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"Soil Compaction - A Common Sense
Approach" - Thomas C. Meisel,
Caterpillar Tractor Co.

Compaction of the forest floor by logging vehicles is an area of concern.
This is due to both environmental and financial reasons. As good managers
of our natural resources and with an eye on public perception of the
logging industry, we don't want to disturb the natural forest floor
conditions more than necessary. With our other eye on the pocketbook,

we don't want to reduce the growth rate of the leave trees or the new

growth.

These concerns have intensified in recent years. Special vehicles have
been specified on some sales. We are more sensitive to soil moisture
levels and may shut down operations if standard Proctor test data predicts
higher compaction. Equipment advertising claims include reducing
compaction. Academia is publishing more papers on compaction causes and
effects. Amidst this flurry of activity, the practical, working logger
has a hard time trying to find out just what is really important and what
is not. What is the difference between different machine types and the

compaction they cause? How does ground pressure fit in?

We at Caterpillar have been sifting thru all the information available
and trying to make sense out of it from a practical point of view. We
compared compaction between different vehicles on special tests in the
Pacific Northwest. We were a study team member with the United States
Forest Service on their compaction field tests and studies. We made

presentations covering our own studies and findings to various groups
including the USFS in Washington, D.C. We made sure that our dealers

had access to the USFS study team findings.

-



Let me briefly review with you the history of our involvement in forest
floor compaction studies. Then we will cover the same findings and
conclusions about compaction that have been presented to various groups.
Finally, we will summarize the findings of the USFS: compaction study team.
In 1974, FMC 200 series skidders were introduced and at that time we

were watching and studying these vehicles. In 1976, we had an opportunity
to make our first field compactiqn measurements. We were able to compare
a conventional D6 tractor, a 518 rubber tired skidder and an FMC. 1In

1977 and 1978, we planned and executed a field compaction study comparing

the same three vehicles. 1In 1978, the Forest Service planned their

compaction study. Caterpillar, John Deere, and FMC were asked to participate.

Our participation included both being a member of the study team and
contributing a D6 tractor. John Deere contributed a 640 wheei skidder and
FMC one of their 200 series skidders. Both were also study team members.
By 1979 the Forest Service study was underway in the Lake Tahoe National
Forest. Dr. Froehlich of Oregon State University was conducting this study
for the Forest Service. In 1980, Dr. Froehlich presented his first draft
of the study results to the study team. In the same meeting, Caterpillar

made a presentation to the study team on our own compaction studies.

Our presentation covered the results of our own in-house study. We looked
at the compaction which was caused by the log itself. We looked at ground
pressure characteristics underneath different types of log skidding vehicles
and also took a look at compaction in perspective to see what effect it
really had. 1In 1981, Dr. Froehlich presented his second draft to the study

team. We at Caterpillar presented the results of our own studies to key



Forest Service people in Washington, D.C. The Forest Service wrote an
interpretative summary and appended it to the front of Dr. Froehlich's
report. Final publication occurred. In 1982, we at Caterpillar took the

results of that study and presented them to our dealers.

Let us now review the presentation that we made to the USFS and to the
study team. First, the results of our own compaction comparison. The
first was near Prineville, Oregon in August, 1976. We were fortunate

to find a job site with a D6, a 518, and an FMC on the same job. The
undisturbed soil's dry density was between .92 and 1.06 g/cc3 and moisture
between 25 to 40%. Measuring compaction under the tracks of a D6, a 518,
and an FMC 200 after six passes each we found compaction levels of .99 g/cc3
under the D6, 1.02 g/cc3 under the 518 and 1.00 g/cc3 under the FMC.

(We used a nuclear densitomer to measure compaction.) These results were
initially confusing because we expected more difference. These "contrary
to popular opinion" results led us to plan a specific test series under
controlled conditions to get a better comparison. We had similar results.
On a site near Eugene, Oregon, with an undisturbed dry density of

.98 g/cc3 and 35-42% moisture, we measured compaction under the vehicle tracks
after 10 passes. We found 1.14 g/cc3 under the D6, 1.11 underithe FMC, and
1.18 under the 518. Nowhere near the difference we were expecting. On
another site near Eugene, the undisturbed dry density was 1.0 g/cc3 and
moisture from 35 to 45%. On this site we had 26 inch wide shdes on the D6
and 67x34x25 Terra tires on the 518. After 10 passes the compaction under
the machine was 1.15 g/cc3 for the 518 and D6 and 1.08 g/cc3 under the FMC.
This was ironic in that the special treatment on the D6 and 518 had no

apparent effect.



