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Dedicated to the memory of Fred Lind,
who took a boy skiing for the first time
and started this journey.



Preface to the Second Edition

Just over ten years ago when the first drafts of this book were being
written, and even more so a few years after that as it was making its
way through the publication process, alpine skiing was experiencing
what eventually became a complete revolution in equipment and tech-
nique: “shaped” or “parabolic” skis completely took over the market,
-and even relatively beginning skiers expected to carve graceful turns
as they schussed down the slopes.

Re-reading our work with an eye to revision, we have been surprised
to see how our focus on the physics of skiing in the first edition al-
lowed us to recognize the fundamental importance of what were then
quite novel changes in equipment and technique. The essence of the
enhancement offered by shaped skis is their greater sidecut radius. Our
original discussion (then and now in Chapters 3 and 4) of the crucial
role that a ski’s sidecut plays in carving a turn caused us to write, for
the most part, as if the shaped ski had always been in existence. Sim-
ilarly, our interest in the geometry of the sidecut allowed us to discuss
snowboards in some detail as well, for the key to their ability to “shred”
down the mountain is their deep sidecut. So, for this revised second
edition, we have added only slightly to the discussions of equipment,
revising only a very few tables and graphs to include more modern
equipment, and adjusting our references in the text to account for the
fact that today the only skis on the market (and nearly all of the skis
on the slopes) are shaped skis.

In our discussions of the physics of snow in Chapter 2, we have in-
corporated the insights drawn from scientific observations that either
had not been made or were unknown to us when the first edition was
written. Specifically, we are indebted to Sam Colbeck of the U.S. Army
Corps of Engineers’ Cold Regions Research and Engineering Labora-
tory (whom we also acknowledged in the first edition), who read the
first edition carefully and brought new information to our attention
about the physical processes associated with rounded-grain metamor-
phism (the process whereby snowflakes bond together; for example,
when we make a snowball).

Finally, we thank Tina Marie Greene and Jenny Wolkowicki of Springer
for seeing this second edition and its revisions through to publication.
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Preface to the First Edition

This is a book about skiing and a book about science. Readers who
have some background in the physical sciences or in engineering
should be able to appreciate the full discussion. For readers who are
more skiers than they are scientists or engineers, we have tried to couch
the discussions of technical matters in the main chapters so that they
may be read and appreciated. Technical argument, however, risks los-
ing its thrust unless some quantitative examples are provided. Wher-
ever possible, the necessary quantitative examples are presented in
simple mathematical relations. For readers who seek more fully de-
veloped technical expositions, a separate section of Technotes (or tech-
nical notes) offers short, augmented technical discussions of specific
points made in some of the main chapters. In most cases, the Tech-
notes have much greater and more sophisticated mathematical and
technical content than do the discussions found in the main chapters.

In part because this is a book about skiing and a book about science,
it has two authors. Dave Lind is a scientist and a skier and a writer.
Scott P. Sanders is a skier and a writer; he is no scientist. Allow us a
few paragraphs to write in the first person singular and tell you some-
thing about the genesis of this book.

First, Dave Lind.

One of my first memories is of the walkway in the backyard of our
house in Seattle in the early 1920s where I walked as a toddler, mar-
velling at snow up to the level of my head. I was not yet a teenager
when, in 1929, my uncle, Fred Lind, took me skiing for the first time.
I remember soon after that trip going to the local lumber yard to buy
a pair of hickory boards from which to hand-fashion a pair of skis. In
that place and in those days the only skiing was backcountry skiing:
there were few lifts and no groomed slopes. In time I have become a
reasonably proficient alpine skier, even, over the past 25 years, a com-
petent free-heel or telemark skier. From my experience leading many
parties on backcountry ski trips, I realized that there was a great deal
of remarkable phenomena going on in skiing if one took the time to
look for it, and I started to take that time.

I was trained as a physicist, first at the University of Washington
and finally at the California Institute of Technology (Cal Tech), and I

ix
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have taught throughout my career at the university level, retiring from
the Physics Department at the University of Colorado in 1983. About
1970, when the practice of offering a variety of courses designed to
teach physics to general audiences was much in vogue, I created a short
course on “The Physics of Snow.” The course would give University
of Colorado students some appreciation of the physical basis (snow)
underlying one of their more favored activities—skiing. That course
had considerable success because, in addition to the expected ski
enthusiasts, geologists, geographers, and water-resource engineers, as
well as professional ski patrol members, avalanche forecasters, and ski
instructors had a real need to know more about snow, and, in fact, they
enrolled for the class. I taught the class a number of times over a span
of more than two decades. To a great extent, the contents of this book
developed from my teaching the physics of skiing as one application
of the physics of snow.

And now, Scott.

I first skied in 1966 on a pair of 215-cm rental boards at the single
slope offered by the Broadmoor Hotel in Colorado Springs, Colorado,
where I was a freshman at Colorado College, lately arrived from South-
ern California. All I remember is that I fell down, constantly. I left Col-
orado College after that year, and the Broadmoor has since had the
good sense to close their ski slope. My skiing career began again in the
mid-1970s when, as a graduate student studying English at the Uni-
versity of Colorado, I started cross-country skiing. In Boulder, cross-
country skiing meant skiing up a mining road or trail or some combi-
nation thereof to get as high up into the mountains as one could go,
and then either skiing back down the trail and the road, or, more likely,
skiing down the open slopes above the tree line and through the trees
for as far as one could safely go. A few years later, I met Margy Lind.
And her father, Dave Lind.

