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ABSTRACT 
 
During outages in nuclear power plants, scaffolding and tool boxes are often placed in areas where, if there were an 
earthquake, sliding or rocking of these unanchored objects may do substantial damage to critical components. A knowledge 
of the likelihood of potential movement of these objects during an earthquake is necessary to determine if they need to be tied 
off and, if so, in what way. A study of the uniaxial sliding behavior of unanchored bodies was undertaken to determine if 
accurate predictions of the sliding behavior under seismic conditions could be made in laboratory conditions.  The floor 
surface chosen for this study was vinyl tile. As a precursor to this work, a detailed analysis was made of the frictional 
behavior of the bodies on this type of flooring.  Several observations made during the research are contrary to the current 
norms for modeling this type of motion.  First, the coefficient of static friction, μs, is not always constant.  For the case of 
metal on vinyl, the coefficient varied in proportion to the length of time the body was at rest.  Specifically, the longer the 
body was at rest, the higher its μs.  Second, for the case of metal sliding on vinyl, the coefficient of kinetic friction, μk, varied 
in proportion to its relative velocity.  With an increase in velocity, an increase in kinetic friction was observed.  Both of these 
observations have serious implications in terms of modeling.  Using traditional, constant values of μs and μk led to 
discrepancies of 15-20% or more between the experimental measurements and the predicted results.  Incorporating the more 
detailed versions of μs and μk yielded results which were typically less than 10% at maximum displacement.  It seems 
apparent that for these cases, the more detailed models provide improved predictive capabilities. 
 
INTRODUCTION 
 
 During a large seismic event, an unanchored body can experience a number of possible motions.  There are four 
possibilities which are of concern to the engineering community (1).  First, the body may not move at all relative to its floor.  
Second, if the body is tall and slender, it may rock.  The object may also slide and rock simultaneously.  And finally, the 
object may simply slide.  It is this final option which is of concern here. 
 In an earthquake, unanchored objects can be displaced significantly through sliding motion.  During this slippage, 
the moving body can suffer significant damage through impacts with any nearby bodies or walls.  It is possible that the 
object’s damage causes it to become nonfunctional.  For many common devices, this possibility may not be immediately 
problematic.  But for many devices used by critical infrastructure, such as nuclear power plants, hospitals and emergency 
services, the continued operation of many devices is vital.  For these essential devices, a proper understanding of their sliding 
characteristics is needed to establish an appropriate set of design guidelines to ensure their safety.   
 For any set of design guidelines, it is imperative that they be based on accurate analytical studies and in turn, these 
analytical studies should be based on high quality experimental data.  With respect to sliding behavior, only a few sliding 
studies have been of an experimental nature (2-6).  And out of these experimental studies, most have yielded large 
displacement errors relative to predictions.   
 In this experimental study, we have investigated the sliding behavior of two unanchored bodies on vinyl flooring 
tiles.  Vinyl tiles were selected because of their uniform properties and because they are widely used in commercial and 
emergency buildings.  Two sets of experiments were conducted with differing and unusual interface characteristics.  The 
resulting data and models should be applicable to a number of groups.  In addition, some new experimental techniques have 
been developed to measure the unusual behaviors observed.   
 
BACKGROUND 
 
 Predictions of the sliding response of an object are normally based on the “Classical” dry friction theory developed 
from the 16th to the 19th centuries by scientists such as Leonardo da Vinci, Charles Coulomb, Guillaume Amontons, and 
Leonard Euler.  Their findings are sometimes represented by three simple rules. 
 
