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Factors Affecting Rates of Ice Cutting
With a Chain Saw

BARRY A. COUTERMARSH

INTRODUCTION deployed on 25-in.-thick ice to demonstrate the
feasibility of this procedure.

The U.S. Army Ribbon Bridge has been suc- A skip-tooth chain and a modified skip-tooth
cessfully deployed in the winter both on the ice chain were used to study the effect of chain de-
and in a channel cut with chain saws (Mellor sign on ice cutting rates, while at the same time
1988). A bridging commandei, however, will the effects of cut length and saw operator on the
need to know the time involved with each of cutting rate were investigated. The problem was
these procedures to effectively plan an opera- analyzed statistically because of the nature of the
tion. This report describes an initial study under- pertinent variables.
taken to determine chain saw cutting rates in ice In addition, a chain was analyzed to deter-
and presents a preliminary empirical equation mine modificatiuns that might increase cutting
that can be used to predict cutting rate, given ice rates over those obtained in this study. Further
thickness and a defined chain type. tests will concentrate on finding a more aggres-

A Ribbon Bridge deployment will be most se- sive tooth design, and one that is more efficient
riously hindered by an ice cover of over 6 in. It at removing cuttings to prevent chain clogging.
appears that ice thinner than this can be broken
up and pushed out of the way by a Bridge Erec-
tion Boat (Stub ,tad et al. 1984). This was taken as EQUIPMENT
our lower thickness boundary.

The thickest ice to be cut depends on the an- The saw used in the study was a Homelite
ticipated traffic load. There are guidelines availa- model 550 with a 24-in. bar. The Homelite saw,
ble on the thickness of ice necessary to support a according to the manufacturer, has an engine
load when the ice itself is used as the bridge speed of 6000-12,000 rpm (Homelite 1979). This
(Coutermarsh 1987). However, since it is possi- would give an approximate chain cutting speed
ble to deploy the bridge on top of an ice sheet, it of 2800 ft/min.
might be possible to use the bridge as a load The chains used in the study were skip-tooth
spreading base for traffic heavier than what the designs with a tooth spacing of 2.25 in. One was
ice alone could accommodate. A thickness suffi- modified by filing off approximately 1/16 in.
cient to hold the bridge and the anticipated traf- from the gauge, resulting in a cutting depth of
fic load needs to be investigated. For this tech- about 2/16 in. (Fig. 1). This allowed the tooth to
nique to be useful, that thickness would need to cut deeper and to chip the ice rather than shav-
be less than the thickness necessdry to carry the ing it. The remaining chain was left in its origi-
anticipated load without any load spreading. nal condition with a cutting depth of about 1/16
This would also define the maximum ice thick- in. The chains were sharpened in the normal
ness that would have to be cut. This limit is not way, i.e., by filing the gullet (Fig. 1) before each
yet determined, but for our purposes the upper test block.
limit of ice cut was 25 in. A Ribbon Bridge was
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Figure 1. Clain saw? cutter detail.

THEORY The variability in cutting styles means that a
chain saw's performance may vary substantially

A chain saw is classified as a continuous belt from what a theoretical analysis might suggest.
cutting machine (Mellor 1976). The cutting speed It also means that to obtain a good indication of
of the saw through the material is related to the chain saw cutting rate we must consider a statis-
tool chipping depth and cutting speed, the angle tical analysis that will span the range of expected
the saw makes with the free surface of the mate- performances. This study is a first step in that di-
rial, the produ-tion and conveyance of the rection.
cuttings, as well as the power available to the
saw, and the force the saw exerts on the material
being cut. The dynamics and kinematics of PROCEDURE
cutting with this type of saw can become some-
what complex and it is beyond the scope of this A two-level factorial design strategy with a
paper to detail how a saw cuts. A good treat- center point was used to plan the cutting study,
ment of the subject has been provided by Mellor as it offers maximum flexibility in the early stag-
(1976, 1977, 1978) es of the experiment and initially produces a