On our first ski tour up Washington Gulch outside of Crested Butte,
Colorado, my Labrador retriever and I lagged behind as Margy skied
ahead and Dave skied on still further ahead, returning every now and
then to see how I was doing, and then skiing back up the trail. By the
time we finally stopped, I was exhausted, and Dave had certainly skied
more than double what I had with his up and back and up again ap-
proach to our ski tour. Eventually I tried alpine skiing again, and I mar-
ried Margy. After some years of practice, I no longer fall down (much)
when I'm alpine skiing, and I know well the four most dangerous words
in the Rockies: “C’'mon Dad, it’s easy!” I come to the writing of this
book entirely through my relationship with Dave Lind, my enjoyment
of skiing, and my love of writing.

Every book represents the cumulative effort of many people. Dave
Lind acknowledges the professional, collegial, and personal help of all
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who freely offered helpful discussion, advice, and information along
the way. Especially he thanks Dr. George Twardokens of the Univer-
sity of Nevada, Reno, who coaches ski professionals and whose per-
sistent questioning and willingness to argue technical points was in-
valuable. Special thanks also to Dr. Sam Colbeck of the U.S. Army Cold
Regions Research and Engineering Laboratory for supplying much tech-
nical information and encouragement. Thanks also to the many peo-
ple who were always available to discuss this project, especially Dr.
Bard Glenne, Chief Designer for the K2 Corporation; Ron Garrett of
Volant Ski Corporation; Lou Dawson, backcountry ski mountaineering
guide; and Dr. Richard Armstrong of the University of Colorado. Marc
Dorsey and Linda Crockett of the Professional Ski Instructors of Amer-
ica (PSIA) helped discover useful, hard-to-find, information. Jim Mid-
dleton and Tony Forrest of the PSIA and Wolverton Productions pro-
vided video footage of PSIA demonstration team members that helped
illustrate several skiing maneuvers. Thanks to Bill Semann, a former
ski racer now technical artist nonpareil, who worked tirelessly creat-
ing the line-art illustrations for this book from a variety of sources.
Thanks also to Boulder Ski Deals of Boulder, Colorado, for providing
the skis that were tested in the laboratory and shop of the Nuclear
Physics Laboratory of the University of Colorado, whom Dave Lind
thanks for the administrative assistance they provided at all stages of
this project. Thanks go also to the colleagues and friends who shared
many ski tours with Dave during which questions about the physics
of skiing were often topics for conversation. Dave especially thanks his
friend and colleague, Dr. Kurt Gerstle, Professor Emeritus of Civil En-
gineering at the University of Colorado and skiing enthusiast; together
they have spent many long hours discussing technical matters while
skiing back-mountain routes.

Scott P. Sanders thanks the administrative staff of the Department
of English, University of New Mexico, for their support. Scott espe-
cially thanks his family for making sure that he had something other
than the physics of skiing to think about, and for allowing him to be
absent from their lives too much as this project moved toward com-
pletion. Both Dave and Scott thank the editorial and production staffs
of AIP Press, especially Sabine Kessler, who offered several helpful
suggestions for taking our work and making it a book. And, finally, we
thank Maria Taylor, Executive Editor of AIP Press, for her patience and
persistence and for believing in this project enough to see it through
to publication.

To our knowledge, no other book written for the general public or
for the scientist or engineer has tried to relate so many of the funda-
mental aspects of skiing to basic physical principles. There are many
articles that offer technical treatments of many of the points that we
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discuss in this book; however, most of these documents are very tech-
nical indeed, and they are often not very easy to find. In several cases,
they are not published in the traditional literature of scholarship on
snow and skiing that one might expect to find in a reasonably good
university library. Some of the sources we have cited in the Bibliog-
raphy were selected in part because they contain extensive citations
to this large but hard-to-find body of technical literature. Readers wish-
ing to access the primary historical or technical literature should refer
to the Bibliography to help them locate such sources.

Finally, we know and celebrate the fact that no matter how much
the physical analyses presented in the pages that follow may explain
the many mysteries of skiing, some part of that mystery will always
remain for each of us, because each of us makes skiing our own.

University of Colorado, Boulder David Lind

University of New Mexico Scott P. Sanders

(September 2003)
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CHAPTER 1

Introduction: At the Triple Point

This volume has an enigmatic title. The concept of “skiing at the triple
point” is probably the key to this book. In many sports the properties
of the playing field are relatively fixed and unchanged, and they re-
main so during the course of the play. That is definitely not so in ski-
ing. A peculiar circumstance of skiing that it shares with one of its
near relatives, ice skating, is that skiing can only be done on a play-
ing field whose basic physical properties change. When we ski, small
changes in temperature make huge changes in the playing surface. For
skiing, the playing surface is water, which in the course of a single
downhill run may exist in all its phases: as a solid (ice, in the form
that we call snow); as a liquid; and even in the form of water vapor,
as a gas. We shall see that, in many ways, skiing works best near 0 de-
grees Celsius (°C) or 32 degrees Farenheit (°F), which is roughly the
temperature of the triple point of water. Thus we may say that we ski
at the triple point—where the three possible states of water (solid, lig-
uid, and vapor) coexist.

