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Abstract:

A significant amount of research has been repartdbe literature on vehicle-structure interaction
of pavements and bridges for heavy vehicles at Bjgted. However, there is a paucity of such
literature concerning vehicle-structure interaction ramps and floors in buildings of lighter

vehicles and where travel speeds are significaoigr.

Knowledge of vehicle-structure interaction effettam delivery vehicles and forklifts on building
floor systems in the design of such buildings atta high level of importance when acceptability
levels of floor vibrations are particularly stringesuch as in the case of research facilities and
hospitals.

This paper considers the development of a numbsewii-analytical models for dealing with a set
of identified vehicle-floor interaction scenariosrfinducing floor vibrations from forklifts.
Particular emphasis is made on treating the bdsisips of these models and generating simple to
implement and use versions of these models forgdesiirposes. Some limited opportunities for
“calibrating”/verifying these models from the comdwf in-situ experiments are also reported on.
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1. INTRODUCTION

The dynamics of vehicle-structure interaction ahd effects of this interaction in promoting
dynamic excitation of supporting structures suchadglstrack ballasting systems and rail bridges in
the case of trains, and road pavements and bridgae case of automobiles and trucks, have been
extensively studied for medium to high speed motbthe vehicles concerned (Arun et al, 2011,
Scientific Expert Group IR6, 1998; Boully et al,d3) Montenegro et al, 2013; Romero et al 2011;
Savini, 2010; Davis & Bunker, 2008). Very littleeitment, however, has been devoted to the study
of vehicle-structure interaction effects at low epewith the exception of the special case of
vehicles moving at “crawl” speed (< 5 kph) whickuation is studied in order to ascertain “quasi-
static” loading effects on structures against whiehdynamic interaction effects are compared.

Consequently this paper seeks to at least partalyress this paucity of useful guidance in the
literature by considering the development of a nenmdd semi-analytical models for dealing with a
set of identified vehicle-floor interaction scemerior inducing floor vibrations from forklifts.

2. DYNAMIC MODELSOF FORKLIFTS

A number of 3-D and simplified dynamic models oadovehicles have been developed (Li, 2006;
Creed et al, 2010). However, it becomes very diffito adapt a dynamic model of a heavy goods
vehicle for the simulation of counterbalanced fitkiucks used for indoor goods handling. The
chassis of forklifts is not suspended with a setpavader-body. The axles are normally directly
connected to the chassis without a spring-dampsesy The distance from the Centre of Gravity
(COQG) of the forklift to the payload is similar tiee length of its wheelbase which leads to the need
for a considerable counterweight at the rear aatesfability in all load states. In conventional
vehicles, the wheelbase is large and any payloedrited close to the vehicle COG.

Ehland (2009) investigated a 3-DOF model of a féirklith two of the DOFs associated with
vertical displacement at the springs modelling filoet and rear wheels and a horizontal spring
modelling the stiffness of the actuator which gosethe rotation of the mast, (see Fig. 1). This
model was investigated for a base test case fo(Nitsan N16) for its modal characteristics under
loaded and unloaded test scenarios. The service afake Nissan N16 is 3,020 kg including the
mass of the mast. Results from the modal analysis@ammarised in Fig. 1.
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LoadedMode 1: 2.5 Hz LoadedMode 2: 5.4 Hz LoadedMode 3: 11.1 Hz

Figure 1: Modal Results for 3-DOF Model of Nis$dih6 Forklift (Ehland, 2009)
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Ehland also reduced his 3-DOF model to 2-DOF bysim@ring the stiffness of the mast actuator to
effectively be infinite, as his interest was foeg®n the vertical wheel force excitation of flaors
The mode shapes and natural frequencies obtainedtire 2-DOF model were found to compare
well with those from the 3-DOF version. Ehland pemied simulation studies and experimental
measurements of a prestressed concrete floor systgm a forklift in unloaded and (fully) loaded
test configurations and observed that the unlododift produced more lively excitation than the
fully loaded condition. This result was primarilytrdbuted to the slower speed at full payload
compared to the no load condition for the forklift.

