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ABSTRACT: Dirill rigs are large pieces of construction machinery used to build pile
foundations and to improve the ground stability. Crawlers comprising the lower base
enable the machines to propel themselves. A tall leader given in the upper structure
provides top heavy weight distribution. Sufficient bearing capacity and flatness are
required in the bearing ground to keep the machinery stable without any tilts while it is
propelling itself. Nevertheless, overturning often occurs at constructions. This study
focuses on the phenomenon of ground instability causing machines to overturn. A drill
rig weighing 372.5kN and with a leader 15.9m tall overturned on a building
construction site. This machinery moved within the site to the positions required for
building the diaphragm walls. This paper, firstly, summarizes operations prior to the
accident. Secondly, the equilibrium condition of the machinery was calculated to clarify
the stability, and the pressure acting on the ground through the crawlers was estimated.
Ground properties were also investigated to assess the potential risk of failure in bearing
ground. Finally, problems with the stability of drill rigs are discussed.

INTRODUCTION

Some drill rigs and similar machinery for piling and ground improvements are
propelled by crawlers on both sides of the lower base carrier. Such machinery must be
kept near horizontal on the bearing ground when moving if the derrick is raised.
Nevertheless, accidents have often occurred due to overturning of drill rigs in Japan as
well as in countries throughout the world. Ground penetration by crawlers was observed
in many cases where actual overturning occurred as shown in Fig 1.

While the safety regulations for drill rigs worldwide prescribe the stability angle as the
allowable tilt in the machinery, the ground is assumed to be sufficiently stiff and firm.
The necessary ground conditions for setting up drill rigs are not specifically prescribed
in the regulations.

This study examines the phenomenon of ground instability causing the drill rigs to
overtum. A case study on an accident was carried out to investigate the problems with
stability in terms of the bearing ground. This paper, firstly, summarizes the outline of



operations prior to the accident.
Secondly, the equilibrium condition of
the machinery was calculated to clarify
the stability, and the pressure acting on
the ground through the crawlers is
estimated in accordance with the
regulations (British Standards Institution
(1996a and 1996b) and Japanese
Standards Association (2007)). The
bearing capacity of ground is
investigated to make sure the potential
risk of overturning. Finally, problems
with the stability of drill rigs are
discussed.
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SITE CONDITIONS IN THE ACCIDENT

An eight stories apartment house was being constructed at the site as shown in Fig 2.
Diaphragm walls were selected as the foundation type in this construction. An external
fence supported by posts was installed in the site to protect the adjacent buildings.
Fig.1 shows an overturned drill rig to discuss in this paper from an incident that
occurred in Japan in 2004. The drill rig comprised three augers in the leader and hit a car
parked beside the site. Two workers were severely injured in this accident. Ground
penetration by a crawler was clearly observed.

Soft clay was overlaid by sandy subsoil down to a depth of 0.7m. Shallow soil was
stabilized by mixing with cement to increase the bearing capacity in advance. Though
preliminary theoretical calculation indicated that thickness of 1.0m of stabilization was
required to support heavy machinery, the actual stabilization was only performed to
0.7m due to difficulty mixing in the clay. Therefore, the bearing capacity was lower
than the required value. In addition, existences of both the fence and the supporting
posts disrupted the stabilization. Consequently, the bearing capacity in this around area
was smaller than that of other areas. It seems that insufficient of bearing capacity was
one cause of the accident.



A small trench, 0.9m in depth and 0.8m in width, was excavated by a backhoe in the
north area prior to building the diaphragm wall as shown Fig 3. This trench excavation
was carried out as preliminary preparation to indicate the positions of drilling columns
and to prevent the overflow of mixing mud. However, the depth of the trench was
deeper than 0.7m of the designed value. The deeper trench reduced the bearing capacity
near the walls, and made the drill rig unstable. This was also considered to be another
cause of the accident.