But there is another triple point that this book addresses. In all sports,
better performance and greater enjoyment occur when we understand
the cause-effect relationships that transform the physical actions we
perform into consciously practiced techniques. We skiers know that it
feels good to carve a smooth, parallel turn on freshly packed, powder
snow or to wheel down-mountain in deep, untracked snow throwing
up rooster tails of snow in our wake and leaving a magnificent track
of linked turns on the slope. In this book, we examine the physics of
the many forces and properties that come together in this sport to give
us those good feelings. Our goal is to ski at what we might consider to
be a second “triple point,” at the point where our increased under-
standing of the “how” and the “why” of skiing joins with our experi-
ence of the “wow!” and then we know the fullest enjoyment of our
sport.

We have felt that ultimate “wow”—skiing at that second triple point
where physical understanding meets the simple joy of experience—
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2 / 1. Introduction

many times, and even though we have long been fascinated by snow
and by skiing, in the course of writing this book our enjoyment of ski-
ing has increased. We hope that in the course of your reading this book,
a similar increase in enjoyment will be your experience, too.

Skiing Through the Ages

Skiing has both a prehistory and a history. Norwegian pictographs (see
Fig. 1.1) and the archaeological recovery of ancient ski fragments sug-
gest that some form of skiing pursued as a mode of travel over snow
dates from at least 4000 years ago. Skis were but one of the devices
that evolved to enable travel on foot through soft snow. Snowshoes, in
a variety of different forms, probably developed independently from
skis, and they were perhaps more widely used.

In historical times, we know that the Carthaginian general Hannibal
encountered snow avalanche hazards when his troops crossed the Alps
to attack Rome during the Second Punic War (218-201 B.c.). While we
do not know that Hannibal’s troops used skis, they surely used some
such method of travel to expedite their passage over the snows of the
Alps [1]. The somewhat more definite history of skiing begins with the
work of the Byzantine historian, Procopius (526-565? A.D.), who de-
scribed gliding Finns (apparently using what we might recognize as
skis) racing nongliding Finns (apparently using what we might recog-

FiGURE 1.1. Pictograph from Réddy, Norway, circa 2000 B.c. (Courtesy Nor-
wegian Ski Museum, Oslo.)
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nize as snowshoes). In the year 800, Skadi is mentioned in Scandina-
vian mythology as the goddess of the ski, and from that time on vari-
ous writings survive that mention the use of skis for travel and for mil-
itary maneuvers. Finally, in Europe of the sixteenth and seventeenth
centuries, written descriptions of skis and bindings appear in print
along with sketches of those early skis [2].

In North America, early explorers, trappers, and settlers most likely
used snowshoes to cross snowy mountains and plains; the written
record of skiing in North America does not begin until about the mid-
dle of the nineteenth century [3]. Skiing was probably introduced by
Nordic and German immigrants, who carried their knowledge of ski-
ing (and perhaps their skis, too) with them to the New World. In early
Colorado mountain history, there are numerous accounts of using skis
for transportation. At the height of gold and silver mining in the Col-
orado Rockies during the 1870s and 1880s, substantial mountain com-
munities would become isolated by the heavy winter snows. In these
severe conditions, skis were an important mode of transportation. In
particular, mail carriers used skis when they delivered the mail. At the
Crested Butte Mountain Ski Resort in Colorado, the Al Johnson Memo-
rial Up Mountain and Down Hill Race is held every year in late March
to memorialize the mail runs that Johnson made over the mountains
to bring mail to the mining communities in the region. The histories
of some mining camps record recreational ski competitions with a va-
riety of events [4]. Another mail carrier and sometime racer, John A.
“Snowshoe” Thompson, was known in the California gold fields for
his skiing—and snowshoeing—exploits [5]. J. L. Dyer records his late
nineteenth century travel by ski in the mountains around Breckenridge,
Colorado, where he was a minister of the Methodist Church [6].

Around the turn of the century, organized ski schools with recorded
competitions were introduced to America by Norwegian immigrants.
Ski jumping, the special passion of the Norwegians, also dates its Amer-
ican beginnings from this time. The first analysis and description of
skiing was published in 1896 by Mathias Zdarsky (1874-1946), an Aus-
trian who is known as the father of the alpine ski technique. Two years
after the First World War, another Austrian, Hannes Schneider, started
the first organized ski school that used a definite teaching protocol. As
a young man, Schneider read and was greatly influenced by Zdarsky’s
instructional book, Lilienfelder Skilauf Technik. Schneider came to the
United States in 1939 and set up his ski school in North Conway, New
Hampshire [7]. His school was soon followed by many others, most of
which were associated with different national styles of the increasingly
popular sport: there were French ski schools, German ski schools,
Swiss ski schools, Italian ski schools, and, eventually, American ski
schools.
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Three Classes of Skiing