A chain saw, by its very nature of operation, good deal of definable information about the
is difficult to analyze from a rigid theoretical variables involved. The variables chosen were
point of view. Its cutting angle is changing al- chain design, operator and cut length, with ice
most constantly as thc opcrator makes subtle ad- thickness as a block variable. This resulted in a
justments to improve cutting speed efficiency or 24 factorial design with two qualitative varia-
comfort. The force the operator applies through bles--operator and chain type-and two quanti-
the saw bar to the material is changing in re- tative variables-cut length and ice thickness. A
sponse to these adjustments, operator fatigue or center point for the quantitative variables was
any number of reasons in effect at the time of planned to define any nonlinearitv in the model
cutting. The cutting speed can vary in response and, as the results will show, it was needed. As
to the chain becoming pinched by the material, it turned out, this center point was not a true
to throttle manipulations, to cut angle adjust- center point in the classic statistical sense, as will
ments by the operator or to chain interaction be explained later. Adding a center point results
with water beneath the ice. in 17 runs for one full factorial if there are no

replications.



There are physical limitations to obtaining the Three series of cuts were made in the 7-in. ice,
necessarv ice thickne3ses; we had to wait for the four in the 11-in. ice and four in the 25-in. ice for
ice to build to the required thickness instead of a total of 48 cuts.
having all three required ice thicknesses at once
as we would have had in a laboratory. This re-
quired that the experiment be set up in at least RESULTS
three blocks, creating the disadvantage of con-
founding the four-factor interactions with the The experiments proceeded in three design
block effcct. But, since higher order interactions blocks based upon ice thickness. The variables
are usually negligible, this was an acceptable cle- were coded as foi factorial design-;, with the low-
sign decision. er level as -1, the center point as 0 and the upper

The ranges of the variables, where possible, level as +1. The runs wcrc randomized and three
were chosen to coincide with the physical region replicates were performed.
of interest as defined in the Introduction. The op-
erator variable is impossible to handle in this Block 1: 7-in.-thick ice
manner because of the infinite possibilities of op- Table 1 lists the results for 7-in.-thick ice.
erator type. It was included in the study at first An Analysis of Variance (ANOVA) study Ta-
to allow us to obtain some idea of its effect. Its ble 2) showed chain type as having the greatest
interpretation will be discussed in more detail in effect upon cutting rate, it being significant at
the following sections. the 0.01 level. The remaining single effects of cut

The cut length variable ranged between 5 and length and operator, as well as all of the two fac-
15 ft. These lengths were chosen to bracket an tor interactions, were not significant at the 0.1
approximate ice chunk size that could be han- level. It should be remembered that the signifi-
dled easily during removal. Cuts were continu- cance level is an indication of the possibility of
ous throughout the length.

Three ice thicknesses were chosen to corre-
spond to the lower, upper and center of the
range between 6 and 25 in. The theoretical center Table 1. Chain saw cutting rate data and exper-
point would then be 15.5 in. Because of the rapid imental parameters for 7-in.-thick ice.
arrival of extremely cold weather at the start of cut
the study, the available lower ice thickness was 7 Rim Chain length Time Cuttig rate
in. When the study was started the upper limit ,1,,rd Opator tilpe* (ft) (S) (tt/lia?)
was unknown, which meant that the center
point would be estimated before the full range I BC Mod 15 50 18.00

was known. When temperatures started to mod- 25
BC reg 5 15 20.00

erate in the initial study area in New Hampshire, 4 JS reg 5 15 20.00
an ice thickness of 11 in. was used for the center . uC ",; 15 20.00
point. The final ice thickne-s was obtained at , ti BC reg 15 51 17.(-4
bridging exercise at Fort McCoy, Wisconsin, and 7 BC mod 5 9 33.33

"S JS rood 5 7 42.85
turned out to be 25 in. The ideal center point of 9 JS m1d 5 h 42.o59 JS muod 5 t 50.001

the design should therefore be at 16 in. but it will 10 JS mod 15 1L 47.3(1
be seen that 11 in. is still sufficiort to define non- 11 IJS reg 5 13 23.o7
linearity in the model 12 JS reg 1 41 21 95

The chain designs and modifications were 13 BC reg 15 41 21.95

chosen as a result of work done at CRREL that 14 Js reg 5 13 23.07
15 BC mod 5 7 42.85

determined what constituted a good ice cutting 1, BC mod 15 19 47.3(,
chain. Future tests will incorporate more chain 17 JS mood 5 7 42.85
modifications to allow us to get a feel for the rel- 18 BC mod 15 Is 50.00
ative merits of each modification. 1(4 BC reg 15 37 24.32

Cutting rate was determined by making 20 JS reg 15 37 24.32
21 Is reg 15 41 21.95

straight line cuts with the blade completely 22 BC reg 5 13 23.07
through to the water. This meant that in the 7- 23 Is ood 15 23 39.13
and 11-in. thick ice, water was thrown up by the 24 BC ood 5 7 42.85
saw. Mod -mnditiid chain
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Table 2. Variable effects and significance for 7-in.-thick ice.

