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Abstract

This study investigates the overturning load and deformation characteristics of mobile cranes by systematically varying the boom inclination

angle, supporting-base stiffness, and load height. For this purpose, two experiments were conducted: Experiment A examined the combined effects
of boom inclination and base stiffness, whereas Experiment B maintained a constant working radius while varying the load height to isolate its
influence on overturning stability.

The results indicate that the overturning load decreases significantly as the supporting-base stiffness diminishes, demonstrating that ground
softness is the primary factor governing crane stability. In contrast, structural instability becomes more pronounced at smaller boom inclination
angles (i.e., when the boom is closer to the vertical position) and higher centers of gravity, though its static contribution remains smaller than that
of the overturning moment. However, dynamic considerations suggest that a higher center of gravity amplifies inertial moments, further reducing

the overturning load on soft ground.

Consequently, even at an identical working radius, cranes operating with smaller boom inclination angles and greater load heights are more
susceptible to overturning under dynamic disturbances. These findings underscore that crane stability evaluations must extend beyond static
moment equilibrium to account for structural instability and dynamic inertial effects, particularly during operations on soft ground.

Keywords: Crane Toppling; Pile Driver Toppling; Overturning Mechanism; Structural Instability; Overturning Experiment; Model Experiment;

Effect of initial Boom Inclination

Introduction

In Japan, the safety of cranes is regulated under the Industrial
Safety and Health Act and the Ordinance on Safety of Cranes, and
safety against toppling is ensured through the establishment of
rated loads and the installation of various safety devices. There
is the statement in its technical document regarding repeated
toppling accidents of cranes and pile drivers: “Although the
operating conditions were such that overturning should not have

@ @ This work is licensed under Creative Commons Attribution 4.0 License | CTCSE.MS.ID.000792.

occurred according to the static equilibrium relationship, 19.5%
of the accidents resulted in overturning. ... [1] This suggests that
the overturning safety of cranes cannot be fully ensured solely by
evaluating rated loads and working radii.

The overturning stability of cranes and pile drivers are mainly
based on static equilibrium analyses and the evaluation of critical
loads [2]. In contrast, the present authors have pursued studies
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based on the viewpoint that structural instability may be involved
in toppling accidents that are difficult to explain solely by static
equilibrium [3-6]. Their studies have also included analyses that
take dynamic effects and ground conditions into consideration
[7,8].

In this context, an experimental study using an ultra-small-scale
model was recently conducted [9]. In that study, experiments were
performed by varying the conditions such as the stiffness of the
supporting base, the boom inclination angle and the lifting height
of the suspended load; and their effects on overturning behavior
were investigated. The results show that crane overturning is
governed primarily by the magnitude of the overturning moment
and the ground supporting capability, whereas the influence of
structural instability is secondary; however, its effect becomes
more pronounced as the boom inclination angle with respect to the
vertical axis decreases (near-upright) and as the supporting ground
becomes softer. Because the study was based on experimentally
obtained data, it is considered to have advanced the understanding
of crane overturning behavior on soft ground, which had been

difficult to clarify through real crane operation.

Though the previous overturning experiments covered a
wide range of test conditions, some aspects of the measurement
accuracy were insufficient [9]. Accordingly, the present study
improves the measurement accuracy and focuses specifically
on the effects of boom inclination angle and load height on the
overturning mechanism. Using the same ultra-small-scale model as
in the previous study, two types of experiments were carried out. In
Experiment A, the overturning load was determined while varying
the boom inclination angle and the stiffness of the supporting base;
and their effects on the overturning mechanism were investigated.
In Experiment B, the working radius (overturning moment)
was kept constant, while the initial boom inclination angle, thus
lifting height of the suspended load, was varied to investigate its
influence on the overturning load. Based on the results of these
two experiments, the effects of structural instability, which are
considered to be involved in unexpected toppling accidents, are
discussed.

-

Figure 1: Ultra-small models for Experiment A.

-

Table 1: Specifications of ultra-small models.

Model Name Tomica 130 made by Tomy Co. Ltd. (Original: KOBELCO SK3500D Bld. Dem. Sk3500D)
Scale 1/228
Boom Length abt. 30cm
Mass 65.5g
Crawler Spacing 33 cm

Figure 1 shows the appearance of the ultra-small-scale model
(Tomicaminiature) and the supportingbase used in the experiments,
and Table 1 summarizes their specifications. The original machine
was a demolition machine dedicated to building dismantling, and
therefore differs slightly from an ordinary crane in the shape of the
boom tip. In addition, the boom is non-telescopic, and the exact
locations of the boom rotation center and the center of gravity of
the model could not be determined accurately. Nevertheless, the
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fundamental structure is similar to that of an actual crane.

With regard to the weight distribution, the upper boom is made
of lightweight plastic, whereas the lower machine body is made of
metal, so the overall distribution is considered to be close to that of
a real crane. Accordingly, the model is considered to have sufficient
capability for investigating the effects on overturning behavior,
which is the objective of the present study.
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Experiment A: Overturning Test to Investigate the

Effect of Boom Inclination Angle
Outline of Experiment A and Summary of Results

The purpose of Experiment A is to investigate the relationship
between structural instability and boom inclination angle in the
overturning mechanism of a crane. The initial boom inclination
angle (measured from the vertical axis) was varied to five values:
6,=10.6°, 16.4°, 24.0°, 30.4°, and 37.3° as shown in Figure 1. Five
ultra-small-scale models were prepared with the boom fixed at
each of these inclination angles.