There are many, many different variations within the realm of what
we may consider to be skiing in its broadest sense, and these varia-
tions use many different types of equipment and many different tech-
niques. For example, consider the monoski, which offers the skier a
single board on which both feet are mounted together and point for-
ward. The monoski is maneuvered down the hill using techniques
much like those associated with skiing done on two skis, mounted in
the traditional manner, one for each foot. Also, we occasionally see on
the slopes the ski equivalent of the rollerblade or ice skate, the foot ski
or snow skate, which usually extends no more than a matter of inches
past the heel and toe of the boot, making it more an adaptation of the
ski boot than of the ski itself. Even so, snow skating is still more rec-
ognizably a type of skiing than it is a type of ice skating. The most
popular recent innovation in the world of skiing has to be the snow-
board, the snow-sliding equivalent of the skateboard or surfboard. The
snowboard is much wider than the monoski, and the boarder’s feet are
mounted fore and aft across the snowboard, rather than pointing for-
ward as they do on the monoski or on traditional skis. Snowboarders
may be seen on every ski hill where they are not banned (as they are,
at this writing, at Taos, New Mexico, for example). The snowboard and
the boarder (when not airborne) and alpine skis and skiers carve grace-
ful turns in the snow in a manner that should interest the traditional
skier who is curious about the physics of carving a turn on skis, but
more on that subject later. Finally, consider the variety of equipment
that permits disabled skiers to experience the thrill of negotiating the
slopes, some standing, some sitting, some using outrigger skis mounted
on their poles.

For the purposes of our discussion, we focus on fairly traditional skis
and skiing, done on two skis using the common complement of equip-
ment: boots, bindings, and poles. We group all of the skiing of this sort
into three principal classes: alpine, nordic, and adventure skiing.

Alpine skiing encompasses the faster-paced skiing events that take
place down the pitch of steep slopes: downhill, super giant slalom,
giant slalom, and slalom. Typically, the alpine skier rides a lift to the
top of a run and then skis down the slope. Most general recreational
skiing is alpine skiing. One defining factor is the alpine skier’s equip-
ment. Over the past ten years, alpine skis have become increasingly
shorter and wider with a pronounced inward curvature, or sidecut, on
both sides at the middle, or waist, of the ski. When these changes in
design were first introduced, skis of this sort were termed “shaped” or
“parabolic” to distinguish them from the longer, narrower skis with
considerably smaller sidecuts that had been conventional. Today the
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“shaped” ski is the conventional alpine ski, and its once radical side-
cut has become the norm. Skis with straighter sidecuts are no longer
made by major alpine ski manufacturers. Today’s alpine skis with their
short, hourglass shapes look like distant cousins of the longer, “skinny”
skis used for most nordic track skiing. Also unique to this class of ski-
ing is the alpine ski boot and binding system. The alpine skier’s boot
is firmly attached to the ski at both the heel and the toe by a binding
that, to minimize the risk of injury, releases only in the event of a hard
fall. The attached heel makes it difficult for a skier wearing alpine
equipment to cover any distance over flat terrain; climbing hills in
alpine boots and bindings can only be done for short distances by side-
stepping up the hill with the skis across the fall line. Thus one defin-
ing feature of alpine skiing is going downbhill.

Nordic skiing includes a variety of techniques. Classic or diagonal
track nordic skiers negotiate a more or less flat course by skiing in par-
allel tracks, propelling themselves by poling and kicking alternately
with their poles and skis in a diagonal relationship to each other: the
right pole stretches ahead as the left ski slides forward, the left pole
stretches ahead as the right ski slides forward, and so forth. A rela-
tively recent innovation on this technique, developed in competitive
nordic racing events, is ski skating, which uses a wide, prepared track
in which the skier slides one ski diagonally outward on its edge while
pushing off against it, as in a skating motion. Finally, ski jumping is a
form of nordic skiing. One feature common to each of these very dif-
ferent nordic skiing pursuits that distinguishes them from alpine ski-
ing is that the heel of the nordic skier’s boot, whether the skier engages
in nordic track skiing, ski skating, or ski jumping, is not attached to
the ski by the binding.

The final class of skiing we will call adventure skiing, adopting a
phrase coined by Paul Ramer to describe all types of remote back-
country and mountain ski travel [8]. Adventure skiing combines as-
pects of the techniques and equipment used in both nordic and alpine
skiing to create a hybrid, third class of skiing. Historically, adventure
skiing evolved in Europe with the practice of ski touring from alpine
hut to hut. These high-altitude ski tourers developed modified nordic
equipment with bindings that could leave the heel of the boot free for
climbing and general travel, but could also fix the boot to the ski, at-
taching the heel for alpine maneuvers going downhill.

Another aspect of adventure skiing involves free-heel, downhill
skiing, usually called telemarking after the region in Norway where
this characteristic turning technique originated. Telemarking or free-
heeling was originally primarily done by the more adventurous back-
country ski tourers, which explains its close association with adven-
ture skiers. Its popularity has grown so much, however, that today free-
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heelers may be found practicing their turns on the groomed slopes of
ski resorts, possibly tuning up before venturing out into the back-
country, to travel hut to hut, tour up and down a steep trail, or hurtle
down chutes of untracked snow whose inaccessible entrances they
have reached by climbing, by SnoCat, or even by helicopter.

There is some overlap in the equipment and the techniques associ-
ated with these three classes of skiing; but, in general, the differences
between them are significant enough to warrant using these designa-
tions as a system of classification to help guide us through our con-
sideration of the physics of skiing.