Source., til va ...NMI Mean siqalt, F-ratio Siit c

Main effects

Chain tyt.x 17.7 1 1882.2 24.9 *Sig at (l
Cut length - 2.7 1 44.4 0.6) NS

Operator 1.0 1 t.5 0.1 NS

Tu1, factor interactions

Chain type by cut length -3.2 1 61.8 0.8 NS
Chain type by operator - 0.2 1 0.2 0.0 NS
Cut length by operator -2.3 1 30.4 0.4 NS

Residual 17 75.5

* , (1,17 = 8.40
F,, (1,17) = 4.45

F,, (1,17 )= 3.03

the measured response happening by pure coin- It can be seen from the above ANOVA thcre is
cidence as opposed to being the result of the var- a significant difference between chains, while cut
iable or interaction indicated. A low significance lengths and operators show little difterence.
level value tells us that a random occurrence is These conclusions are presented in Figure 3,
not very likely to be the cause of the measured which is a plot of cutting rate against cut length
response and therefore the indicated variable and operator. It is evident that the modified
must be responsible for it. It follows that as the chain outperforms the unmodified chain in all
significance level value increases, the response is but two instances for the 15-ft cuts. These two
more and more likely to have been caused by a points are the suspected outliers. It can also be
random occurrence and therefore not much ef- seen that there is little difference in cutting rate
fect can be attributed to the associated variables, between operators or cut length, except for the
In this tudy a significance level of 0.1 was the suspected outliers.
highest that we would accept for judging the im-
portance of a variable or interaction. Anything
above this was judged not significant.

An ANOVA assumes the data are indepen- 52 2 I -1

dently and identically distributed in a normal 48 - a -
distribution (Box et al. 1978). This assumption -

44 --

may not ve lenaHe, although making random - _
test runs will usually validate the assumption. 40

It is interesting to point out the presence of -
two points that appear to be outliers. In Table 1 36
the firt two nuns apper to have a cutting rate °_ a 32 -

more appropriate to the unmodified chain than -
the modified chain for which they are listed. Fig- - 28-

ure 2 is a graph of the data with the two suspect- .,4
ed outliers below the other values for the modi-
fled chain cutting rates. It is possible that the 20
chain type was incorrectly listed for these two 16
cuts. These were also the first two cuts of the day unmodified Mod i f, ed
and a cold or tight chain could have caused high chon Type

tangential friction in the chain, which would re-
quire greater tractive thrust for similar cutting Figure 2. Chain type versus cutting rate fir 7-in. ice.
rates. Two outliers are evident in the lower right.

4



(,9) Modi~fiedJ Chai n

(o) Unmoded Chan 0 Table 3. Chain saw cutting rate data and exper-
imental parameters for 11-in.-thick ice.

50 Cut
Rim Chain leg'mth Time Cutting rate

order Operator tpe* (ft) (0 (ft/rnin)
10 . IBC reg 10 47 12.7n

303

BC pe atr 2 IS reg 10 uS &.(S-4 BC reg 10 37 16.21

5 BC rod 10 33 18.82

511 51 6 BC mood 10) 28 21.42
Cur Length 3 JS reg 10 32 18.75

8 BC reg 10 33 18.18

9 JS mod 10 24 25.00
Figure 3. Ice cutting rate (ii 7-in. ice) versus cut 10 BC mod 10 19 31.57
length and operator. The two outliers are the lower 11 JS mod 10 21 28.57

modified chain points at the 15-ft cut length with one 12 BC mod 10 22 27.27

for each operator. 13 JS mod 10 24 27.0
14 JS mod 10 22 27.27
15 BC reg 10 30 19.99
16 JS reg 10 41 14.63