Four types of supporting bases were used in order of decreasing
stiffness: a board, a single towel placed on the board, four folded
towels, and a muffler, which are shown in Figure 1. The lifting load
was applied at the boom tip because it was considered that the
influence of structural instability would become more pronounced
when the boom length was larger and the load application point
was higher [9].

As in the previous experiment [9], the load was applied as
statically as possible by placing coins, paper clips, etc, in an
extremely lightweight bag. Measurements were made using a
kitchen scale capable of displaying values to 0.1 g. The boom
inclination angle was calculated from the measured height and the
working radius of the load point using a tape measure. Thus, as in

the previous study, all measurements except the mass measurement
were performed using analog methods.

Table 2 summarizes the results of Experiment A. The blue-
shaded cells in the upper part of the table represent the measured
values, whereas the remaining entries indicate prescribed values
and numerical analysis results. The symbols used in the table
are briefly defined below it; there the structural model adapts a
simple rigid bar-rotational spring system. Detailed definitions
and calculation procedures are the same as those described
in References [6] and [9] and should be consulted for further
information. All moments were calculated using the geometry and
dimensions before deformation.

Discussion Based on Overturning Load and Overturning

Moment

Figure 2-1 plots the relationship between the overturning
load ( P) and the initial boom inclination angle (6,) based on the
experimental results shown in Table 2. As expected, the overturning
load decreases as the supporting base becomes softer and as the
initial boom inclination angle (working radius) becomes larger. It
should be noted that the boom inclination angle, working radius,
and load height are mutually related. Specifically, a smaller boom
inclination angle corresponds to a smaller working radius and a
greater load height.
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Table 2: Results of Experiment A.

6,=10.6deg. 6 ,=16.4deg. 6 ,=24.0deg. 6 ,=30.4deg. 6 ,=37.3deg.
Item Towel Towel Towel Towel Towel Towel Towel Towel Towel Towel
Board Muffler Board Muffler Board Muffler Board Muffler Board Muffler
(1sheet) | (4 sheets) (1 sheet) | (4 sheets) (1 sheet) [ (4 sheets) (1 sheet) [ (4 sheets) (1 sheet) [ (4 sheets)
Pt (gf) 25.8) 19.8] 14.7] 11.8] 15| 12 10 8.3] 9.1 8| 7| 5.5| 6.7| 5.7 4.7) 4.5] 5.4 4.5) 4 3.3
Wt (gf) 91.3] 85.3] 80.2] 77.3] 80.5] 77.5) 75.5) 73.8] 74.6 73.5] 72.5) 71 72.2 71.2] 70.2| 70| 70.9 70 69.5) 68.8]
ho (cm) 21.7] 2 2 207 2l 211 2l 2.1l 25.8] 25.8 25.8] 25.8] 24.5] 24.5 24.5 24.5] 22.6) 22.6) 22.6) 22.6]
a (cm) g 5 5 5 8.0 8.0 8.0 8.0 115 115 115 11.5 14.4 14.4 14.4 14.4 17.2 17.2 17.2 17.2
Aa (cm) 0.4 0.8] 1 1.5 0.5] 0.9] s} 1.7 0.25) 0.5] i 1.3 0.3] 0.75) 1.2 1.2 0.3] 0.45 0.8] 1.3
hy (em) 27.6263428| 27.5526855| 27.5158569| 27.4237853| 26.9584379| 26.8451882| 26.7885634| 26.6186888| 25.6982191| 25.5964382| 25.352164| 25.2707393| 24.3479862| 24.1199656| 23.891945| 23.891945| 22.4183144| 22.3274715 22.115505| 21.8126956
Lg (cm) 28.18 28.18 28.18 28.18 28.26 28.26 28.26 28.26 28.25 28.25 28.25 28.25 28.42 28.42 28.42 28.42 28.40 28.40 28.40 28.40
6(rad.) 0.1852) 0.1852, 0.1852, 0.1852| 0.28705004| 0.28705004| 0.28705004| 0.28705004| 0.41930269| 0.41930269| 0.41930269| 0.41930269| 0.53136724| 0.53136724| 0.53136724| 0.53136724| 0.65054325| 0.65054325| 0.65054325| 0.65054325
6, (deg.) 10.6111873| 10.6111873| 10.6111873| 10.6111873| 16.4467699| 16.4467699| 16.4467699| 16.4467699| 24.0242948| 24.0242948| 24.0242948| 24.0242948| 30.4451261| 30.4451261| 30.4451261| 30.4451261| 37.2734139| 37.2734139| 37.2734139| 37.2734139]
g (cm) 3.3 3.3] 3.3] 3.3 3.3 3.3] 3.3 3.3 3.3 3.3 3.3] 3.3 3.3 3.3] 3.3] 3.3] 3.3 3.3 3.3] 3.3]
e (cm) 1.65| 1.65 1.65 1.65 1.65| 1.65 1.65 1.65 1.65] 1.65 1.65 1.65 1.65] 1.65 1.65 1.65 1.65] 1.65 1.65 1.65
l(_::)/sin oo 8.96 8.96 8.96 8.96 5.83 5.83 5.83 5.83 4.05 4.05 4.05 4.05 3.26 3.26 3.26 3.26 2.72 2.72 212 272
6, (rad.) 0.1928 0.2073 0.2145 0.2327 0.3056 0.3204 0.3279 0.3504 0.4290 0.4388 0.4624 0.4703 0.5437 0.5623 0.5811 0.5811 0.6639 0.6706 0.6864 0.7094
60/6, 0.961 0.893 0.863 0.796 0.939 0.896 0.875 0.819 0.977 0.956 0.907 0.892 0.977 0.945 0.914 0.914 0.980 0.970 0.948 0.917
EP‘;/::’ e 0.039 0.107 0.137 0.204 0.061 0.104 0.125 0.181 0.023 0.044 0.093 0.108 0.023 0.055 0.086 0.086 0.020 0.030 0.052 0.083
Per (gf) 2315 801 586 378 1329 744 606 408 3296 1657 778 655 3194 1296 820 818 3528 2339 1329 829
Ks(gf-cm/rad)] 20742 7173 5254 3391 7748 4336 3532 2378 13357 6715 3155 2654 10400 4219 2671 2664 9611 6374 3621 2259
S/2 (cm) 1.65] 1.65 1.65 1.65 1.65] 1.65 1.65 1.65 1.65] 1.65| 1.65 1.65 1.65] 1.65] 1.65 1.65 1.65] 1.65] 1.65 1.65
ew (cm) 0.3305 0.6373 0.8982 1.0465 0.1958 0.4866 0.6805 0.8453 0.2815 0.4469 0.5973 0.8229 0.3458 0.5405 0.7351 0.7740 0.3680 0.5817 0.7004 0.8666
Ly (cm) 1.7946 3.4610 4.8776 5.6830 0.6916 1.7188 2.4037 2.9858 0.6915 1.0978 1.4672 2.0213 0.6824 1.0666 1.4508 1.5276 0.6077 0.9605 1.1565 1.4309
kv (gf/cm) 3927 1358 995 642 1467 821 669 450 2453 1233 579 487 1910 775 491 489 1765 1171 665 415
d (cm) 0.023 0.063 0.081 0.120 0.055 0.094 0.113 0.164 0.030 0.060 0.125 0.146 0.038 0.092 0.143 0.143 0.040 0.060 0.105 0.166
Mt (gf-cm) 150.6 140.7 1323 127.5 132.8 127.9 124.6 121.8 1231 121.3 119.6 117.2 119.1 117.5 115.8 1155 117.0 115.5 114.7 1135
Ry (gf) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rg (gf) 91.3 85.3 80.2 773 80.5 715 755 738 74.6 735 725 71.0 722 7.2 70.2 70.0 70.9 70.0 69.5 68.8
Pt-a (gf-cm) 129.0 99.0 735 59.0 120.0 96.0 80.0 66.4 104.7 92.0 80.5 63.3 96.5 82.1 67.7 64.8 92.9 7.4 68.8 56.8
Pt-a/Mt 0.856 0.703 0.555 0.463 0.903 0.751 0.642 0.545 0.850 0.759 0.673 0.540 0.810 0.699 0.584 0.561 0.794 0.670 0.600 0.500
Wiren/Mt 0.144 0.297 0.445 0.537 0.097 0.249 0.358 0.455 0.150 0.241 0.327 0.460 0.190 0.301 0.416 0.439 0.206 0.330 0.400 0.500