Snow: The Playing Field

The physical basis, the science, needed to understand the sport of ski-
ing lies in a number of subfields. In a logical sequence, the nature of
the playing field comes first, and that is the subject of Chapter 2. We
consider the formation of atmospheric snow and the metamorphism
that occurs in the groundcover snow as the flakes that accumulate to
form the snowpack deform with changes in temperature and environ-
ment. In this chapter we also consider the molecular structure of water
near the triple point—the temperature and pressure at which water
exists simultaneously in each of its three phases, as a solid, as a lig-
uid, and as a vapor. Finally, we consider the thermodynamics associ-
ated with the phase changes.

Equipment

As anyone who decides to own, rather than rent, even the most ba-
sic ski equipment quickly discovers, purchasing ski equipment rep-
resents a major investment. There are a dozen or so distinct classes
of skis requiring perhaps three or four different types of boots and
as many types of poles. Unfortunately, the logos and elaborate
graphic designs on much modern ski equipment tend to distract the
consumer from finding essential physical information that should
be, but more often is not, readily available. Skiers should ask ques-
tions about more than just the length of the skis they use; ski width,
sidecut, fore and aft body stiffness, torsional rigidity, vibration damp-
ing ability, and shovel conformation are also important considera-
tions. Few ski manufacturers readily display all of this information,
and fewer still ski salespersons or skiers can define, much less com-
pare, these physical features of skis.
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In Chapter 3, all of the features of ski equipment that can help skiers
achieve optimal performance are defined and discussed. Much of the
discussion takes a structural engineering approach, considering the
stress—strain properties of the materials from which skis, poles, boots,
and bindings are fabricated. Having some understanding of the flex-
ural and dynamic properties of skis, boots, and binding systems can
help skiers understand how their equipment is designed to perform.
With that knowledge, we may better match our equipment with our
abilities and preferred techniques.

Skiing Technique

Most sports evolve largely by trial and error as practitioners experi-
ment with equipment and techniques. Skiing is no different, and there
are few careful, quantitative analyses of the mechanical science—the
physics—underlying the activity of skiing. Most of the attention in dis-
cussions of skiing technique is given to one maneuver: making turns,
especially making carved turns.

In all of alpine, nordic, and adventure skiing, there are essentially
two classes of turning techniques: steered turning that employs some
form of controlled skidding, and carved turning. The underlying
physics of both turning techniques may be described as a mechanical
system in which the skier moves down a slope and picks up kinetic,
or motional, energy, just as Newton’s apple gained kinetic energy as it
fell to the ground. That motional energy must be entirely dissipated
when the skier arrives at the bottom of the hill and is standing still. A
small part of the energy is dissipated as heat from the rubbing of the
skis on the snow; much more is dissipated by the skis’ cutting, grind-
ing, and throwing snow out of their path during the descent. Ski rac-
ers want to get down the slope as quickly as possible, so they carve
their turns as much as possible, which yields minimum energy dissi-
pation. Recreational skiers, keeping their speed under control, carve
the snow to create stylish turns and skid their skis at controlled in-
tervals to control their speed by dissipating their kinetic energy.

In Chapters 4-6, we describe in detail the physics of most skiing tech-
niques, giving special attention to the various techniques associated
with carving turns on both packed and unpacked snow. Each of these
chapters requires some understanding of Newton’s laws of motion and
energy, which figure prominently in the chapters themselves and in the
Technotes associated with the discussions. In these chapters, the phys-
ical activity of skiing is most directly connected to the physical science
that describes and explains how and why what happens, happens.
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From Tracks to Treks

Chapter 7 considers the physical properties of the equipment and tech-
niques specifically designed for nordic track and cross-country skiing.
Nordic track skiing is exclusively done on a prepared track that per-
mits the skier to experience the exhilaration of gliding over the snow
with a smooth motion at a high level of body performance. It is the
skiing equivalent of jogging, but without the jarring effect of the foot
hitting the ground and with the upper body and arms participating in
the exercise. Cross-country skiing may well venture off prepared
tracks, but for our purposes we consider it to be done for the most part
on previously tracked snow with only moderate gains or drops in
elevation.

Adventure skiing, as we describe it in Chapter 8, aims to provide
more than moderate gains or drops in elevation as the skier enters the
world of untracked snow that may vary greatly in its character. Wind
and sun work remarkable changes in the consistency of the fallen snow,
as does new snow deposited on older snow surfaces. Thus on a down-
hill, adventure skiing run in the untracked snow of the backcountry,
the ski may act like an airfoil and glide over the surface of the snow
in a flowing fashion in one moment, or it may act like a plow in the
next moment, pushing and packing the snow before it as it moves halt-
ingly down the hill.

Backcountry adventure skiers, unless they are supported by a Sno-
Cat or helicopter, should carry packs with survival gear and should
understand and weigh the consequences of injuries as well as the pres-
ence of avalanche hazards. The adventure skier’s technique must have
a greater degree of authority; there may be little or no room for error;
even minor spills may lead to intolerable outcomes. Knowledge of the
physics of both snow and skiing should help give skiers a notion of
what to expect in the backcountry from the playing field, from the
equipment, and from the techniques required to negotiate the chal-
lenges of adventure skiing. The chapter concludes by considering
briefly, under the heading “The Physics of Survival,” some of the sci-
ence of weather and of the physical properties one will find in the re-
mote backcountry.