We assumed before the study that ice thick- Mod- modified chain

ness would be highly significant, but this does
not show up in the first block since no variation
had taken place at this point, determine its effect in this thickness. Table 4

shows that the most significant effect is, again,
Block 2: ll-in.-thick ice from the chain type, with the operator effect not

The next block of data taken was to be the significant at the 0.1 level.
center point, at an ice thickness of 11 in. and a Figure 4 is a plot of the data from both blocks;
mid-point cut length of 10 ft. The qualitative var- it shows the decrease in cutting rate associated
iables, chain type and operator, were run at both with the increase in ice thickness. Chain type has
of their levels. Table 3 lists the data gathered at the most significant effect upon cutting rate,
this thickness. with the modified chain generally outperform-

An ANOVA of the I 1-in.-thick ice data exam- ing the unmodifed chain, as expected. The ex-
ined the relationship between the operator and ceptions are the two suspected outliers at the 7-
chain variables. Cut length was 10 ft only in the in. thickness and one point by operator BC at the
11-in. ice thickness, which makes it impossible to I1-in. thickness.

Table 4. Variable effects and significance for 11-in.-thick ice.

Sources ,t ",ri tjn Eftfect ,t Mean square F-ratio Signiriince

Mai e'th' ts

Chain type 1o.7 1 41(h.t 25.4 *Sig at 0.01
Operator - 1.1 1 4.5 0.3 NS

Tlwo fat tor mterathotis

Chain tvpe by operator - 0.2 1 0.2 0.0) NS

Re, ttual 12 17.S

F (I, 12) .31
F,, ., (1, 12) =4 75

1 ,, (1,12) = 3. 1S



.; Modi,t,be Chm Table 6. Chain saw cutting rate data and experi-
UnoOd fie_ Cam mental parameters for 25-in.-thick ice.

50 Cut
50 1 OrRun C/tr a11 huo'0' "itt Culuatmg rate

8order Ope-rator It[I)(* (ft) S (st 1m,1111
40 0o o

E 3 BC mod 15 132., I
2 BC mod 5 48 6.25

2C 5 5o) imf.0
" 4 BC rood 15 157 5.73

.o 5 BC mod 5 53
BC mod 15 159 5.6t

0 7 BC niod 5 52 5.,8 BC mod 15 128 7.013

Figure 4. Combined 7- and 11-in. ice citting rate Mod - modified chain

versus ice thickness and operator. The outliers appear
as the lozwer modified chain points for the 7-in. thick The cut length was varied even though it vas
ice. not significant in the previous tests. We speculat-

ed that in the thick ice of the third block it might
show an effect.

Table 5. Moduied and unmodified chain com- Table 6 presents the data for this thickness.
parison for the 11-in.-thick ice with a 95% con- We can use these additional points for the 25-in.-
fidence interval for the difference between thick ice to further demonstrate the effect of ice
the means. thickness and cut length.

A one-way ANOVA was performed on the
Rgular Motife'd 25-in.-thick ice data to ascertain the effect of cut

Smpl'h stati:ti' hain chain Pooled length (Table 7). It can be seen that its effect was
not significant at the 0.1 level. It is evident that

Average 14.803S 25.535 20.1694 the length of the cut over the range studied had
Variance 18.358 17.6078 17.9829 little effect upon cutting rate. Perhaps a greater
Std. deviation 4.28462 4.19616 4.24062 cut length would start to show more influence.
Median 15.42 26.135 19.37

Differcnce bete'.ven means = -10.,7312 CUTTING RATE PREDICTION MODEL
Cont. interval for diff. in means: 95CT

The data set can now be used to create a pre-
liminary empiricaI model to predict cutting rate,
given ice thickness and a defined chain design.

A two-sample analysis (Table 5) betveen the The model will be based upon the data from the
chains found that the modified chain has an modified chain without distinction between cut
average cut rate that is 731/, higher than the un- length or operator. The final model will there-
modified chain. fore reflect some of the variability from these fac-

tors, which will make it general in regards to its
Block 3: 25-in.-thick ice predictive capability. It should also be under-

In the last block the chain types were not var- stood that the model is based upon ice thickness,
ied nor was the operator (the second operator with no attempt made to break out the factors
was not available for the third block). We decid- within ice thickness that may have an effect
ed to use the fastest chain type to obtain the upon the cutting rate. For example, further study
highest estimate of cutting rate. We could not as may show that ice temperature or grain size may
certain operator effect over the entire data set, have an important effect upon cutting rate. The
but it can be seen from the previous blocks that same point can also be made regarding the chain
the operator effect has not been significant, al- design. The cutting rate could vary dramatically
though it would have been desirable to test this with variations in chain design, as can be seen
on the thicker ice also. from the difference obtained in this study be-

6



Table 7. Variable effects and significance for 25-in.-thick ice.