P, = overturning load; W, = total weight immediately before overturning; /4, = load-point height before deformation; % = load-point
height after deformation (immediately before overturning);

a= working radius; Aa=horizontal displacement immediately before overturning;

L, =boom length from the support point to the load point; 8, = initial boom inclination angle;

g=horizontal distance of the center of gravity immediately before overturning (= crawler spacing);

S= distance between crawler centers; e= horizontal distance of the center of gravity from the crawler center immediately before

overturning (= one-half of the crawler center distance, S/2);

L=boom length immediately before overturning (distance from the support point to the center of gravity);

0, = overturning inclination angle; P, = total load immediately before overturning (=%, );

P, = elastic critical load (=K, / L); K_ = rotational spring stiffness;

e,, = horizontal distance of the crane gravity center from the crawler center immediately before overturning;

L, = boom length immediately before overturning (distance from the support point to the crane gravity center); K, = coefficient of
subgrade reaction; d= stiffness of the supporting ground (=R, / K, );

M, = moment due to the total load; R, = reaction force of the left crawler;

R, =reaction force of the right crawler; P -a = overturning moment produced by the overturning load.

Previous experimental results [9] show that a stiffer supporting
base produces a smaller change in boom inclination angle under
loading, resulting in a clear boundary between stable and
overturning states. This is attributed to the phenomenon that, on
a stiff base, the crane overturns with little deformation in a so-
called overturning-moment-type failure [5]. Accordingly, Figure
2-2 presents the ratio of the overturning load for each supporting
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base, taking the overturning load on the board support (where
deformation is small) as the reference value. The figure indicates
that the overturning load ratio decreases significantly as the
supporting base becomes softer. Furthermore, when classified by
the initial boom inclination angle, the reduction ratio becomes
larger for smaller inclination angles. These tendencies are
presumed to arise from the influence of structural instability.
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Figure 3-1 shows the relationship between the overturning
moment produced by the overturning load and the initial boom
inclination angle. The trend for each supporting base is clearly
different from that observed for the overturning load in Figure
2-1. This difference arises because the vertical axis in Figure 3-1
represents the overturning load moment ( P - ¢ ), which is obtained
by multiplying the overturning load by different working radii
(a). In particular, for the stiff supporting base, the overturning
load moment increases as the boom inclination angle decreases,
whereas for the soft ground it decreases.