Friction: Glide and Grab

Friction, as it is expressed in skiing by its dual attributes, glide and
grab, is the subject of Chapter 9. For nordic and adventure skiers to
travel effectively over the snow on skis, traction must be turned on
and off at will. The ski must slide forward in one instant and then fix
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itself to the snow surface in the next, while the alternate ski thrusts
forward. Our understanding of the “how and why” of ski friction and
the application of wax or the use of other bottom preparations—
whether the goal is to obtain greater or lesser traction—is far from com-
plete, and what we do know about this subject is not widely available.
Waxing skis for alpine, nordic, or adventure skiing is both a science
and an art. Many a race, both in nordic and in alpine skiing, has been
won or lost because a coach or skier picked the wrong wax or applied
the right wax incorrectly. Perhaps a little better understanding of what
we know about the physics of the playing field and its interaction with
the ski—the interface of the snow and the running surface of the ski—
may help us cope with this challenging problem.

Epilogue: Physics, Skiing, and the Future

In Chapter 10 we note that advances in the design and manufacture of
ski equipment over the decade of the 90s have changed markedly the
way skiing is taught and practiced. The pace of change is so great that
skiers who use equipment built for the current season are, in relation
to the many more skiers whose equipment is even just a few years old,
the skiers of the future. Finally, we consider how recreational skiers
may ski so as to avoid injury. We discuss in some detail the physics
associated with the several forces that apply to the knee joint in a com-
mon fall.

Conclusion

In its simplest form, the physics of skiing refers to little more than un-
derstanding skiing as the motion of an object sliding down an inclined
plane. With that in mind, we invite readers to begin discovering how
fascinating the physics of skiing can be. Readers seeking more techni-
cal discussions will find what they seek in the technotes. We hope that
our readers whose technical interests do not go far beyond the motion
of that object sliding downhill will find the main chapters of the book—
even though they deal with complex, complicated physical properties—
relatively accessible and useful for explaining the physical bases of ski
equipment and techniques.

In the end, for all of the technical analyses that we offer here, we
are well aware that some of the more successful skiing techniques re-
main, in many ways, somewhat mysterious. But that, after all, is really
as it should be when we return to mull over the concept of the triple
point, which, while it is a tangible and certain physical property, also
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has a certain mystical quality that allows for a temperature and pres-
sure at which water is at once a solid, a liquid, a gas. Come join us in
skiing at the triple point.
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CHAPTER 2

Snow: The Playing Field

Like other outdoor sports, skiing requires a playing field. That playing
field may be provided by nature in the form of a covering of snow. Out
of the desire for an adequate playing field, we have contrived to make
artificial snow to replace or augment the natural stuff when it refuses to
appear in sufficient quantity or, tragically, refuses to appear at all. Most
of the alpine skiers of the world practice their sport on carefully prepared
slopes on which natural as well as manufactured snow is first packed
and then later scored or groomed. Daily maintenance of the slopes’ sur-
faces ensures the uniformly good skiing conditions alpine skiers expect
for the price of their lift tickets. Organized nordic ski facilities likewise
provide skiers with groomed tracks and courses. When adventure skiers
take to the hills or mountains, they likely will seek out particular snow
conditions—usually powder, the deeper the better—but they must ski
through whatever snow conditions they may find along the way.

Uncertainty about the condition of the playing field is often part of
the challenge and fascination of adventure skiing. But in all types of
skiing, snow conditions have long provided endless opportunities for
much of the small talk among skiers, who may complain, “Ugh, that
run was icy!” one day, and then exult, “I exploded through the
powder—it was up to here!” the next. To appreciate the complexity of
how our skis may skid over icy slopes one day and then glide effort-
lessly through powdery snow the next, we must look at the physical
properties of snow, at how this marvelous substance behaves in its
many forms. We must analyze how snow forms in the atmosphere, how
it falls to the ground, and how it changes almost immediately upon
coming to rest and then continues to change (and is changed deliber-
ately and purposefully when we groom the ski slopes) over time as it
lies on the ground as snowpack.

There is no need to carry a long, complicated mathematical expres-
sion in our heads as we ski, as the skier does in Fig. 2.1. But skiers
who know something about the physical nature of snow—the playing
field on which they engage their sport—will understand more about

11
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FiGUure 2.1. This skier heads down the hill, his skis lubricated by a film of
water that forms under his skis. In his thoughts he mulls over a mathematical
formula that we will discuss later in Chapter 8 on snow friction processes.
(Colbeck, 1992. Drawn by Marilyn Aber, CRREL.)

the feel of skiing: why their skis turn in one manner in the early morn-
ing but with an entirely different feel on the same slope, later that day
in the afternoon, and why they prefer to ski on snow that the ski re-
port calls packed powder rather than on snow referred to as hard
packed. And when adventure skiers head into the backcountry, they
will have some better means of judging for themselves the physical na-
ture of the snow cover they ski. They can better choose the preferred
waxes for their skis, and they can better make the more critical as-
sessment of the extent of the avalanche hazard that may be present on
the naturally snow-covered slopes they ski.