Sources of variation Effect df Mean square F-rati Sginificatce

Main effects

Cut length 0.4 1 0.3 1.1 NS

Residual 6 0.29

5 0i

4 0

30-
0

20 -

• -]

10-

I I:

6 8 I ) 2 14 16 8 10 22 24 26
Ice Thckness (in)

Figure 5. Plot of cutting rate versus ice thickness for thei modified
clain. The data include different cut lengths and operators.

tween the two chain designs. The model is de- Figure 7a is the residual plot showing the
veloped with these factors in mind and, because magnitude and pattern of this scatter. An inspec-
of them, we made no attempt to make the varia- tion of the residual plots versus cut length and
bles nondimensional; therefore, the equation de- operator (Fig. 7b and c) shows these suspected
pends upon the metric used to measure the vari- outliers as being the most significant departures.
ables. Figure 7c indicates that the operator variable is

Figure 5 is a plot of cutting rate versus ice also responsible for a lot of scatter. This is be-
thickness; cutting rate decreases exponentially cause only one operator was used for the thick-
with increasing thickness. est ice. The cutting rates in the thick ice were

The exponential regression fitted to these lower than in the previous ice thicknesses and
points gives the coefficients shown in Table 8 for only show up attributed to that one operator.
the model, where ice thickness is in inches and Figure 7a shows more scatter for the thinner ice
cut rate is in feet per minute. The model explains than for the 25-in.-thick ice. The cuts in the 7-
90.33% of the scatter as shown by the adjusted R2  and 11-in. ice were difficult. The saw threw a lot
value. of water onto the ice surface, which made it ex-

The adequacy of the fit was checked by the tremely slippery, so the cuts were probably not
ANOVA listed in Table 8 as well as by plotting as consistently made because of the traction
residuals. Figure 6 shows the regression line fit- problems. This might also manifest itself in the
ted to t' -° .ta points. It is evident that there is operator effect, depending upon how each oper-
more -.-r at the 7-in. ice thickness than at the ator handled the situation. Cut length shows no
other iaesses. The most notable departure systematic pattern of residuals that would sug-
comes frow " two points that were the suspect- gest an effect attributable to its influence.
ed outli':r-

7



Table 8. Exponential regression coefficients and ANOVA for the
full regression.

Exponential model: Cutting rate = (a+lJice thickness))
Dependent variable: Cutting rate (ft/min); independent variable: ice thickness (in.)

a. Regression coefficients.

Standard T Probability

Parameter Estimate error value h'vel

Intercept 4.33341 0.0991771 43.6936 0.00000
Slope -0.10101 6.48143 x 10-3  -15.5844 0.00000

b. Analysis of Variance

Prolwbility

Source Suim of Squares df Mean square F-ratio level

Model 16.46460 1 16.46460 242.8750 0.00000
Error 1.762551 26 0.067790

Total (corr.) 18.227154 27

Correlation coefficient = 0.950421
Stnd. error of est. = 0.260366
R= 90.33 %

95/* Conficence Intervals

- 20 - "

0 1 1 t I 1 I

6 8 10 12 14 16 I8 20 22 24 26

Ice Thickness (in)

Figure 6. Cutting rate versus ice thickness with exponential
regression curve and 95% confidence interval for the fit.

The final empirically derived formula is tion. Further work will concentrate on improv-
ing cutting rate and testing how robust this for-

cutting rate (ft/min) = e 14.33+(-0.10 x ice thickness mula is with different variable combinations.
[in.)). Work should also be done to determine the ef-

fect of the different attributes of ice, as discussed
This is a preliminary formula that should only before.

be applied over the 7- to 25-in. range of ice thick- Cutting tests using the same chain saw that
ness, with the modified chain and saw configu- we used in this study were carried out in 1987 in
rations close to what was used in this study. As Korea on 7- to 8.5-in.-thick ice with different op-
could be seen from the above analysis, cutting erators. That study gives us only two continuous
rate is highly dependent upon chain configura- cuts for comparison; those cutting rates were 40

8
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and 47 ft/min with the gauges filed completely the ice and moving the saw more or less horizon-
off the chain (Mellor and Calkins 1988). These tally. In the 25-in. ice it was easier to pull the saw
rates compare closely with the results obtained blade up partially out of the cut and allow it to
in this study in 7-in. ice and also with predic- cut its way back down while also moving it hori-
tions based on the above equations. zontally through the ice. The thicker ice also re-

quired more rocking motions to work the saw
through the material and to clear the shavings.