For a given supporting base, the overturning moment shown

in Figure 3-1 might be expected to remain constant regardless of
the boom inclination angle under purely static conditions. Possible
reasons why this is not the case include the use of the undeformed
geometry in the calculations, the assumption that the support point
coincides with the boom rotation center, and measurement errors.

Figure 3-2 presents the relative ratios for each supporting base,
taking the overturning moment of the stiff board support as the
reference. Since the overturning load moment is calculated as P -a
, and the working radius a is fixed by the position of the load point,
Figure 3-2 is identical to Figure 2-2.

40

Relative Ratio of Tota

| Load Overturming Moments

PAL/ 1AL Boars

Figure 4-2: Relative ratio of total load moments vs. boom angles.

o -

g AL Board, WL Board
o— ML 1sh. /MU Board
Mt dsh. /MU Board

Mt Iuf. /Mt Board

J

Figure 4-1 shows the relationship between the total load
moment and the initial boom inclination angle. The total load
moment (M, ) is defined as the sum of the overturning moment
due to the suspended load at overturning (F-a) and the
overturning moment due to the crane self-weight (7, ¢, ). The
total load moment is consistent with the overturning criterion
that overturning occurs when the total load moment exceeds the
resisting moment (M, >W,-S/2). Consequently, the relationship
between the total load moment and the boom inclination angle
shown in Figure 4-1 has the same general shape as the overturning
load-boom inclination angle relationship shown in Figure 2-1.

Figure 4-2 shows the relative ratios with respect to the board
support, as in the previous figures. It is evident that, unlike the
previous relative ratios, the results vary with the initial boom
inclination angle, and the relative ratio becomes smaller when
the initial boom inclination angle is small. This indicates that, in
the case of the overturning load P, (Figure 2-2), the difference in
supporting-base stiffness is the dominant factor, whereas when the
total load (WMA or P )isinvolved (Figure 4-2), both the supporting-
base stiffness and the initial boom inclination angle have significant
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effects. According to Figure 4-2, when the boom inclination angle
(workingradius) is small, the difference in supporting-base stiffness
has a large influence, whereas when the boom inclination angle
(working radius) is large, its influence becomes relatively small.
One possible explanation is that a large boom inclination angle
results in behavior closer to an overturning-moment-type failure,
whereas a small boom inclination angle enhances the influence of
a structural-instability-type failure [5]. Such overturning behavior
may be related to unexpected toppling accidents.

Figure 5 shows the relationship between the ratio of the
overturning load moment of Figure 3-1 to the total load moment
of Figure 4-1, namely (R alM, ), and the initial boom inclination
angle. From an overall viewpoint, this ratio is approximately
constant for each supporting base. In particular, as the supporting
base becomes softer, the trend approaches the relationship between
the overturning moment and the boom inclination angle shown in
Figure 3-1. A closer examination reveals that normalization by the
total load moment causes the ratio to decrease slightly in the range
of small boom inclination angles (small working radii).
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Discussion Based on Supporting-Base Stiffness and De-
formation

Figure 6-1 shows the relationship between the horizontal
displacement immediately before overturning, A¢ (measured
value), and the initial boom inclination angle ¢,. As expected, the
horizontal displacement increases as the supporting base becomes
softer. However, for changes in the boom inclination angle, the
displacement is approximately constant for each supporting base.
Figure 6-2 presents the relative ratios using the board support
as the reference, and considerable scatter is observed for the soft
supporting bases and large inclination angle.

The horizontal displacement was measured analogically using
a ruler, and therefore its accuracy is limited. In particular, for soft
bases, there were ambiguities associated with the difficulty of
applying the load quasi-statically and with slight variations in the
overturning load depending on the contact position of the model.
Although the overturning loads were obtained through such
trial-and-error measurements, they are considered sufficient for
identifying the overall tendencies of the overturning mechanism.

Figure 7 shows the relationship between the rotational spring
stiffness K and the initial boom inclination angle, where the
rotational spring stiffness was calculated using the horizontal
displacement Aa listed in Table 2. The rotational spring stiffness

K, was obtained analytically from the relation K, =P, -L together
with Eq. (1) presented in the following section. According to Figure
7, the rotational spring stiffness exhibits considerable scatter
for the stiff board support, whereas it remains nearly constant
for the soft supports. Furthermore, the average values generally
correspond to the relative stiffness of each supporting base. Since
the rotational spring stiffness of the support is represented here
by a simple linear rotational spring model, further investigation is
required to clarify its relationship with the actual ground stiffness
encountered in real field conditions.