The Formation of Snow in the Atmosphere

The sequence of events for the creation of snow in nature involves suc-
cessive condensations of water vapor in the atmosphere. The process
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begins with the evaporation of water, most commonly from the ocean;
or, as is the case in the United States near the Great Lakes, the source
of evaporation may be any large body of water or wet land. Once in
the atmosphere, cooled water vapor condenses onto ambient particu-
late matter and returns to its liquid state as water droplets—a process
known as nucleation—to form clouds. In the temperate to arctic cli-
matic zones, cloud temperatures are usually well below freezing year
around, yet the liquid fog droplets that make up the clouds do not
freeze. How then does atmospheric snow form?

Neither the fog droplets that form clouds nor the ice crystals that be-
come snow would form in the atmosphere without the presence of for-
eign nucleation sites upon which the gaseous molecules of water va-
por condense. The world’s major source of evaporation of water into
the atmosphere, the ocean, also provides the atmosphere with sea-salt
particulates that serve as the nucleation sites for most fog droplets.
Over land masses, dust or mineral particles may serve that purpose.
Once an ice crystal is nucleated and a protosnowflake is created, it
will always grow at the expense of the fog, or water vapor, in the sur-
rounding cloud. Water vapor in the clouds is supersaturated relative
to an ice crystal, but it is not supersaturated relative to supercooled
water droplets. The degree of supersaturation is the ratio of the atmo-
spheric water vapor pressure relative to the water vapor pressure over
a surface at the given temperature. Water vapor condenses out of the
air and onto the ice crystals—subliming directly from its vapor state
to the solid state—rather than increasing the size and number of water
droplets in the cloud. And the snowflakes thus grow as they fall. Some
high cirrus clouds are composed entirely of minute ice crystals. Evi-
dence of their crystalline nature may be observed when we see “sun
dogs” or “halos” around the sun or moon, which are the reflections
of light through the ice crystals in the otherwise nearly invisible,
extremely-high-altitude, cirrus clouds. These ice crystals do not fall to
the ground as snow because they are too small. The air in the high-
altitude atmospheric masses in which they form, while it is very cold,
is simply too dry for the minute ice crystals to grow into snowflakes
that are large enough to fall to the ground.

Precipitation of Snow

The types of snow that grow large enough to fall from the sky as pre-
cipitation have been thoroughly catalogued in a variety of ways. In
Fig. 2.2, we see an abbreviated classification of the basic forms of atmo-
spheric snow. The topmost panel shows the hexagonal crystal axes of
ice; the ¢ axis is the hexagonal symmetry axis, while the a axes point



14 / 2. Snow

Crystal Axes a =

Star

Plate

Column

Capped Column

Scroll (Cup)

FIGURE 2.2. Principal types of atmospheric snow crystals shown in relation to
the crystal axes of ice (Perla and Martinelli, 1979).

to the corners of the six-sided prism. Notice that snow in the atmo-
sphere may exhibit relatively plain conformations, such as the plate or
column shapes shown in the figure. The “star”-shaped, or dendrite, ice
crystal, which most of us probably visualize when we think of a
snowflake, is only one of the many possible variations on the hexago-
nal conformation common to all ice crystals.

In Fig. 2.3 we see the snow types that are probably most familiar to
skiers presented in a graph that displays their growth as a function of
temperature and supersaturation relative to ice. The conformation of
falling snow depends on the temperature and supersaturation at which
the snow originates. Thus it is quite easy to determine the passage of
a cold front by observing (among other things) changes in the nature
of the snow falling to the ground: if platelets or solid prisms of snow
change to dendrite flakes, the temperature in the precipitating atmo-
sphere has surely dropped more than 10 degrees. Some 80 types of



The Formation of Snow in the Atmosphere / 15

60 T |

T

DENDRITES

40

DENDRITES

NEEDLES
SECTOR PLATES

HOLLOW PRISMS
SECTOR PLATES

20

SUPERSATURATION
RELATIVE TO ICE

PLATES

T

L G e I

2 e — ERY ‘ATESI
olamarr TP
0 -10 -20 -30 -40
TEMPERATURE, C

FIGURE 2.3. Atmospheric snow crystal types given as functions of the temper-
ature and supersaturation relative to a flat ice surface at the moment of their
formation. (From J. B. Mason, 1971, The Physics of Clouds, 2nd ed., Oxford,
UK: Clarendon Press. By permission of Oxford University Press.)

snow have been catalogued within ten general classifications. As we
shall see in the discussions that follow, once snow falls to the ground
and accumulates in a pack, it loses its atmospheric conformation in a
short time—within a matter of minutes to hours. Heavily wind-driven
snow, for example, is composed of completely fragmented flakes that
bear little resemblance to their original atmospheric forms.