PERFORMANCE IMPROVEMENTS To improve performance it is helpful to look
at the kinematics of cutting as detailed by Mellor

Some general observations about the ice (1976). Figure 8 shows the symbols to be used in
cutting follow. the following analysis.

In the 7- and 11-in. ice, where the saw cut Thu chipping depth I of the saw is related to
through to the water, the saw threw a spray of the tangential tool speed u, the saw traverse
water towards the operator and onto the ice sur- speed U, the spacing between teeth S, and the
face. The operator had to stand off to the side of angle of the saw 0) by the following formula
the cut to avoid being soaked by the spray. This
meant that the saw was held away from the op- lmax=(U/ 1t)(S)sinma,... (1)
erator's body and was therefore not in the best
position for cutting. Adding a splash guard to The maximum chipping depth will occur at
the saw might improve this situation. 0)=90 ° and eq 1 reduces to

The operator slipped around where there was
water on the ice. This obviously affected perfor- 'max(U/l~t)(S) . (2)
mance in that the operator could not keep a
steady force on the saw blade to maintain maxi- At our fastest average cutting rate of 45.2 ft/
mum saw traverse speed. min, which is used as the saw traverse speed U

In the 25-in. ice, the saw did not cut through in eq 2, a cutter working length of 0.0625 in.
to the water, so traction was not a problem. The (1/16 in.) and our tooth spacing S of 2.25 in., the
natural ice surface was rough enough to provide theoretical maximum chipping depth fer our
adequate footing. However, a large amount of saw from eq 1 is
ice shavings built up around the blade and
seemed to interfere with the cutting. This prob- [(45.2/2800) x 2.25 in.]=0.0363 in. (3)
lem was not noticed in the thinner ice, perhaps
because the water flushed the shavings out or According to Mellor, the maximum chipping
the volume of shavings produced was not depth should be less than the actual cutter work-
enough to bind the saw. ing length; otherwise, the saw will be trying to

In the thinner ice, the operator cut by holding cut more than is theoretically possible and the
the saw blade at approximately a 60' angle to chain would bind. In this respect our saw seems

to be correct. However, it is also desirable to cut
as deeply as possible to produce cuttings as
coarse chips rather than as shavings. This will fa-
cilitate the conveyance of cuttings and improve

_u saw efficiency. If we file our gauge completely
off to give a cutter working length of 0.2188 in.

/ (7/32 in.), the theoretical maximum saw traverse
S . .speed that would be possible, accepting for the

moment only the chipping depth constraint, is
/ found by rearranging eq 2

S d

/
SUn,, =(0.2188 x 2800)/2.25 (4)

or Um,,,=272.3 ft/min (5)

Figuie 8. Chain saw blade aiid isyMilols USCd i ti We now need to look at cutting conveyance
text (after Mellor 1976). and how it affects cutting rate with our planned
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modification. The space between teeth is used to and finally for the 25-in. ice by using di=23 in.
convey cuttings to the surface, and the volume with U at 6.1 ft/min
of cuttings produced per unit width of bar v, is
dependent upon cutting depth d, tooth spacing 0.0046 > 0.0040. (15)
S, traverse speed U and tool speed ut by the fol-
lowing equation These computations are very theoretical and

should be used as guidelines only, but nonethe-
vC=KbSd(U/u,) (6) less they indicate that cutting conveyance might

not be adequate for the transverse rates achieved
where Kb is a bulking factor Mellor introduces to in the 7- and 11-in. ice and only marginally ade-
estimate the actual cutting volume from the in- quate in the 25-in. ice. We therefore might be
place volume. He uses Kb=1. 8 5 for rock, ice and able to improve our cutting rates by providing
similar materials. more chip removal capacity.