3. SIMPLIFIED EXCITATION SCENARIOSON FLOOR SYSTEMSFROM VEHICLES
3.1 Forklift Vehicle Initial Payload Lift

Consider a forklift negotiating its initial lift oA payload responding as a SDOF system in pitch
mode. The Dynamic Load Factor (DLF) with zero damgpivould be 2.0 and ~1.90 for 5% critical
damping for “suddenly” applied loading. Howevere tlifting process is a lot more gradual as the
forks negotiate the payload and attempt to lifofit its support in a staged fashion so a DLF
significantly less than 2.0 may be reasonably etqukm practice. Using a “quasi-static” model for
transferring loading to the wheels of a forklifofin the damped oscillatory response of a suddenly
applied payload at the position of lift on the flaeould therefore be conservative, (see Fig. 2).
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Figure 2: Suddenly Applied Payload on ForklifttRimode: 3.2Hz, 5% damping)

3.2 Forklift Up-Down Motion with Payload

The process of suddenly stopping the travel offtinkes on a forklift when these forks are moving
upwards or downwards at the maximum speed allowedhé controls, will result in damped
oscillations with a circular frequenay, and damping valuej, associated with the pitch mode of
vibration of the forklift, and an initial amplitudessociated with the maximum speed of movement
up-down of the forks with the payload in place. Megtical force transmitted to the floor system
would depend upon the geometry of the forklift wikeelative to the payload, (as in Fig. 2).

Consider the maximum up-down speed of the forké wayload to b&/ and the stiffness of the
fork lifting arrangement at the position of the jmad to bek and the mass of the payload torhe
Let the static deflection of the COG of the paylaadthe forks b&, (= mg/k ) and the maximum
additional deflection at this position for when floeklift suddenly stops going up-down bBeThen
the change in kinetic energy of the mass upon stgpwould equal the change in strain energy
stored in the spring associated with the forkiftilg arrangement, hence:

lk(o:, +5)2—1k5§ “Love 1)
2 2 2
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so that
2
5:5{ 1+(“’“VJ J )
g
now
2
F_=k(5+3,)= kdo[ 1{%\/] ] = mg.DLF 3)
g
where
2
DLF = 1+(“ZVJ (4)

The dynamic forcing function at the payload centioécomes:
F(t) = mg(1+ e (DLF -1)sin(eyt)) (5)

A quasi static analysis to determine the front eeatt axle forcing (and hence the additional above
static time history loading on the floor at the ifios of the up-down sudden stopping of the
payload) can be performed as illustrated in Fig. 2.

4, EXPERIMENTAL OBERVATIONS OF FORKLIFT DYNAMIC LOADING EFFECTS
4.1 Vibration Experimentson a Viper Reach Forklift in Smart Structures Laboratory

Some rudimentary experiments to ascertain the dimaerformance of a Viper Reach forklift
truck (see Fig. 3 (a)) were performed in the Sr8&mdctures Laboratory of Swinburne University of
Technology’s Advanced Technology Centre in Hawthdfiotoria. A sequence of experiments with
the forks moving upwards, (then downwards), at maxn speed then suddenly stopping, were
performed for two different concrete mass payloafds.23 and 0.90 tonnes, (see Fig. 3 (¢)). Figure
3 (b) depicts the 0.90 tonne block to which thr&&D& Model X6-1A tri-axial accelerometers were
attached. A second sequence of tests was perfonmtiedhe forklift moving back and forth over the
rather stiff concrete floor of the test laboratqege Fig. 3 (d)).

Figure 4 shows the fitted to the observed “suddep”’sondition in pitch mode as recorded in the
vertical direction by the central GCDC accelerométa sample traces for the two payload
conditions. Note the offset of* in these records. The damping value is founde@tbow 3.1% for
both payload conditions, whilst the pitch mode frecy is understandably higher for the lower
payload mass. For both cases, the DLF appears apfrex. 1.33 which corresponds very closely
to the predicted value from Eq. (4) of 1.35,Yor 0.4 m/s (rated speed of forks) dpet 3.51 Hz.

Figure 5 depicts example results from the centeékerometer at the 1.23 tonne payload of (a) the
up-down motion at the forks and (b) of the Vipavilling back and forth on the stiff laboratory
concrete floor with forks held in place at a lowiroDepicted in the figure is a 2048 point record
(20.48 secs) sample extracted from the continu@ia cbcord of the central accelerometer inset
within the power spectral description obtained freach record.