Our last comparison was between a D7 and an FMC near Coos Bay, Oregon. The
undisturbed dry density ranged from .6 to .9 g/ce3 and moisture from 30 to
35%. After 10 trips we found .97 g/cc3 under the D7 and 1.00 g/cc3 under

the FMC. But this time we went an extra step - we measured under the log and
found 1.15 g/cc3! This makes the log appear to be more the villain than the
machine. So now we begin to wonder, whgt is the log”s ground pressure? Well,
we don”t know, but we can make some calculations on a practical engineering
basis. Let”s assume that the center of gravity of the log is 40% from the
large end to allow for normal butt swell. We“1ll also assume that the large
end is on the skidder and therefore only 40% of the log”s weight is on the
ground. This plot (see Fig. 1) shows what the contact area would have to be
underneath three specific logs in order to give some definite ground pressure.
Looking at, for example, the 15,000 1b log, in order to limit its ground
pressure to 8 psi, then we can see that it must have a contact patch of about
750 sq/in. This is a very large contact patch and it is unlikely to occur
under a log of this size. So the conclusion is that the ground pressure under
the log is probably higher than that under the machine. We saw no significant
differences in compaction between the machine types, and the log end is

probably compacting more than the machine is.

Now, let”s take a closer look at ground pressures underneath logging
machines. For example, under track type machines, the number most people
recall when they think about ground pressure is the static ground pressure.
This is the nuwber that you get from the manufacturer”s specifigation sheet.

And as you can see from Figure 2, it assumes an even distribution underneath



the tractor. However the ground pressure that is important is the dynamic
working ground pressure, not the static value. Under a machine doing drawbar
work the dynamic working ground pressure generally has a trapezoidal

or a trianéular distribution with the peak ground pressure occurring
underneath the rear most wheel. The dynamic ground pressure depends upon
the size of the load, the amount of drawbar pull that the vehicle is
exerting, and the initial balance of the vehicle. Figure 3 shows a
calculated pressure distribution underneath a crawler tractor for a given
size drawbar pull and initial balance and also shows what the true ground
pressure is underneath this vehicle. These results are from a test done at
our Peoria Proving Ground, and as you can see the measured pressure distribution
has shifted forward a little bit from the calculated pressure distribution
and also is a little bit larger. You can also see the contributions from
the individual rollers. So we can conclude that the actual ground

pressure underneath a track type vehicle is going to be considerably higher
than the static ground pressure given on the manufacturer's specification
sheet, and if you calculate the dynamic ground pressure you may still

end up with a number that is too low.

Now, let's look at ground pressures underneath rubber tired machines.

In order to calculate the ground pressure under a rubber tired vehicle we
go to the tire manufacturer's specification sheet and he will give us an
inflation pressure, a load, and a contact area. He gives us a lof of other
information also but these are the three items we are interested in right
now. The example on Figure 4 includes a 23,1 x 26 Goodyear tire 10 ply

rating and the manufacturer tells us that contact area is 372 sq. in.



Now all we have to do is multiply that number by the number of tires we have
and then divide our machine weight By that number and calculate our ground
pressure, right? Wrong, because this contact area is true only for this
inflation pressure and this load, which the manufacturer has also given

us on the specification sheet. If either the load on the wheel changes

or the inflation pressure changes, the contact area will also change. In fact,
if you divide this spec sheet load by this spec sheet contact area you will
get a number which is almost identical to the spec sheet inflation pressure
of that tire. Figure 5 shows data from the tirg manufacturer as to how the
contact patch changes with load. Here we have plotted two tire's ground
contact area as a function of load on the wheel. The first curve shows a
28,1 x 26 Goodyear timber torque tire at 20‘psi. This is a common skidder
tire. The other curve shows a 67 x 34 x 25 Goodyear Terra tire at 10 psi
inflation, and as you would expect the high flotation tire has a larger
ground contact for any given load than the conventional tire. Now that we
know how the contact area changes as we change the load on the tire, we can
calculate the ground pressure as we change the load. Figure 6 shows you what
happens. Here the Goodyear Terra tire at 10 psi has a ground pressure which
ranges from about 8 to 12 psi over the whole load scale. The conventional
tire at 20 psi has a ground pressure which ranges between 18-21 psi
underneath the whole spectrum of loads. So, we conclude from this that the
ground pressure under load of a rubber tire is going to be approximately
equal to the inflation pressure of that tire, irregpective of the size

of the load. As the load increases, the contact patch increases

accordingly and the end result is a fairly constant ground pressure. If

we want a 15 psi ground pressure we need to choose a tire which will allow

us to run at a 15 psi inflation pressure.



Let's review what we have seen so far. Underneath track machines the static
specification sheet ground pressure is not a meaningful number. The dynamic
ground pressure is more significant and the calculated dynamic ground
pressure may still be lower than the true ground pressure. Underneath
rubber tired machines the contact area is not a constant and the calculated
ground pressure will not be accurate if you use the single contact area
from the manufacturer's specification sheet. The ground pressure will be
close to the tire's inflation pressure. If it weren't for the carcass
stiffness of the tire the ground pressure would be exactly identical to

the inflation pressure of the tire. So, the conclusion that we draw from
this is that the ground pressures underneath tracked and rubber tired

log skidders are more equal than is generally assumed. This helps to
explain why we found very similar compaction beneath the two machine

types in our tests.