The volume of cuttings produced must be One relatively easy way to increase the vol-
carried away by the space between the teeth on ume available for cuttings is to increase the tooth
the belt, which is calculated by spacing on the chain. Since the teeth on a chain

saw are alternating pairs, we must be sure to
Va=(S-st)ht (7) preserve this pattern when we remove teeth. On

the chains used in this study, that would result
where ht is the height of the tooth above the belt in a new spacing S of 6.625 in. Repeating me cal-

and st is the effective tooth length defined as culations above using this new value of S gives
us the following. For 7-in. ice

$t=Vt/h1t (8)
0.0171 > 0.0261 (16)

where vt is the tooth volume. In our saw / t is ap-
proximately 0.125 in., s, is approx 0.3125 in. and for 11-in. ice
S is 2.25 in.

The space available for cuttings must be great- 0.0109 >_ 0.0168 (17)
er than or equal to the volume of cuttings pro-
duced and for a 23-in. cutting depth

va _v C  (9) 0.0051 > 0.0041 . (18)

or It can be seen that increasing the spacing
alone does not appear to be adequate for im-

[1-(st/S)](ht/d) > Kb(U/u t) . (10) proving cutting rat2. We could also decrease the
height of the gauge, which would in effect in-

In our 7-in.-thick ice case this gives crease the height of the tooth ( ) to promote a
deeper cut and more chipping. The maximum

(1- 0.1389) x (0.125/7) 2:1.85(39.5/2800)(11) possible ht with our chains is 0.2188 in., which
would give the following. For 7-in. ice

0.8611 x 0.0179 > 1.85 x 0.0141 (12)
0.0298 > 0.0261 (19)

0.0154 0.0261 (13)

where the values used for U were the average of for 11-in, ice
all the 7-in. cut rates.

For the 11-in.-thick ice with U at 25.5 ft/min 0.0190 2! 0.0168 (20)
we get

and for a 23-in. cutting depth
0.0098 > 0.0168 (14)

0.0091 0.0041. (21)
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As can be seen this will be slightly better than actual chipping depth. The new maximum chip-
the old configuration as far as the available ping depth, from eq 2, is
space for cuttings, if we assume our old cutting
rates. The fastest rates possible without violating (45.1/2800) x 6.625=0.67 (26)
the conveyance constraint are

if we compute it at our theorized fastest average
Um,,=[1I-(st/S)(ht/d)(ut)]/Kb (22) rate of 45.1 ft/min. This is less than the actual

tooth length of 0.2188 and is therefore accepta-
for 7-in. ice ble.

We obviously would want to improve our
Urm,=45.1 ft/min (23) rate with the modification; so, to find the theo-

retical maximum cutting rate to which chipping
for 11-in. ice depth will constrain us, we replace the maxi-

mum chipping depth in the above equation with
Umax=28.8 ft/min (24) our actual tooth length, which would be 0.2188

in. Solving for a new maximum cutting rate we
and for a 23-in. cutting depth find

Umax=13.8 ft/min. (25) (Urea×/2800) x 6.625 < 0.2188 (27)

These rates would be 14, 13 and 126% im- Ureax = 92.5 ft/min. (28)
provements, respectively, over the actual aver-
age cutting rates obtained in the study. It is evident that chipping depth will not limit

A further modification that might improve our cutting rate and it appears the above modifi-
shaving removal is to fill in the back area of the cations could potentially give us a much higher
chain teeth between the side plate and top plate rate.
as shown in Figure 9. This could be accom-
plished with epoxy or solder and would offer a CONCLUSIONS AND
surface to carry more material out of the cut. RECOMMENDATIONS

We also need to check the new configuration
in regards to theoretical maximum chipping This study has shown us that a hand-held
depth to ensure that we are not going over our chain saw is an acceptable device to cut moder-
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ate thicknesses of ice in a timely manner. The Table 9. Summary cutting rate statistics for
rate does go down considerably in 25 in. of ice, the modified and unmodified chains in 7-
where it is only 15% of the 7-in. rate. A better and 11-in.-thick ice.
method -f cutting would be desirable in this sit-
uation if time is a factor. Unmodified chain Modified chain