Although the scales are different in Fig. 5, thedawn motion of the payload leads to a
significantly higher spectral peak at ~3.0 Hz (gikeh mode natural frequency) than produced by
motion back and forth of the Viper on the floor.dddition, two additional regions between 5 and
10 Hz and between 10 and 20 Hz, with peaks at dr@hlz and 13 Hz, are believed to be the
bounce and combined pitch (rotational) mode and-bawrbp (vertical) modes respectively. It is also
observed that the up-down and back-forth respomg@eoViper at the payload position is near
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identical (area in spectrum over the 5 to 50 Hzoregre very similar), but that the up-down motion
of the forks produces a more pronounced contribubypthe pitch mode to the payload acceleration
than made by the back-forth travel of the Vipertbe stiff concrete floor. Hence not only is the
spectral peak significantly higher but also theetidomain record appears more lively for the up-

down forklift motion than for the forklift travelig back and forth on the floor.

The implication of these results is that for a fiftkmoving a payload up and down on the forks, at
a fixed central location on a floor, at maximumkf@peed then stopping, is likely to produce a
higher level of excitation of the floor than wouldvelling across the floor at near maximum speed

of the forklift with the payload held at a low ptieh on the mast.

(a) Viper Reach Truck (b) 0.90 tonne Mass

(c) Upnddest (d) Back-Forth Test

Figure 3: Vibration Tests on 2.0 tonne Viper ReBolklift in ATC Smart Structures Laboratory
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4.2 Vibration Experimentsusing a Toyota SAS 25 Forklift Truck on a Floor Slab

A short series of vibration tests using a Toyots8S% forklift truck was performed on the concrete
floor of a building under construction, close tolb®irne CBD. A 2-span test bay of this building
floor was being investigated using a number ofingstechniques for its vibration characteristics,
including Experimental Modal Analysis (EMA) optignand its susceptibility to response from
human-induced excitation (Haritos et al, 2005, 3006e test series using the Toyota forklift was
therefore considered to be a “bonus” to the EMAffltests. The floor consists of multiple 10.2m
continuous spans of RC plates (in the directiorthef adjacent test spans) supported on and cast
integral with pre-stressed band-beams. The flostesy is supported on major columns spaced at
approx. 8.5m in the transverse direction. Figusei®marises some key results for the first 3 modes
of vibration of the 2-span test bay from EMA tegtinsing an electromagnetic shaker. Sequential
floor modal frequencies of 7.64, 9.14 and 9.9 Hzewelentified with corresponding damping
values of 1.0, 1.1 and 3% critical, respectively.

Figure 7 depicts the Toyota forklift in a numberdifferent scenarios. Figure 7 (a) is represergativ
of testing for up-down movement of the forks witidden stopping for two different payloads of
0.60 and 1.44 tonnes when the forklift was loca&tede to mid-span alongside an axis of symmetry
of the test span. Figures 7 (b) to (d) are assetiaith back-forth travel of the Toyota forkliftaadg

the instrumented test span floor to one side ofcmreline, for 0, 0.60 and 1.44 tonne payloads
respectively.

Figure 8 depicts sample 8-sec traces of mast aédicceleration vibrations for the Toyota forklift
forks moving up and down then suddenly stoppinghwityloads of 0.60 and 1.44 tonnes
respectively. The traces are observed to be vesywath a great deal of energy in the 40 to 60 Hz
bandwidth. Hence, the spectra corresponding toethmsst vibrations for the two payload
conditions are produced only to 20 Hz to revealffitse two forklift modal vibration frequencies for
these payloads of 3.69 & 14.4 Hz, and 2.35 & 5.2 iégpectively in Fig. 9. The lower modal
frequency pairs correspond to the higher payloaskiras expected.