Now, let's take a look at compaction in perspective. What are it's effects?
Let's take a hypothetical case. We will assume that the undisturbed
density of the soil is 1 g/cc3. This is a number fairly close to ﬁhat we
have found in our tests in the Pacific Northwest. We will assume that
every place our vehiclg goes on this area increases the compaction 25% to
to 1.25 g/cc3. Now, as you've seen from our test results, this is a high
number and we generally don't compact that much but we want to be fair.
Let's assume that the skidding vehicle covers 25% of the total area. 1In
other words, 25% of our area is skid trails. And our last assumption is
that we will have 1% growth reduction on our trees for every 1Z increase

in compaction. In the literature we generally find no effect on growth



rates until compaction exceeds the level of 1.25 g/cc3 but we want to

be fair. So what we are doing is compacting 25% of our area by 25%.
Therefore we have a 25% growth reduction on 25% of our area and if we do
nothing to reduce compaction we would expect a 6.25% reduction in our growth
rate. Now as we have seen from our field studies it is almost impossible

to reduce compaction more than perhaps 20% by changing the type of vehicle.
Figure 7 shows that a 20% reduction in compaction caused by the vehicle
would be a change in our growth rate reduction from 6%% to 5%, not very much.
More benefit is available by reducing the amount of area which is exposed to
the skid trails. So we conclude that a change in technique offers more

potential to lower growth reduction than a change in machine characteristics.

Let's summarize now everything that we have said. Tracked machine's ground
pressures are going to be higher than the spec sheet figures. A tire's
ground pressure is going to be very close to its inflation pressure. Both
macﬁine types are going to compact approximately equivalent amounts.
Reducing the skid trail area has much more potential to reduce the effects

of compaction .than changing the type of machine.

I would like to quickly cover some of the highlights of the Forest
Service's Interpretative Summary from their forest floor compaction study
which was done by Dr. Henry Froehlich of Oregon State University. This
report is titled "Predicting Soil Compaction on Forested Land" and was
published in December, 1980 as a final project report to the USFS by

Dr. Froehlich and several graduate assistants of the Forest Engineering

Dept. of OSU. The interpretative summary covers the report's significant



points and interpretations and conclusions from them by the USFS. Authors of
the summary were: Chuck Gowdy and Bob Meurisse, soil scientists; Virgil
Binkley and Don Studier, logging engineers; J. C. Schwarzhoff, forest engineer;
Bob Hinshaw, geo-technical engineer, and Ben Lowman, mechanical engineer. Ben
was also project leader. You will note that these are technical people and

not bureaucrats.

The tests compared a Caterpillar D6 with 18 inch shoes, a John Deere 640 wheel
skidder with 23.1 x 26 tires and an FMC 210 CA tracked skidder on four sites

in the Tahoe National Forest. Some highlights from the summary include:

One study result was a preliminary empirical equation to predict compaction.
In this equation the machine”s calculated dynamic ground pressure only affects

the answer by about 1Z%.

The moisture content on the test site soils was not as significant as had
been thought and the standard Proctor test grossly overestimated actual skid

trail densities.

Water infiltration rates under the vehicle tracks were the same after 20 trips
for all three thicles. After compaction these rates remained high enough to

absorb all but the heaviest rainfall rates in the area.

The pressure of the logs contributes to compaction also. This study did not

differentiate between vehicles and logs.
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Here are the conclusions from the summary: First: the standard Proctor
curve does not work to predict compaction or optimum moisture on forest floor
soils. It overestimates compaction. The forest floor soil does not behave
like a typical construction soil. Second: the two most significant variables
in the proposed predictive equations were the number of trips and the cone
penetrometer index. This means that what is of most importance is how many
times you go over the soil and what the soil was like when you started.
Third: the greatest'increase in soil density occurs near the surface-and.
becomes progressively less with depth. At 6" the bulk density measured only
about 50% of that at 2". The increase below 12" was negligible. Forest
floor compaction is basically a surface phenomena and below 12" there was

no compaction. Fourth: the first few trips do most of the damage. Fifth:
soils and the soil moisture content vary within a small area and you must
account for that variability in order to make a comparison of changes in
density following ground skidding. Sixth: air permeability changes were
similar to the soil's bulk density. The major change occurred with the

first few trips. Seventh: the results of this study indicate that there i
was no practical compaction difference between machine types on the sites
where testing was done. 1In the author's opinion this study did not show
justification for differentiating between machine types to minimize

compaction.

I hope that this presentation has been helpful to you in clearing up

some of the confusion regarding compaction by logging vehicles.

Thank you.
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