PROCESS PRIOR TO THE ACCIDENT

Table 1 shows the process of constructions at the site prior to the accident. Shallow
soil stabilization was carried out as one of the preliminary preparations to increase the
bearing capacity to ensure the machinery is kept nearly horizontal during
self-propelling. The drill rig was assembled the previous day. Placing steel plates at the
site was also required to support the heavy machinery.

Preliminary trench excavation started at 9:00 in the moming. Since a buried water
pipe was broken at the excavation, however, the trench was submerged at 10:00. A site
manager called up the water supply office to inform them ofthe trouble with water pipes.
Running water was stopped by water supply personnel at 11:30. The remaining
preparations were resumed soon after completion of the repairs even though the bearing
ground softened due to the exposure to water.
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The drill rig moved to the north east position to build the diaphragm walls as shown
in Fig 4. However, the machinery was tilting slowly when it had reached a distance of
0.9m offset from the trench. An operator who observed the tilt quickly reversed the
travel and turned the upper structure right as shown Fig 5. The increment of'tilt in the
machinery accelerated due to collapsed soil, and the machinery finally overturned as
shown in Fig 1.

STABILITY OF THE DRILL RIG
Stability angle

Fig 6 shows a summary of the drill rig with a leader 15.9m in length and 372.5kN in
total weight (W). Since the x axis and the y axis are defined as shown Fig 6, the origin
(0) is positioned at the horizontal center of the crawler on the ground surface.
Coordination of the center of gravity in horizontal axis (G;) and vertical axis (G,) was
calculated to investigate the stability of the machinery. Table 2 summarizes the
specifications of the drill rig.

Safety regulations prescribe structural requirements in terms of the stability angle as
allowable tilt of drill rigs. Table 3 shows comparison of the stability angles between
Europe and Japan. The European Norm (British Standard Institution (1996a) and
(1996b)) prescribes the stability angles in both EN996 of “Piling equipment - safety
requirements” and EN791 of “Drill rigs — safety”. EN996 describes that a stability
angle of 5 deg must be provided in the drill rigs as minimum requirement. 8 deg is also
written for propelling on job sites. EN791 also describes the stability angles those shall
not be less than 10 deg in any direction when moving and not be less than 5 deg under
any other conditions. The stability angle of 10 deg also includes a margin for the effects
of the inertia forces from acceleration, braking and swaying of the drill rigs. The
Japanese Ministry of Health, Labor and Welfare prescribes a stability angle of 5 deg in
the Ordinance on Occupational Safety and Health as a minimum value. The Society of
Materials Science, Japan (2002) recommends two sets of values in connection with the
stability angles that are 7 deg when drilling and 9 deg when self-propelling.

Larger values in the stability angle at self-propelling are introduced in both
regulations since an increase of instability takes the effect of the inertia forces by into
account, The stability angles were calculated by giving consideration to the
specifications of machinery as shown in Table 4. The stability angle in forward (&)
means a tipping angel where the center of gravity turns above the front sprockets due to
tilt, and this value is derived by Eq.(1). The stability angle in lateral (6y) is also obtained
by Eq.(2). Both 18.4 degrees for Oy and 21.6 degrees for &y are greater than 10 deg of
the limitation by EN791. Hence, the drill rig overturned even though sufficient stability
was provided in the machinery. Accordingly, it was ascertained that a collapse of the
bearing ground was the main cause of the accident.