 1.  The limiting force of friction is directly proportional to the applied load, Ff = μFn
 2.  The force of friction is independent of the apparent area of contact. 
 3.  Kinetic friction is independent of the sliding velocity. 
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Inherent in these rules is the existence of a static and kinetic (or dynamic) friction.  These are determined using rule one in 
conjunction with the appropriate coefficient of friction, μs or μk, and the weight of the object.  The static coefficient, μs, 
describes the force required to initiate motion and the kinetic coefficient, μk, describes the force required to maintain motion.  
According to “Classical” friction theories, these coefficients are constant with μk usually being equal to or less than μs.  For 
most interfaces, the value of μs and μk are less than unity. 
 The first civil engineering application of this model to the displacement of unanchored objects was published in 
1965 by Newmark (7).  In this study three major assumptions were made with respect to the system parameters.  First, μs and 
μk were equal and constant.  Second, the seismic event was comprised of a single, rectangular pulse.  And third, there was no 
vertical component to the seismic event.  By applying these constraints, a closed form solution could be derived to predict the 
displacement for a given situation. 
 In the decades following this analysis, investigators began to experimentally verify the sliding behavior of 
unanchored bodies.  These initial studies assumed that μs and μk were equal and constant, and used actual time histories of 
seismic events instead of relatively simple pulses (2, 3).  The results of this work were mixed.  More recently there have been 
a number of advances in analytical and experimental capabilities.  For instance, it is now quite common to incorporate 
varying coefficients of friction (4-6).  It is also possible to include a vertical testing component in the seismic events (2, 5).  
Similarly to the earlier work, these newer experimental studies have not, on a consistent basis, generated very good results (4-
6).  As an example, one recent study of bench top mounted equipment saw percent differences ranging from 10 to 50% at 
peak displacement (5).  These errors were largely attributed to the over-simplification of the μk model and the sensitivity of 
the system as a whole.  Measurements indicated that μk was not actually constant and appeared to vary quite significantly.  
For analytical simplicity, μk was treated as a constant.  It was concluded that these large differences were acceptable.  No 
attempt was made to incorporate or investigate this discrepancy.  Thus there is no way to know if this was the primary source 
of error.  Clearly, the reliability of any analysis or design guideline which is based on models which regularly have errors of 
this magnitude is suspect.  It is with this particular point in mind that this work is presented. 
 This experimental study attempts to resolve some of these issues by examining, in detail, the frictional 
characteristics of two different unanchored bodies on vinyl tiles.  The goal, from an experimental standpoint, is to accurately 
and consistently predict the one dimensional sliding behavior of unanchored bodies in response to an earthquake.  In the 
course of this work, two unusual characteristics were observed.  These atypical characteristics were quantified and 
incorporated into the subsequent analyses.  In addition, techniques have been developed to measure these unusual behaviors.  
The details of this work are discussed below. 
 
EXPERIMENTAL WORK 
 
 The first specimen was comprised of a 6-inch rectangular steel tube sandwiched between steel and wooden blocks.  
A long threaded rod was used to hold these pieces together, see figure 1.  The steel block was on the bottom and slid along 
the vinyl tile, see figure 2.  The total weight of the assembly is approximately 35 lbs and the entire assembly was 
approximately 9 inches tall.  A pair of thin aluminum guide rails were mounted to the sides of the specimen.  These rails 
constrained the specimens to uniaxial motion.  The specimen was mounted to the sled of an ANCO shake table with a 20 kip 
hydraulic actuator, see figure 3.  The actuator is controlled by a Gardner systems controller which receives an analog signal 
from a desktop computer using LABVIEW software.  This system allows any displacement within +/- 3 inches.  The tile(s) 
were glued to the top of the sled. 
 The second specimen was virtually identical to the first except that its base was wooden and four metal slides were 
mounted to this wooden base, see figure 3.  The slides are similar to those found in commercial applications, such as tables 
and desks,  and these slid directly on the vinyl tile during testing.  It also weighed approximately 35 lbs. 
 During the experimental phase of this study, both of these specimens exhibited behaviors which did not correspond 
to those commonly discussed in the civil engineering literature.  In addition, each specimen exhibited its own distinct 
frictional behavior which we incorporated into the analytical models.  Since the behaviors observed were quite different from 
those previously modeled in the civil engineering community, a set of tests were devised to measure and quantify these 
frictional characteristics.  Because each specimen behaved so differently, they will be treated separately here.   
 