Discussion Based on the Overturning Contribution Ratio

The results of Experiment A presented thus far have shown
that the influence of the supporting base is very significant. On
the other hand, with respect to the effect of the boom inclination
angle, it is found that when the inclination angle (working radius)
decreases, the overturning load and overturning moment tend to
become smaller on soft bases when expressed as relative ratios
to those on the stiff supporting base. Previous experimental
results [9] demonstrated that this tendency becomes particularly
evident in the overturning contribution ratio associated with the
overturning moment. Therefore, the results of Experiment A are
further analyzed in detail from the viewpoint of the overturning

contribution ratio [5].
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Figure 8: Load-displacement curves and overturning contribution ratios.
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To explain the relationship of the overturning contribution
ratio, consider the load-displacement angle curves (static analysis)
shown in Figure 8 [6]. A crane overturns when the displacement
angle (@) exceeds the overturning inclination angle (6,), and
the limiting state is represented by the intersection of the two as
shown in Figure 8. The ratios on the vertical axis at this intersection
correspond to the contribution ratio of the overturning moment (
6,/6,) and the contribution ratio of structural instability (P, / P, ).
This overturning condition is expressed as follows [5,6]:

ﬂ+£<1.0

€

In Experiment A, the overturning inclination angle @ was
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calculated from the measured horizontal displacement Aq and the
prescribed working radius a using the following equation:

| a+Aa

6, =sin
B 2)

The overturning behavior is discussed below using the
overturning condition given by Eq. (1) [5,6]. Based on the results of
Experiment A shown in Table 2, the overturning contribution ratio
due to the overturning moment, corresponding to the first term of
Eq. (1), 6,/8,, is plotted in Figure 9-1. Similarly, the overturning
contribution ratio due to structural instability, corresponding to the
second term, P, / P, is plotted in Figure 9-2. The sums of the both
contribution ratios in Figures 9-1 and 9-2 become unity.
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The stability diagram obtained by plotting Eq. (1) using the
data in Table 2 is shown in Figure 10-1, and an enlarged view is
presented in Figure 10-2. These figures show that the experimental
results are concentrated in the lower-right region, which indicate
that the contribution ratio of the overturning moment (6,/6,) is
overwhelmingly larger than that of structural instability (P, /P,
). Therefore, toppling occurs primarily due to the overturning
moment, while structural instability, which is related to the degree
of deformation, can be regarded as a secondary factor.

However, as noted previously, when the boom inclination angle
decreases, the overturning contribution ratio of the overturning
moment tends to decrease, whereas the contribution ratio of
structural instability tends to increase. An enlarged view of Figure
10-2 shows the average value for each supporting base by a dashed
line; as the supporting base becomes weaker, the contribution of
structural instability increases, and the variability of the measured
values becomes larger. This tendency should be carefully considered
to investigate the cause of unexpected toppling accidents.

Experiment B: Overturning Test to Investigate the
Effect of Load Height (Constant Working Radius)

Volume 12-Issue 5

Outline of Experiment B and Summary of Results

In Experiment A, the load was applied at the boom tip varying
the boom inclination angle, and therefore the influence of the
lifting load height could not be clearly identified. In Experiment B,
the effect of the lifting load height was investigated by keeping the
working radius constant (a=5 ¢cm) while varying the lifting height
of the suspended load. Maintaining a constant working radius also
means that, for the same suspended load, the overturning moment
does not change even if the lifting height is varied.

Figure 11 shows photographs of the three ultra-small-scale
models used in Experiment B. These models correspond to the
three models with the smallest boom inclination angles used in
Experiment A. To maintain a constant working radius, the positions
of load points 2 and 3 were determined by suspending a string
vertically from load point 1 of the model of §, =10.6" in Experiment
A, as shown in Figure 11. As can be seen from the figure, the boom
inclination angles differ among load points 1, 2, and 3.

Figure 11: Ultra-small models for Experiment B.
k

)

The supporting bases were the same as those used in
Experiment A: a board, one towel, four folded towels, and a muffler,
arranged in order of decreasing stiffness. Table 3 summarizes the
results of Experiment B. As in Table 2, the blue-shaded cells in the
upper part represent measured values, whereas the remaining
entries are prescribed values or calculated values. It should be
noted that, unlike Experiment A (Table 2), in which the horizontal
displacement Aa was measured directly, Experiment B (Table 3)
uses the average values of the rotational spring stiffness obtained
from Experiment A to calculate the displacement angle A@ (see Eq.
(3) presented later).

Discussion Based on Overturning Load and Load Height

Figure 12 plots the relationship between the overturning
load Pand the load height (load application point) based on the

experimental results in Table 3. Although the horizontal axis
represents the boom inclination angle, it also indicates the load
application point and thus the load height. Since the working radius
is kept constant, the overturning moment (excluding the difference
caused by the boom inclination angle itself) can be regarded as
approximately the same. Consequently, the overturning loads for
each supporting base are nearly equal.

However, a more detailed examination reveals that, on the
softer supporting bases, the overturning load tends to decrease
slightly as the boom inclination angle becomes smaller, that is,
as the load height becomes greater. Therefore, the experimental
results indicate that, when operating at the same working radius, a
lower load height (i.e., a larger boom inclination angle) is preferable
from the viewpoint of overturning stability.
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Table 3: Results of Experiment B.

