kg m m m kg.m kg.m kg.m kg kg kg

Load 1850 - - - - - - - 756.2 670.6

75%

Load - 2467 7 3 5.917 14597.2 12810 27407.2 1902.3 1008.2 894.1

100%

1 the OEM lift capacity data is at 75% of the minimum tipping load in accordance with 1SO 10567,
2the arm geometry of the boom and dipper configuration - 7m arm reach and 3m load point height;
3 the distance from the centre of mass of the load to the tipping edge of the outer track roller.

33



10  Figure 6 — Excavator with freely suspended load: longitudinal view superimposed with lateral view to show the lateral tipping point.
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13

14

Table 4 — Determining the impact of the dynamic forces from slewing upon the SWL — machine compartments

A. B. C. D. E. F. G. H. l. J.
Compartments Mass Mass CoM CoM CoM Static Dynamic Total Equivalent
Radius Height Tipping O/T o/IT o/IT Load for
Point Moment Moment Moment Balance
% kg m m m kg.m kg.m kg.m kg
Undercarriage 38 5033 0 0 -1.083  -5450.7 O -5450.7
Balanced 20 2649 0 0 -1.083  -28689 O -2868.9
superstructure
Counterweight 25 3311 -2 15 -3.083  -10207.8 -1970.2  -12178
and engine
Boom 11 1457  1.708 3413  0.625 910.6 1684.7 2595.3
Dipper 6 795 5.131 4237  4.048 32182 34281 6646.3
Totals 100 13245 -14398.6 3142.6 -11256  -1902.3
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15  Figure 7 - Excavator with freely suspended load: side view — centrifugal force rotating case
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Figure 8 — Calculating the increase in the swing radius
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Figure 9 — lllustration of the revised force and increase in swing radius per iteration
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