SPECIMEN ONE FRICTIONAL MEASUREMENTS 
 
 The first specimen slid atop the vinyl tile directly on its steel base, see figure 2.  The base was machined flat and the 
corners were chamfered to prevent the edges from cutting into the tile.  The first step is to measure the static coefficient of 
friction.  Under normal circumstances, this task can be done in a number of ways.  One is to use a set of weights hanging on a 
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cord which is attached to the specimen over a pulley.  When the force from the weights exceeds the critical value, μsFn, the 
specimen will begin to move.  One may also tilt the base of the body until sliding begins.  The angle at which sliding occurs 
can be used to determine μs, i.e.  μs = tanΘ.  Another technique which we have used with some success uses a screw actuator, 
with a hand crank, to push the body atop the tile.  A load cell is mounted between the actuator and the body to measure the 
force continuously as the hand crank is turned.  A fourth technique which we have used is an extension of the previous 
method.  The entire frictional system, specimen and tile, is mounted to the shake table as in a seismic test.  The screw 
actuator is mounted to an external fixed frame which is independent of the sled movements.  A series of very small 
displacements (around 0.1”) are sent to the sled.  The body, which is fixed to the screw actuator and load cell, is restrained 
from moving relative to a fixed reference frame as the sled displaces underneath it.  As the sled moves, the frictional force 
between the body and the tile are recorded continuously by the load cell.  The coefficient of friction is determined by dividing 
the force measured at the initiation of sliding by the weight of the body.  A fifth technique uses a sinusoidal displacement of 
the sled to shake the unrestrained specimen until it slips.  The acceleration of the body is measured continuously and μs and 
μk can be determined from this response.  These techniques work very well at representing μs as long as it is constant (or very 
close).  Unfortunately, Specimen one did not behave in a constant manner so these methods were not applicable and actually 
yielded very misleading results.   
 Based on our testing, μs could vary quite significantly.  This variation is clearly evident in the acceleration record 
from the seismic test in figure 4.  When the body is not moving relative to its base, the acceleration of the body and sled 
should be identical.  As soon as the base acceleration exceeds a critical value, the curves diverge.  The value of acceleration 
at which this divergence begins is a measure of μs.  In this test, the first slippage occurs at approximately 0.70g’s, which 
corresponds to a μs of 0.7.  The second slip occurs at an acceleration of 0.50g’s (μs = 0.50).  Clearly, the value of μs is not 
constant.  Recognizing this, it is necessary to determine the parameters μs depends upon and then the functional relationship 
between the coefficient and these parameters.  From numerous tests, it was evident that μs varied in direct proportion to its 
time at rest relative to the base.  Specifically, the longer the specimen was still (relative to the tile), the higher its μs.  This 
type of relationship is not unknown and has been recognized by tribologists and mechanical engineers for many years (8). 
 A test was devised to measure the relationship of μs to its time at rest.  The specimen was placed on the sled and 
subjected to series of short, strong “bumps”.  These “bumps” were strong enough to ensure slippage, but short enough to 
limit the displacement.  The “bumps” were spaced from 10 to 0.1 seconds apart and were repeated in the opposite direction.  
The results from one such test are shown in figure 5.  There is a clear relationship between μs and the time at rest which can 
be approximated by a log curve using EXCEL solver.  There also is some dependency on the direction of slip based on our 
data.  In addition, there is some variation in the results for different tiles.  The data collected here also indicates that this 
phenomena is quite repeatable. 
 When characterizing μs for the seismic analyses, a lower limit is required for the log curve to prevent any numerical 
problems.  In this case, the lower limit corresponds very closely to the kinetic coefficient of friction, μk, which was also 
determined during the examination of Specimen one using a method described for Specimen two.  Unlike μs, μk appears to be 
very close to constant and was treated as such during our analyses of this specimen.  The results of the seismic tests using 
Specimen one are discussed in the analysis section. 
 