Board Towel (1 sheet) ‘Towel (4 sheet) Muffler
Ttem 8, =10.6deg. | 6, =16.4deg. | 6, =24.0deg. | 6, =10.6 deg. | 6, =16.4deg. | 6, =24.0deg. | 6, =10.6deg. | 6, =16.4deg. | 6, =24.0deg. | 6, =106 deg. | 8, =16.4deg. | 6, =24.0deg.
Load Pos. 1 Load Pos. 2 Load Pos. 3 Load Pos. 1 Load Pos. 2 Load Pos. 3 Load Pos. 1 Load Pos. 2 Load Pos. 3 Load Pos. 1 Load Pos. 2 Load Pos. 3
P (gf) 26.4 26 26.2 21 222 231 16.4 17.1 18.9 13.6 14.2 14.6
W (gf) 91.9 91.5 91.7 86.5 87.7 88.6 81.9 82.6 B4.4 79.1 7.7 80.1
h,, (cm) 278 16.3 9.5 278 16.3 9.5 278 16.3 9.5 278 16.3 9.5
a(cm) 5 5 5 5 5 5 5 5 5 5 5 5
Af(rad.) 0.01067 0.01051 0.01059 0.01923 0.02033 0.02116 0.02360 0.02461 0.02720 0.02614 0.02730 0.02807
a+Aa(em) 5.296338959 5.17100847 5.100315964 | 5.533755481 | 5.330377909 | 5.199864274 | 5.654735104 | 5399611079 | 5256538053 | 5.72005947 5.443026271 | 5.264624077
Ly (cm) 28.25 17.5 10.74 28.25 17.05 10.74 28.25 17.05 10.74 28.25 17.05 10.74
0, (rad.) 0.1780 0.2976 0.4845 0.1780 0.2976 0.485 0.1780 0.2976 0.4845 0.1780 0.2976 0.4845
Bn (deg) 10.80 17.05 27.76 10.80 17.05 _—27.76 _1080_ _—17.05 27.76— _10.80_ I 17.05 2 —27—76—
g () 33 33 33 33 33 | cemr | 3s [ a3 33 w | a8 | =
e (cm) 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65 165 1.65
| L= evsiinytemy 9.32 563 3.54 9.32 563 3.54 9.32 563 354 9.32 563 3.54
6,(rad) 0.1886 0.3081 0.4951 09172 0.3180 0.5056 0.2016 03222 0.5117 0.2041 0.3249 05125
9,/0, 0.943 0.966 0.979 0.902 0.936 0.958 0.883 0.924 0.947 0872 0.916 0.945
P/P-1-8,/6, | 0.057 0.034 0.021 0.098 0.064 0.042 0117 0076 0.053 0.128 0.084 0.055
P, (gf) 1625 2683 4287 887 1371 2117 699 1082 1588 618 949 1463
K, (gf .cm/rad) 12371 12371 12371 5459 5459 5459 3474 3474 3474 2601 2601 2601
5/2(cm) 165 1.65 165 165 165 | 165 165 1.65 165 165 | 145 165
ey (L‘Tn)_ . 0.2998 0.3202 0.3100 0.5760 0.5146 ‘ 0.4685 0.8112 I 0.7754 0.6834 0.9544 l 0.9237 0.9033
Ly, (cm) 1.6935 10920 | 06656 | 32537 | 17547 | 10060 | 45828 | 26441 | 14672 | 53918 [ 31499 | 19394
| &, (ef 7 cm) 2342 2342 2342 1034 1034 | 1034 658 | 658 658 492 | 492 492
d (cm) 0039 | 0039 0.039 0.084 0085 | 008 | 0125 | 0126 | 0128 | 0161 | 0162 0163 |
M, (gf.cm) | 1516 151.0 1513 142.7 144.7 146.2 135.1 136.3 139.3 130.5 1315 1322
T P e oo oo o o o o oo CoR 00 |
Ry (gD 91.9 91.5 91.7 86.5 B87.7 88.6 81.9 82.6 B84.4 79.1 7.7 80.113
P (a-air.cm | 1398 T || EEs || nam || oes 120.1 927 Ta | s oo | oae e
P, -a/Mt 0.922 0.891 0.883 0.814 0.818 0.822 0.686 0.677 0.713 0.597 0588 0582
W, e, /Mt | 0129 0.139 0.134 0.264 0.233 0.210 0393 0373 0.321 0.479 0.460 0.448

Load point 1 in Experiment B shown in Figure 12 corresponds
to the same experimental condition as 6, =10.6"in Experiment
A shown in Figure 2-1 (and Table 2). The result of Experiment A
for this condition is indicated in Figure 12 by the symbol ¥ for
comparison. The figure shows that there is almost no difference for
the stiff board support, which exhibits an overturning-moment-type
failure [5]. However, as the supporting base becomes softer, the
overturning load obtained in Experiment A becomes smaller than
that obtained in Experiment B.

Although the experimental conditions are nominally identical,

the reduction in overturning load for the softer bases is considered
to be a reproducibility issue arising from slight differences in the
supporting-base conditions between the separate Experiments
A and B. This may be related to the increased uncertainty
associated with deformation in the overturning mechanism, as
well as the possible influence of dynamic inertial forces discussed
later. Nevertheless, Experiments A and B were each conducted
systematically, and consistency within each experiment is
considered to have been maintained.

Figure 12: Overturning load vs. load height.

_J
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Discussion Based on Displacement Angle

Next, the relationship between deformation (displacement
angle) and the lifting load height is examined. As the supporting
base becomes softer, the displacement angle A@# naturally
increases, and the calculated values are plotted in Figure 13. The
displacement angle was determined using the following equation:

rg=tid

s

(3)

In Eq. (3), the rotational spring stiffness K was taken as the
average value for each supporting base obtained from Experiment
A (see the K values listed in Tables 2 and 3). Consequently, the
displacement angle Af in Figure 13 becomes approximately
constant for each supporting base regardless of the boom
inclination angle. Because a larger rotational spring stiffness
results in a smaller displacement angle, the magnitude relationship
of the displacement angle in Figure 13 is opposite to that of the
overturning load in Figure 12, although both figures exhibit the
same overall trend.