& 0.004

+—— |7.64 Hz

0.002; s

Magnitude (g2sec)

Accelerometer |
Measurement Grid 0.000 T T T T T T T T T
2-span Test Bay 1] 2 4 6 8 10 12 14 16 18 20

for EMA Testing using Shaker Frequency (Hz)

Figure 6: EMA Investigation of 2-span Test Bayrfor in Building under Construction

] (a) Ur-Down és (b) No Load Bac-Fortr (c) 0.6 tonne Bac-Fortt (d) 1.44 tonne Bac-Forth

Figure 7: Vibration Tests on Toyota SAS 25 FotKlifuck on Floor in Building under Construction
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Figure 10: (a) Sample Trace and (b) Spectrum dbAecelerations for Forklift Up-Down with 1.44 toe Payload

Figure 10(a) depicts a sample 16-sec trace of #sared vertical floor accelerations at the centre
of the test span induced by the action of the Tayorklift forks moving up and down then
suddenly stopping with 1.44 tonne payload, whereelepisodes of this stopping condition are
clearly visible. Fig. 10(b) depicts the correspogdaveraged spectrum from 9 repeat test records of
this up-down scenario. Significant floor responaa be observed at the forklift's pitch mode near
2.4 Hz, as well as at its second inferred mode502 Hz. There is also some excitation around the
floor’s first 3 detected modes, (shaded regions),ddditional significant response at about 6.6 Hz,
not associated with any identified resonant coodifor either the forklift or the floor itself.

Figure 11 depicts sample traces of the measuretalefloor accelerations at the centre of the test
span induced by the action of the Toyota forkli$elf moving back and forth on one side of the
centreline of this span with payloads of 0, 0.6@ a4 tonnes respectively. The sample records
suggest that the floor response at centre-spanrgssigely increases with increasing payload,
contrary to observations of Ehland (2009). Figu2ed&picts corresponding averaged spectra from
several repeat test records of the type showngdn Hi. For the no payload condition, Fig. 12(a),
significant response stems from within the resofi@uuency bands of the first 3 detected vibration
modes of the floor (shown shaded for ease of ifieation). Additional contributions to the floor
response (spectral peaks) around 4.5, 5.5 andBr®W appear in this response spectrum.
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Figure 11: Sample 8-sec Traces of Mid-span Flameferations for Toyota Forklift Moving Back-Forth
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Figure 12: Spectra of Mid-span Floor AcceleratifarsToyota Forklift Moving Back-Forth

The first of these could well be associated with timloaded forklift pitch mode of vibration (not
verified), whereas the other two spectral peakseapmot to be associated with any identified
resonant conditions for the floor or forklift. Ftiie 0.6 tonne payload, there is also significant
excitation around the floor’s first 3 detected medehown shaded in Fig. 12(b)). For the 1.44 tonne
payload, significant excitation occurs around tlerfs first 2 detected modes, (shaded regions in
Fig. 12(c)), but not at itsBmode. Figures 12(b)-(c) also reveal that floopeese at the forklift's
pitch mode is less significant than that closentorhodal frequencies of the floor.

5.  CONCLUDING REMARKS

This paper has looked at providing some simplifieadels for dealing with floor excitation from
forklifts moving payloads up and down then suddestpping the lift. The pitch mode of vibration
of forklifts is seen as the major contributor tedt excitation from this type of vehicle-floor
interaction. Experimental measurements on two diffetypes of forklift have been able to verify
some of the simplified models developed in thisggdpom the basic physics. Furthermore, studies
of the two forklifts moving back-forth (i) over thsiff concrete floor of the ATC Smart Structures
Laboratory at Swinburne University (Viper forklifgnd (ii) over the concrete floor of a building
under construction in Melbourne (Toyota forkliff)ave allowed modal characteristics of the
forklifts for different payloads to be identified.

In addition, for case (ii), measurements of therfleibrations produced from back-forth movement
of the forklift allowed spectral characteristics tife floor vibration to be identified. These
measurements suggested that excitation from fogktich and bounce modes was not so significant
compared with the resonant response of the flods ditrst few modes of vibration for the payload
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conditions tested and that response features varggficantly with payload condition. It would
however be conceivable that for particular payleatlies, integer multiples of the resultant pitch
and/or bounce modes of vibration of forklifts cousonate a floor at one or more of its natural
frequencies, (Nguyen et al, 2011).

More extensive studies of forklift floor interaatichould therefore be performed to identify these
possibilities and their effect on floor responshe Tauthors are exploring opportunities to conduct
such further studies.
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