SPECIMEN TWO FRICTIONAL MEASUREMENTS 
 
 Specimen two used four chrome plated slides very similar to those seen on workbenches, office chairs, tables and 
desks.  These slides rested directly on the vinyl tiles.  After concluding the study of Specimen one, our initial work here was 
to determine if μs was variable.  Using techniques discussed with respect to Specimen one, it was determined that μs was, in 
this case, nearly constant.  The primary source of variation in μs was usually related to slip direction, although different tiles 
could also vary slightly as with Specimen one.  The principal difference between Specimens one and two is related to the 
kinetic coefficient of friction, μk.  While μk for Specimen one was constant, μk for Specimen two was not.  As seen in figure 
6, the specimen slips three times as indicated by the diverging acceleration curves of the body and the table. The acceleration 
at the divergence each time is very nearly 0.25g, or μs = 0.25.  Note also that the time of rest between slippage varies even as 
μs remains constant.  If μk were constant, the acceleration record of the specimen would remain constant immediately after 
initiation of slip, but the acceleration continues to rise as the relative velocity between the body and the tile increases.  The 
acceleration of the body decreases as the relative velocity decreases.  From this figure, μk appears to vary from 0.25 to 0.35 
and appears to be directly related to the relative velocity between the sled and the specimen.  The idea of a velocity dependent 
μk is quite common amongst tribologists, but it has not been applied to civil engineering problems (9).  In order to measure 
this phenomena, a test was devised which was a modification of a previously mentioned technique. 
 The body was placed on the sled and the screw actuator, with the load cell attached, was inserted between the 
specimen and a fixed support off the table, see figure 7.  The actuator was fixed to an external frame so the body was 
prevented from moving.  The shake table was programmed to move back and forth at a constant velocity for a total distance 
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of almost two inches.  As the sled moves, the body is restrained and the force of friction is measured by the load cell.  An 
LVDT was attached to the body to measure the relative displacement between the specimen and sled.  The velocity of the 
sled can be controlled with great precision with this technique.  For the purposes of this study, velocities of 4, 2, 1 and 0.5 
in/sec were used.  An upper limit of 4 in/sec was used because our test velocities rarely exceeded this value.  A lower limit of 
0.5 in/sec was used because μk changed insignificantly below this level.  These velocities were tested in both forward and 
reverse directions.  Because the load and displacement were recorded continuously, a frictional map of μk can be generated 
for a given velocity and direction.  By overlaying the data from all four velocities in figure 8, several observations can be 
made which seem to apply to any vinyl tile tested with Specimen two.  First, μk can vary over the 2 inches of tile measured.  
Second, μk can vary depending upon the direction of slippage.  And third, μk increases as the relative velocity increases.  For 
this study, a relatively simple approximation was created by taking an average of μk for each velocity and plotting this 
average against the relative velocity, see figure 9.  A log curve was fitted to this data using EXCEL solver and this 
representation was used in the relevant analyses.  The results are discussed in the analysis section.   
 
SEISMIC TESTS 
 
 When the frictional properties of the respective specimens were determined, they were each subjected to a series of 
high level seismic events.  The particular seismic events were chosen to represent a variety of events and they were each 
scaled and/or compressed to not exceed our shake table capabilities.  The resulting test events lasted from 20 to 40 seconds 
with accelerations of up to 1.5 g’s.  The period of time over which slip occurred was usually on the order of 5-10 seconds 
long.  In order to ensure the repeatability of Specimen one, with the variable μs, a “bump” was inserted at the beginning of 
each test to reset its μs.  As seen in the test data, μs can increase dramatically over a very short period of time and this can 
significantly influence successive seismic tests.  By using the “bump”, it was not necessary to account for the amount of time 
between successive test runs.  Before this step was utilized, the test results were quite diverse.  For an identical seismic event, 
the body could respond in a multitude of ways.  If the specimen had not been tested in several hours it might not slide at all.  
Whereas if the same input was used very soon after a test in which slippage occurred, there could be significant displacement 
of the specimen. 
 The frictional tests were repeated before any seismic testing.  It has been observed that frictional properties can vary 
somewhat from day to day and it seems prudent to be as careful as necessary.  The relative displacement of the specimen(s) 
was measured via a Sensotec LVDT.  The sled and specimen acceleration were measured using Dytran accelerometers.  Each 
of these measurements was recorded by a desktop computer using LABVIEW software sampling at least 2500 points per 
second, per channel.  The repeatability of the results was tested several times and in each case the results were nearly 
identical. 
 