The data in this study indicate that cutting .
rate is significantly affected by the chain type 7-in.-thick ice

used and the ice thickness being cut. The opera-
tor seems to be less important as does the length Sample size 12 12

of the cut. However, these conclusions need to Average 21.7783 39.49

be qualified. Variance 4.057 125.659

The study tested only two operators and Standard deviation 2.0142 11.2098
Standard error 0.581449 3.23598

found that the difference between them was in- Minimum 17.64 17.3
significant. To properly study the effect of a vari- Maximum 24.32 50.0

able, we should choose that variable so that it Range 6.68 32.7
represents the extreme ends of the spectrum of
possible values. If that is done, then the effect 11in.-hick ice
that that variable might have is better delimited Sample size 8 8

because a wider range of possible values has Average 14.8038 25.535
been included in the study. This study did not Variance 18.358 17.6078
try to study the human operator over a wide Standard deviation 4.28462 4.19616
range, e.g., by choosing a weak, inexperienced Standard error 1.51484 1.48357

Minimum 8.82 18.18

saw handler as one operator and a strong, expe- Maximum 19.99 31.57

rienced person as the other. If this had been Range 11.17 13.39
done the operator variable might have shown . .... .. . .
more of an effect upon cutting rate.

The length of the cut also showed little effect
upon the cutting rate but care should be taken to their effect upon cutting rate and to further re-
only apply this result between the 5- and 15-ft fine the cutting rate prediction formula.
cut lengths. If a cut longer than 15 ft had been Information on the power requirements for
used, then perhaps cut length would play a cutting ice would be helpful in analyzing and
stronger role in determining cut rate. This length designing better saw configurations. In this
was chosen as representative of the expected year's study, we planned to obtain power read-
cuts to be made in a clearing operation, as ex- ings by instrumenting an electric chain saw.
plained before, and was therefore better suited However, a recalcitrant portable generator won
for our needs. the first round and failed for all but a few read-

Ice thickness was the only characteristic of the ings. Next year will, we hope, see this corrected.
ice that was measured in this study. There could
be factors within the ice, e.g., ice temperature, or
grain size, that are in fact the dominant influence LITERATURE CITED
affecting cutting rate. Because of the way that
this preliminary study was conducted, these fac- Box, G.E.P., W.G. Hunter and J.S. Hunter (1978)
tors would be "hidden" within the ice thickness Statistics for Experimenters: An Introduction to De-
variable. Further study should investigate the ef- sign, Data Analysis and Model Ruilding. New York"
fect that these other conditions may have. John Wiley and Sons.

The simple act of filing 1/16 in. off the chain Coutermarsh, B. (1987) Tactical bridging during
gauge can significantly increase the cutting rate. winter, 1986 Korean bridging exercise. USA
In this study the mean cutting rate of the modi- Cold Regions Research and Engineering Labora-
fied skip-tooth chain was 81% higher than the tory, Special Report 87-13.
unmodified skip-tooth chain in the 7-in. ice and Homelite (1979) 550 Professional chain saw op-
72% higher in the 11-in. ice, as shown in Table 9. eration and maintenance manual, 1st Edition,

Further study will be undertaken to try out Part No. 17134-A. Charlotte, North Carolina:
the proposed chain modifications to ascertain Homelite Division of Textron Inc.

13



Mellor, M. (1976) Mechanics of cutting and bor- search and Engineering Laboratory, CRREL
ing, part III: Kinematics of continuous belt ma- Report 78-11.
chines. USA Cold Regions Research and Engi- Mellor, M. and D. Calkins (1988) Deployment
neering Laboratory, CRREL Report 76-17. of floating bridges in ice-covered rivers. USA
Mellor, M. (1977) Mechanics of cutting and bor- Cold Regions Research and Engineering Labora-
ing, part IV: Dynamics and energetics of parallel tory, Special Report 88-20.
motion tools. USA Cold Regions Research and Stubstad, J., J. Rand and L. Jackson (1984) Oper-
Engineering Laboratory, CRREL Report 77-7. ation of the U.S. Combat Support Boat
Mellor, M. (1978) Mechanics of cutting and bor- (USCSBMK I) on an ice-cwvered waterway. USA
ing, part VIII: Dynamics ai.J energetics of con- Cold Regions Research and Engineering Labora-
tinuous belt machines. USA Cold Regions Re- tory, Special Report 84-5.

14