Pressures acting on the ground

EN791 and EN996 define five types of distributions in the pressures acting on the



ground through the crawlers as well as JIS A 8509-1 by the Japanese Standards
Association(2007) . These distributions are specified by the position of a single load (e)
as shown in Table 5. A value of e is the same as that of G, introduced above. The
maximum pressures acting on the ground (o) are obtained by the equations given.
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FIG. 6. Summary of the drill rig

Table 2. Specifications of drill rig

Total weight (W) 372.5kN
Horizontal distance of the centre
of gravity from the centre of 0.62m
crawler (G,)
Vertical distance of the centre of 336m
gravity from ground surface (G,) )
Length of contacting area on 3.475m
crawler (d)
Width of crawler (b) 0.76m
Tread between crawlers (s) 2.660m

Table 3. Comparison of the stability
angle in safety regulations

Stability angles (deg)

Usually 5
EUR Either 8 (EN996)or 10 (EN791)
at self-propelling
JPN 5*

* 7 (at the drilling) and 9 (at self-propelling) are
recommended by the Society of Material Science,

Japan (2002).

Table 4. Calculation of the stability angle

Forward Lateral
Caleulating | ., _d=2G. (I} s (2)
formula 76, !
Stability _ =
angle (deg) ng—184 esl 21 6
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A value of e and a value of d were 0.62m and 3.475m in the drill rig, respectively.
The relationship between e and d/6 is derived as Eq.(3). Consequently, o3 is calculated
by Eq.(4).

e> 3) %27 3e €))

= 146(kPa)

d 27
6

where the single load (P) is substituted by a value of W/2.

As the steel plates were sheeted on the ground surface, the actual pressure acting on
the ground was smaller than the value of o03.

Bearing grounds are assumed to be sufficiently stiff and firm. Safety regulations
don’t consider the machinery becoming unstable by tilt with an increase of differential
settlement in the crawlers. However, this settlement increases the pressure acting on the
ground by an increase in the overturning moment due to the machinery tilting.
Accordingly, the values of the actual pressure acting on the ground become greater than
the values suggested by the regulations where the machinery tilts due to settlement of
crawlers.

Supported ground conditions
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FIG.7. Relationship between the interpreted
<Sand> - =0.00217 i 5
and= N, =000, +B067K,, () Nvalues (N)) and depth (D)
<Clay> N,=0.0037,,+0.050N,,  (6)

where N; is the interpreted N value, Wsyy is the value of the loading weight, N, is the
equivalent number of caracole required to penetrate 1m in depth.

Fig 7 shows the relationship between depth (Dy) and N;. Since SWS_2 shows higher
value than SWS_1, the bearing capacity of ground is lower in the northeast corner. Both
curves show the existence of a stabilized layer between 0.2m and 0.9m. Soft clay was
deposited below 1 m so N, decreased rapidly. A likely difference in measured N; was the
water seepage by the broke water supply line.

DISCUSSIONS ON PROBLEMS WITH STABILITY



Hazards in the ground

Various hazards usually exist in constructions. Since drill rigs are large pieces of
machinery, their overturning causes serious damage to the surroundings of the sites as
well as inside the site.

Two problems existed in the construction.

1) Existence of both fences and supporting posts disturbed stabilization near their
boundaries. Hence, the bearing capacity was lower in this area.

2) Insufficient stabilization thickness reducing the bearing capacity.

In addition, another three problems made the bearing ground unstable.

1) Bearing capacity near the walls was reduced because the depth of the trench was
deeper than the designed value.

2) A broken water pipe caused the excavated trench to be submerged. Water seepage
made the bearing ground soft.

3) Soon after the completion of repairs, the remaining works were resumed without
confirmation of the stability.

Safety requirements for the stability of sites

Safety regulations commonly assume that sufficient bearing capacity is provided in
the ground of construction sites. Meanwhile, either pilings or ground improvements
were conducted on sites where the bearing capacity is insufficient for supporting
facilities. Therefore, various stabilization methods such as deep soil mixing and the
installations of pile foundations are used to support the structures. Accordingly, the
drill rigs must move over unstable ground on construction sites.

Tamate et al. (2005) investigated the mechanism of the overturning of the mobile
cranes. Top heavy distribution in both the mobile cranes and drill rigs induce potential
instability. Four outriggers support mobile cranes while hooking the load. Mobile
cranes become quite unstable where the outriggers rapidly penetrate the surface due to
the brittle failure in the bearing ground.