ANALYTICAL RESULTS 
 
 The analytical results used to reconcile the seismic tests were determined using a MATLAB program created by our 
group.  For any given seismic test, the sled accelerations were used directly by the program to generate a sliding response for 
the measured frictional parameters.  A time step of 0.0004 seconds (2500 steps per second) was typically used.   
 For Specimen one, the code was modified to incorporate the variable μs as determined by the frictional testing 
results.  The logarithmic expression generated by EXCEL solver was used to calculate the appropriate μs for each time step.  
The program monitored the relative motion of the body with respect to the sled.  If there was no relative motion, the time at 
rest counter increased by Δt, the time step.  If motion occurred, the counter reset to zero.  A lower limit for μs was used to 
prevent errors when calculating the log of zero.  This limit was equal to μk as measured by our testing.  The coefficient of 
kinetic friction was treated as a constant for Specimen one. 
 The calculated results using this static friction model were quite comparable to the experimental measurements.  
Typically, the percent difference for any test at the peak displacement was less than 10%.  As seen in figure 10, the peak 
displacement of the experimental and analytical results match very closely and, furthermore, the entire displacement path of 
each series is similar. As illustrated in figure 10, using the traditional/constant measurements of μs here led to very large 
discrepancies in the results. 
 The results for Specimen two were also favorable.  The static coefficient of friction for this specimen was constant, 
but μk exhibited a velocity dependence.  The logarithmic best fit curve generated by EXCEL solver was used by the 
MATLAB code to calculate μk with each step.  This was accomplished by continuously tracking the relative velocity of the 
specimen with respect to the tile.  A lower limit equal to the measured value of μk at a relative velocity of 0.5 in/sec was used. 
 The comparison between experimental and analytical results seen in figure 11 demonstrate a very close fit.  As was 
the case for Specimen one, not only do the peak displacements coincide, but their entire paths are very similar.  The percent 
difference between the peak displacement is less than 10% and this is typical of all our tests.  The specimen also reversed 
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paths numerous times in this test.  Also included for comparison in figure 11 is the displacement generated using a constant 
value of μk measured using more traditional techniques.  The results using this curve are much less favorable.  The percent 
difference for the constant μk is at least twice the value from the velocity dependent model developed here. 
 The MATLAB code used here treated μs and μk as 2 separate entities with their own distinct parameters.  In the 
future, we hope to generalize the friction model with a single equation to represent all scenarios.  This will simplify the code 
and more importantly, it will simplify any future statistical analyses. 
 
SUMMARY AND CONCLUSIONS 
 
 The test specimens used in this study did not exhibit properties normally attributed to “Classical” dry friction.  One 
specimen demonstrated a time dependent coefficient of static friction and the second specimen a velocity dependent kinetic 
friction.  Neither of these effects is included in the “Classical” model.  When attempting to use the “Classical” model, the 
results were quite poor, and sometimes unrepeatable.  A set of techniques to measure and incorporate these properties was 
developed and the results were very good.  Using the more sophisticated models, the calculated peak displacements were 
consistently within 10% of the measured peak.     
 It is also observed that these frictional systems are very sensitive, the parameters can change by 5% or more from 
day to day which can lead to errors.  Thus it is imperative to measure the frictional properties immediately before any seismic 
testing.  In addition, the pervasive assumption that “classical” friction governs every system should be reconsidered.  While it 
is possible that this “classical” approach may work well for isolated cases, it is clearly not guaranteed and should be tested.  It 
is important to note that this study is not intended to characterize the frictional properties of every vinyl tile flooring system 
in general or to suggest that these conditions will always be observed.  A thorough investigation of different surfaces is the 
subject of future research. 
 If we were to assume that these properties are common with respect to vinyl flooring, there are a number of 
implications.  For systems whose static friction increases with time, we need to be very careful in defining μs.  Specifically, 
how long has the specimen been resting?  If μs reaches a high enough value, it could force the system to respond by rocking 
instead of sliding.  For a velocity dependent μk where the friction increases with velocity, it is expected that the overall peak 
displacement will decrease.  There may be some very specific cases where this will not be true, but in general this statement 
should be valid.  On the other hand, for any systems which exhibit a decrease in friction as velocity increases, we should 
expect greater displacements. 
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               Figure 1  Test Specimen                          Figure 2  Base of Specimen 1 and 2 
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