As shown in Figure 7, the rotational spring stiffness exhibits
considerable scatter, particularly for the stiff board support. In
principle, the rotational spring stiffness should be determined
by the stiffness of the supporting base and should therefore take

the same value for the same supporting material. For this reason,
the average value was adopted here in the calculation of the
displacement angle.

By adding the displacement angle A@ obtained from Eq. (3) to
the initial boom inclination angle 0, the overturning inclination
angle 0, can be calculated as follows:

6, =0,+A0 “@

In Experiment B, the overturning inclination angle 6, was
calculated using Eq. (4), whereas in Experiment A it was determined
using Eq. (2). Although both equations represent the same physical
concept, the comparison at load point 1 in Figure 12 shows that as
seen before the overturning load obtained in Experiment A tends
to be smaller. The same tendency is observed in the subsequent
comparisons discussed later. Possible reasons include not only
the reproducibility issues associated with experiments on soft
supporting bases, but also the difference in the calculation methods
used for the overturning inclination angle in the two experiments.

The overturning inclination angle 6, obtained in this manner
was then used to evaluate overturning safety according to Eq. (1).

e N
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Discussion Based on Overturning Moment point 1 are also compared in Figure 14, and they show the same

) . ) . tendency as in Figure 12, namely that the values are smaller than
Figure 14 shows the relationship between the overturning load

moment and the load height. The overturning load moment was

calculated as P,-a, where the working radius a is the value before Figure 15 shows the relationship between the total load
deformation, as in Experiment A. Because the working radius ~moment and the load height. The total load moment was calculated

those obtained in Experiment B.

a is constant in Experiment B, the graph of the overturning load from
moment P, -qhas the same shape as the graph of the overturning

load P shown in Figure 12. The results of Experiment A at load M, =’T
)
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Figure 16 shows the relationship between the ratio of
overturning load moment to total load moment and the load height.
In all of the figures related to overturning moments (Figures 15, 16,
and 17), the same tendency as that of the overturning load in Figure
12 can be observed. In other words, because the working radius
is constant in Experiment B, all overturning moments take nearly
constant values for the same supporting base.

Discussion Based on the Overturning Contribution Ratio

Figure 17 shows the relationship between the overturning
moment contribution ratio (g, / 6, )(the first term of Eq. (1)) and the
load height. The figure indicates that the higher load position (load
point 1) has a lower contribution ratio of the overturning moment
and a higher contribution ratio of structural instability. The results at
load point 1 of Experiment A are also plotted in the figure; however,
the overturning moment contribution ratio is considerably lower
than would be expected from the same overturning conditions
between Experiments A and B. The main reason is thought to be the
difference in the calculation method of the overturning inclination
angle g between Experiment A [Eq. (2)] and Experiment B [Eq. (4)].
Specifically, Experiment A uses measured values of the horizontal
displacement Aa, whereas Experiment B uses analytically obtained
values of the deformation rotation angle A@ caused by the
suspended load. Although a substantial quantitative difference is

of the overturning moment and the larger the contribution ratio of
structural instability.

Figure 18 plots the relationship of the two contribution
ratios on the overturning behavior diagram according to Eq.
(1), (6,/6,+P, /P, =1), based on the results of Experiment
B. Compared with Figure 10-2, which presents the results of
Experiment A, the variability observed on the soft supporting base
is smaller. It should be noted that experiment A was conducted
using five models (Figure 1), whereas experiment B was conducted
later using three models (Figure 11) with improved measurement
accuracy. Nevertheless, the overall qualitative tendency remains
the same.

Dynamic Inertial Forces in Overturning Behavior

The preceding discussions have been based entirely on static
experimental results. They showed that the primary cause of
toppling accidents is unexpectedly soft ground, while structural
instability is a secondary factor that becomes more significant
when the center of gravity is high and the support stiffness is
soft. In this section, dynamic inertial forces are considered as an
additional factor that can strongly influence overturning behavior.
The equation of motion including dynamic effects is expressed as
follows [7,8]:

observed, the qualitative tendency is the same for all supportin d*0 do .
b ceney - 8 I—+y—-Tsin0+K;(6-6,)=0
ases: the greater the load height, the smaller the contribution ratio dt* dt 6)
e )
[ [ Fati Puy |
H'“"m_ Unstable i
H“"-.\_\_\
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o
Figure 18: Contribution ratios in stability diagram.
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where I is the mass moment of inertia (second moment of
mass), Y is the damping coefficient, and T is the first moment of the
weight.

In Eq. (6), the first term represents the inertial moment, the
second term the damping moment, the third term the overturning
moment caused by inclination, and the fourth term the restoring
moment due to the ground reaction force. In general, the
overturning stability of cranes is evaluated under static or quasi-
static conditions, considering only the force equilibrium between
the third and fourth terms. In dynamic analysis, the first and second
terms are additionally included.
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Even in the present experiments conducted under nominally
static conditions, visual observations indicated that dynamicinertial
forces had a significant influence that could not be represented
solely by the numerical values obtained from the static experiments.
For highly compliant supporting bases, it became difficult to
apply the load completely statically, and the determination of the
overturning load sometimes varied slightly. This suggests that the
dynamic inertial force represented by the first term of Eq. (6) has a
substantial effect on the overturning mechanism.