CIRIA (2003) recommends three sets of safety factors in terms of bearing capacity
(Fy) as follows. Fy of 1.5 is the absolute minimum and should only be used where
ground conditions have been accurately identified under the guidance of an experienced
geotechnical engineers. Fy of 2.0 is adequate for most situations. F; of 3.0 is more
normally used for permanent works for foundations and will give a conservative size of
foundation area. It should be used for outrigger foundations where little ground
information is available, where soils are variable or where minor settlements could be
critical to a precision lifting and placing operation.

Theoretical calculations were carried out by Tamate et al (2006) to learn about the
relationship between the probability of safety for overtuming (P,) and F;. P>0.984 at
F=3 resulted whereas Ps>0.802 at Fy=1.5 in particular ground that induces rapid
outrigger penetration. Accordingly, it is ascertained that safety for overturning can be
easily ensured by using Fi=3 to prevent any ground penetration by outriggers.

Drill rigs propel by themselves whereas mobile cranes stand still in the positions they
perform hooking operations. The potential risk of the overturning by the differential
penetrations in the crawlers due to failure in the bearing ground is unclear. In addition,



flatness of the surface and variation of the stiffness cause a swaying motion, and thus
inertia forces are generated. Accordingly, drill rigs are considered to be quite unstable
by the inertia forces due to sway during self-propulsion. It was confirmed that further
study is needed to specify the safety requirements in terms of the bearing ground.

CONCLUSIONS

A case study on the overturning of drill rigs on construction sites was discussed to

address problems with stability. The conclusions are summarized as follows:

)

2)

3)

4)

5)

Top heavy structure is provided in drill rigs during propelling by themselves.
Sufficient bearing capacity is required to support the machinery safely. The case
introduced to illustrate overturning occurred due to penetration by the crawlers
because of a failure of the bearing ground. Hence, sufficient capacity must be
provided to keep drill rigs stable in the bearing ground.

Safety regulations worldwide prescribe the stability angles as allowable tilt by the
overturning moment. By contrast, the bearing ground is assumed to be sufficiently
stiff and firm. Safety requirements on bearing ground are not prescribed in the
regulations.

Calculation procedures regarding the pressures acting on the ground are specified in
the regulations. Nevertheless, the values obtained are generally lower estimated
because the tilts in drill rigs induced by differential settlement in crawlers are not
considered.

Drill rigs propel themselves in sites while mobile cranes stand still in their positions
during hooking operations. Inertia force caused by sway during propelling makes
drill rigs more unstable than mobile cranes. Accordingly, the potential risk of the
overturning increases for drill rigs.

Safety requirements for bearing ground are necessary to prevent the overturning of
drill rigs and similar foundation machinery. Clarification of the relationship
between characteristics of instability of the drill rigs and properties of the bearing
ground needs to be addressed in further studies.
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Experimental Analysis of Unstable Pile Driver Behavior when
Self-propelling?

Tomohito HORI*!, Sathoshi TAMATE™!

A pile driver is a large construction machine used for ground improvement and foundation work. In
recent years, there have been some reports of accidents in which the machine overturned. An investigation
revealed that overturning accidents often occur while the machine is relocating to another pile. In this study,
to clarify the mechanism which makes the pile driver unstable when it is self-propelled, real-scale
experiments were performed. The behavior of the pile driver was measured by putting three-axis
accelerometers in three places: the upper part and lower part of the leader, and the crawler base. The
experiments were conducted under two conditions, straight and curved, on flat, firm ground. As a result, it
was discovered that the pile driver was subject to long periodic shaking during self-propelling. The degree of
shaking in response to acceleration on the curved course was large, and it was clarified that turning makes

the machine unstable.

Key Words:  pile driver, real-scale experiment, running behavior, construction safety

*1 Construction Safety Research Group, National Institute of Occupational Safety and Health
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