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ABSTRACT:

The study of the seismic behavior of container cranes is critical since recent natura hazard events have
highlighted their vulnerability. This paper provides details about experiments being conducted on the six
degree-of -freedom shake tables at the Structural Engineering Earthquake Simulator Laboratory at the University
at Buffalo. The specimen is a 1:20 scale model constructed from steel (the prototype material). The model is
designed such that the members would remain elastic during design earthquakes. The movements of the legs are
tracked and strains in the portions of the crane that were determined to be vulnerable by the analyses are
measured. Details of the experimental set up are presented in this paper.
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1. INTRODUCTION

As ships continue to grow in size, so do the cranes that servicethem. Modern container cranes are triple
the size of the original generation of cranes, making them much heavier and more vulnerable to damage
from seismic events (Soderberg, 2007). During previous seismic events, three main failure modes were
observed: derailment, where the wheelslift off the rails and land next to them; local buckling of thelegs; and
collapse of the crane (Kanayama and Kashiwazaki, 1998). It isimportant that any damage that a crane
experiences during a seismic event be repairable because it can take more than a year to replace acrane.

Two previous studies have conducted shake table experiments on container cranes. The study by
Kanayama and Kashiwazaki (1998) was performed on a 1:25 scale model. The study focused on the rigid
body and elastic behavior of the cranes. The crane was excited uniaxially along the direction of the boom.
The study by Kanayama et. al. (1998) was performed on a 1:8 scale model. The focus of this study was
on the elastic behavior of the crane. The model was excited uniaxially along the direction of the boom.
During these studies, under seismic excitation, the crane moved towards the waterside, the landside legs
lifted off the ground, the crane continued to move towards the waterside and the landside leg came down
next to the landside cranerail.

Many of the failures observed in cranes after seismic activity are due to material non-linearities, such as
local buckling or yielding of the cross-sections.  The previous research studies only looked at their eastic
response. Research needsto be done to investigate the non-linear response of the crane and its effect on
damage progression.  Additionally, no studies have been conducted on cranes subjected to multi-axial
excitation.
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2. TEST PLAN

There are severa goals for the experimental work inthisstudy. One of these goalsisto understand the elastic
and inelastic behavior of the container cranes.  Another goa isto gather information that can be used to
develop retrofit and design strategies. Thefina god isto validate finite e ement models that can be used for
fragility analyses. To achieve these godls, the testing for this study is divided into two parts. Phase | focuses
on the el astic response and the uplift/rocking phenomena.  Phase || focuses on the non-linear response,
including loca buckling and collapse. The following paragraphs provide additional details about the different
phases of testing.

Phase | testing is a small-scale test with alength factor of 1:20. There are severa objectivesfor the first phase
of testing. The datacollected in this phase of testing will be used to validate analytica models. The
information will aso be used to develop preliminary fragility curves. The datawill provide insight to the
elastic response of the container cranes with afocus on the movement of the legs, so that critical information
will be gathered on the derailment damage state.  Information about the forces on the wharf deck and crane
railswill be collected. An instrumentation scheme will be tested to ensure that all of theinformation that is
required out of the larger scale test can be collected. The important response quantities that will be measured
in Phase | are the boom acceleration and displacements, the vertical and horizonta displacements of the legs,
the stressesin the portal joints and the distribution of the weight.

Phase Il testing isalarge scae test, with ascale factor of 1:8. There are severa objectivesto this phase of
testing. The datafrom the larger test will be used to validate the finite element models that will include
non-linear materia properties, and will allow for the refinement of the fragility models. Thetest will include
movement of the legs and non-linear materia responses such as cross-sections yielding and local buckling.
The damage states that will be investigated are derailment, local buckling, yielding of the portal joint and
collapse. Also, ideasfor retrofits or new design strategieswill be tested to evaluate their effectiveness. The
important response quantities for the second phase of testing include boom acceleration and displacements,
vertical and horizontal displacements of the legs, the stresses in the porta joints and the distribution of weight.

The Phase |1 testing is mentioned to motivate the Phase | test, but the remainder of this paper will focus on the
Phase | test.

3. SPECIMEN DESCRIPTION

3.1 Scale Factors

With the focus of the Phase | test on the el astic response of the crane, a small-scale model (1:20) is sufficient to
gather the necessary information.  Gravity isacritica component in the uplift response, so the gravity scale
factoris1:1. Also, the prototype materid, steel, isused for the specimen, so the elastic modulus scale factor is
1:1. All of the other scale factors are calculated based on the previoudy mentioned scale factors, and are

summarized in Table 1.

Table 1: Scale Factors for 1:20 Scale Model

Quantity Symbol Factor
Geometric Length, | M 20
Elastic Modulus, E Ae 1
Acceleration, a Aa 1
Mass, m Am 400
Time At 4.47
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3.2 Specimen Design

The overall scaling of the structure leads to a specimen that is 3.35m (11 feet) tall and 6.83m (22 feet) from one
end of the boom to the other.  Figure 1 illustrates the dimensions of the model with the prototype dimensionsin

parentheses.