Dynamic actions caused by an increase in suspended load,
boom slewing, travelling motion, or local ground settlement
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generate inertial forces. Because dynamic inertial forces involve the
inertial moment, an increase in the height of the center of gravity
has a greater significance than that implied by static considerations
alone. The dynamic inertial moment (2nd-order moment) is
proportional to the square of the height of the center of gravity,
and therefore the influence of the center-of-gravity height becomes
greater than in static analysis based on the 1st-order moment [7].
For example, when a boom with uniformly distributed mass is
converted into an equivalent concentrated-mass system, its center
of gravity is located at the midpoint in terms of the first moment,
whereas for the second moment it is located above the midpoint.
This effect becomes particularly important for box-shaped booms
with relatively large mass. According to the present experiments,
phenomena that appear to be related to dynamic inertial forces
were observed under conditions of soft ground, high center of
gravity, and small boom inclination angle.

Figure 19 illustrates the geometric conditions of crane at
overturning [9]. Under static conditions, toppling occurs when
the total crane weight W, passes beyond the reaction point R,.
As the initial boom inclination angle 6, decreases, the overturning
inclination angle 6, also decreases, resulting in an increase in the
member length L. The member length L, which represents the
center-of-gravity position of the entire structural system, has a
significant influence on structural instability. Furthermore, within
the range of the present experiments, the initial boom inclination
angle ¢, and the overturning inclination angle 6, are close in value.
Consequently, the contribution ratio of the overturning moment,
6,/06,, is overwhelmingly larger than the contribution ratio of
structural instability, P, / P, (see Eq. (1)). As shown in Figures 9-2,
the contribution ratio of structural instability P, /P, increases as
the initial boom inclination angle g, decreases.

( )
Figure 19: Geometry of ultra-small model.
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To examine the influence of dynamic inertial forces on
overturning behavior, consider the load-displacement angle curve
(static equilibrium curve) shown in Figure 20 [8]. When dynamic
inertial forces are generated during crane operation, the maximum
displacement angle becomes larger than the static equilibrium

angle. Suppose that a crane initially in static equilibrium at point
A moves to an unbalanced state at point B’ for various reasons. It
then tends to return toward the equilibrium point C'. However,
if inertial forces without damping act during this motion, the
response overshoots the equilibrium point C’ and reaches point
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D' If this maximum displacement at D' exceeds the overturning
displacement angle 6,, toppling occurs.

Possible causes of the transition from point A to point B’
include an increase in suspended load, boom slewing, movement
onto an inclined surface or soft ground, and oscillation during
travelling. Such disturbances are difficult to eliminate completely
during crane operation. Moreover, the theoretical risk of toppling
increases as the center of gravity becomes higher, that is, as the
initial boom inclination angle 6, becomes smaller.

From the above discussion, when the working radius is the same,
the overturning load may be considered approximately identical
under static conditions regardless of the boom inclination angle.
Under dynamic conditions, however, a smaller boom inclination
angle (measured from the vertical axis) results in a higher center
of gravity, leading to larger inertial forces and a greater tendency
to overturn. Therefore, in case of the same overturning moment, a
larger boom inclination angle (corresponding to a lower load height
and a shorter boom length) reduces the overturning risk.

Conclusions

In this study, two overturning experiments using an ultra-
small-scale model were conducted to investigate the influence
of structural instability on the overturning behavior of cranes
and pile drivers. In Experiment A, five models were used, and the
overturning load and deformation were measured while varying
the stiffness of the supporting base and the boom inclination angle.
The experimental results were presented quantitatively, and the
effects of overturning moment and supporting-base stiffness on the
overturning mechanism were analyzed. The results showed that
the influence of structural instability becomes more pronounced
as the boom inclination angle decreases and as the supporting
base becomes softer; however, its magnitude is smaller than the
influence of the supporting-base stiffness. Therefore, the primary
cause of toppling can be attributed to the softness of the supporting
base.

In Experiment B, three models were used, and the working
radius was kept constant (i.e, the overturning moment was
maintained at the same level) to analyze the effect of load height.
It is generally recognized that a higher center of gravity leads
to greater instability. The experimental results showed that,
under static conditions, the overturning load is approximately
the same regardless of load height when the supporting base is
identical. However, under dynamic conditions, it was theoretically
demonstrated that an increase in center-of-gravity height on soft
ground reduces the overturningload through inertial forces, and the
experiments exhibited the same tendency. The observed tendency
was consistent with the intuitive understanding that elevating the
center of gravity increases the likelihood of instability.

In actual unexpected toppling accidents, the softness of the
ground appears to have been overlooked, resulting in ground
failure at the support points. The influence of structural instability
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is small on firm ground but becomes larger as the ground becomes
softer. Overturning stability should therefore be evaluated not only
by comparing the static overturning moment with the resisting
moment, but also by considering structural instability factors
that include dynamic inertial forces, which may contribute to
unexpected toppling accidents.

The present experiments involve several simplifications: the
ultra-small-scale model was tested with a boom slewing direction
fixed at 90°, the loading was static, the boom rotation center was
assumed to coincide with the support point, and the analysis
employed a simplified rigid-bar-rotational-spring
model. Accordingly, more detailed investigations are required in
future studies. In addition, it is necessary to examine whether the
data obtained from the ultra-small-scale model experiments can be
applied to actual large-scale cranes.
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