6.83m (136.6Mm2

1e8m (325m

)( 132m (20.5m2

2E3m (F25m1

Figure 1: Overal dimensions of 1:20 scale modd (full scale dimensionsin parentheses)

The prototype structure is constructed of built-up, stiffened box sections. The lower portion is constructed of
tapered members. Due to construction concerns for the 1:20 scale model, the stiffeners are not included, but
their effect on the stiffness of the membersis accounted for in the moments of inertia.  Also, dueto concerns
about preserving the materia integrity of the steel plates, plate thicknesses are used that do not alow for proper
areascaling. Therefore, the members are sized for bending rather than complete smilitude.  The staysare
made from cablesthat are sized to have an equivalent axial stiffnessto ascaled member. For thistest, asmall
column represents the complicated system of balance beams and wheels.  Figure 2 illustrates the compl eted
specimen.
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3.3 Additional Mass

The prototype crane weighs 1250 metric tons. The required weight for the model specimen is 3125 kg (6890
Ibs). The specimen itself weighs 204 kg (450 Ibs). The required added mass is 2921 kg (6440 Ibs). The
additional mass was added in three different ways. Massis added to the frame structure in the form of strings
of lead ingots. This alowed for the mass to be distributed a ong the length of the members. Massis added to
the columns where the crane makes contact and to the bottom most beams by filling the tubes from which they
are constructed with steel pellets. Finaly, mass is added to the boom by stacking stedl plates in various
locations along itslength.  Figure 3 shows examples of additional mass addition.

xxxxx

| |
Figure 3: Lead Ingot Placement (Ieft), Steel Plate Placement (rigtg
4. INSTRUMENTATION

4.1 Response Quantities

There are severa important response quantities that are measured in this study, including the accelerations and
displacements of the boom, vertical and horizontal displacements of the legs, stressesin the portal joints,
distribution of weight. The accelerations and displacements in the boom are important because they help
characterize the modes of the dynamic response of the crane.  Also, the boom is of particular interest to the
crane operators, because the dynamic response affects their ability to do their job. Therefore, monitoring the
boom will help to ensure that aretrofit or new design procedure does not degrade the dynamic response of the
boom. Tracking the displacements of the legs allows for the characterization of the movement of the crane
during seismic loading and to determine when derailment will occur. It is possible in modern container cranes
that the porta joint will yield before uplift occurs.  Monitoring the stresses in the porta joint will alow for
determining the sequence of damage. Monitoring the distribution of weight of the crane alowsfor
determining the distribution of forces within the crane aswell as to the wharf deck and cranerails.  All of these
response quantities are important to know when designing structuresin a port.

4.2 Instrumentation Scheme

To measure the response quantities mentioned in section 4.1, an instrumentation scheme was developed that
uses strain gages, load cells, accelerometers, and string potentiometers.  Table 2 summarizes the
instrumentation plan.
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Table 2: Instrumentation Plan Summary

I nstrument Number of Channels
Accelerometers 56
String Potentiometers 25
Strain Gages 96
Load Cells 20
TOTAL 197

Fifty-six channels of accelerometersare used.  Figure 4 shows the details of the accelerometer placements.
The locations where three accelerometers are indicated will have accel erometers measuring in the three
perpendicular directions of the direction aong the boom, perpendicular to the boom and vertically. Where
only two areindicated, accel erometers will be placed perpendicular to the boom and vertically.
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Figure 4: Accelerometer Instrumentation Plan for Testing of Crane

Twenty-five string potentiometers are used to measure important displacement values. Figure 5 showsthe
details of the potentiometer plan. The places where three potentiometers are indicated, the gages are located in
the three perpendicular directions of the direction aong the boom, perpendicular to the boom and vertically.
Where only oneisindicated, the displacement is being measured in the direction along the boom.

Figure 5: Potentiometer | nstrumentation Plan for Testing of Crane

Ninety-six channels of strain gages will be applied in groups of four in the locations shown in Figure 6.
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Figure 6: Strain Gage Instrumentation Plan for Testing of Crane

Four load cells are placed where the crane comes into contact with the ground. Theload cells have the ability
to measure axia |oads, shears and moments.  Additionaly, the Krypton system will be used to measure the
movement of the points where the crane comes into contact with the ground. The redundancy for measuring
the displacements of the point of contact will ensure that some measurements for the displacements are
recorded.

5. GROUND MOTIONS

A suite of ground motions were chosen for thistest that include design earthquakes used by the Ports of Los
Angeles and Long Beach as well as recorded motions from the Port of Oakland during the Loma Prieta
earthquake. The design earthquakes from the Ports of Los Angeles and Long Beach are historica earthquakes
that are spectrally matched to the design spectrafor the ports.  From their published ground motions, two
contingency level earthquakes and two operational level earthquakes are chosen.  The ground motions will be
scaled to amplitudes of 1/6, /4, 1/2, 3/4and 1.  Various combinations of the motions at the different
amplitudes will be employed. The dominant response isin the direction along the boom.  Therefore, the higher
amplitude excitationswill be used in that direction. A total of 44 trialswill be performed during testing.
Additionally, alow amplitude white noise will be used for the system identification phase.

6. SUMMARY

The study of the behavior of container cranesis critical because recent events have highlighted the vulnerability
of modern container cranes, and the replacement time for a damaged crane can bein excess of oneyear. This
study is divided into two phases. Phase | focuses on the elastic response of the crane and lays the groundwork
for alarger scale test to be conducted in the near future. Phase |l focuses on the non-linear response of the
crane and the progression of damage, which is previoudy unstudied.

This paper provides details about the Phase | experiments being conducted on the six degree-of-freedom shake
tables at the University at Buffalo. The goals of the test were to quantify the uplift and rocking phenomena,
gain information about the el astic response of the crane and to gather information to aide in planning the
large-scaletest. The specimenis a 1:20 scale mode constructed from steel. An instrumentation scheme is
developed using accelerometers, string potentiometers, load cells and strain gages to measure the important
response quantities of the boom accelerations and displacements, the vertical and horizontal displacements of
the legs, the stresses in the portal joints and the distribution of weight. The specimen is subjected to a suite of
ground motions that include design earthquakes from the Ports of Los Angeles and Long Beach and recorded
motions from the Port of Oakland during the Loma Prieta Earthquake.
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