Atmospheric Airflow

The general atmospheric circulation in the Northern Hemisphere is
from East to West in the equatorial region, from West to East at mid-
latitudes, and again from East to West in the polar latitudes; the same
pattern is duplicated in the Southern Hemisphere. This accounts for
the general weather pattern over North America: a primarily westerly
flow that comes in off the Pacific Ocean and flows over the land mass.
In Europe the pattern is the same, with the weather coming in off the
North Atlantic Ocean. Thus the highest precipitation and snowfall de-
posits occur along the North Pacific coast in America and along the
coast of Norway and the northern Alps in Europe. Likewise, in the
Southern Hemisphere the major snow deposition occurs on the west
coasts in southern Chile and New Zealand.
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Air circulates around a low-pressure storm cell in a spiraling, coun-
terclockwise, inward motion; air spirals clockwise and outward around
a high-pressure cell. At a warm front, the warm air rises as it pushes
the cold air before the front. At a cold front, the cold air is pushed
downward much faster as it slides under the warm air before the front,
which accounts for the winds and storms that typically accompany
cold fronts. These airflows are then modified by the orographic effect
of the mountain ranges they encounter.

The flow of storms from off the ocean ensures that the windward
sides of continental, West Coast mountains have generally large
amounts of precipitation, both as rain and snow. Rain falls at the lower
elevations, but as the air masses rise to flow over the coastal moun-
tains, the air masses cool and the precipitation changes to snow. If a
gas, or air mass, is compressed adiabatically, that is, isolated so no heat
can flow in or out, its temperature rises because of the work done in
the compression. In a similar fashion, when the air mass expands, it
cools. However, if the air mass is saturated with water because it con-
tains fog droplets, on cooling with condensation, the heat of the con-
densation warms the air. As a result, the lapse rate, or temperature rate
change, with altitude for unsaturated air is about 3°C per 1000 ft; for
saturated air, the rate becomes about 2°C per 1000 ft. Thus on the lee-
ward, warming, or downslope side of a mountain, the air mass will
likely not be saturated, so the warming effect is greater than the cool-
ing effect that the same air mass experienced on the upslope side of
the mountain.

These features of atmospheric snowfall help determine the locations
worldwide of most major ski resorts. They are usually situated in moun-
tains where there is a good flow of maritime, vapor-laden air, and they
are usually on the windward sides of the mountains, where the moist,
incoming air is rising and cooling, and the depth of deposited snow is
greatest. In these maritime climatic zones, the snow has a very differ-
ent character from the snow that falls farther inland on the higher,
colder mountain ranges situated in continental climates. Mountains
that receive maritime airflows have heavy snow deposition rates at
temperatures close to freezing with high humidity or water vapor in
the air. These conditions result in a heavy, dense snowpack that may
even have liquid water content, which helps the snow compact and
bond. Such snow may easily be formed into a snowball. Mountains in
the continental interior receive snow that forms at cooler temperatures
in air masses with lower humidity. The result is a lighter, colder snow
deposition that features less water content; therefore, the snowpack has
little settlement and less internal bonding of the ice grains.

Knowing something about how snow forms as a consequence of par-
ticular continental, as well as local, weather patterns should help skiers
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appreciate how and why there are such variations in the quality of the
snow—and thus in the quality of the skiing—available in different re-
gions and even at different ski areas within a region. Skiers might bet-
ter appreciate the atmospheric origins of some of the nicknames that
have been applied to local types of snow, such as “Sierra Cement,”
“California Concrete,” or “Champagne Powder.”

Making Artificial Snow

No matter where a ski area may be sited, sometimes nature simply
does not cooperate by providing adequate natural snow at the proper
time and location. Today, major ski areas worldwide make artificial
snow as needed for specific runs. As we have seen, natural snow grows
in the atmosphere from water vapor condensing as ice, first on nu-
cleation particles, and then in progressively larger amounts on the nu-
cleated ice crystals themselves, until the flakes are massive enough to
fall as snow. Artificial snow mimics some parts of this process by us-
ing high-pressure air guns to inject liquid water 20-30 ft into the air
over a ski slope, creating an artificial fog of minute water droplets.
This fog of liquid water droplets is encouraged to freeze by mixing a
nucleating agent—most often a harmless bacterial protein—with the
water. The bacterial protein offers an especially effective nucleation
site that helps initiate from inside the water droplets the conversion
of the supercooled fog directly into ice crystals at the relatively warm
temperature of about —2°C (28°F). As soon as it is cold enough, to-
day’s ski area operators can make a playing field of snow without a
single cloud in sight. An added benefit is that artificial snow makes
a superior base layer for heavily used ski runs because it is much
denser than natural snow. Artificial snowflakes have the conforma-
tion of rounded ice grains, and they pack into a strong mass, much
like a hard snowball.

The physical and engineering requirements for making artificial
snow have been known for some time [1]. The cold water that emerges
from the high-pressure nozzle of a “snow gun” appears as a cloud of
minute droplets having diameters regulated by the gun, usually in
the range of 100-700 microns (um). These droplets are shot some
20-30 ft into the air. One hundred microns is about 0.004 of an inch,
so the fog is composed of a very fine mist. Just as it does naturally in
the atmosphere when a wet air mass slams into the windward side of
a mountain range, the air and water mixture cools by adiabatic ex-
pansion when it exits the nozzle; however, the crucial cooling needed
to freeze the water droplets into artificial snow must come from the
surrounding atmospheric air.
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All natural water has foreign particles in it that may serve as nucle-
ating agents, but when water containing only natural nucleating agents
is used to make artificial snow, its freezing temperature can be rela-
tively low, averaging about —8°C or 18°F. In Fig. 2.4, taken from the
marketing literature of a commercial supplier of a bacterial nucleation
product, we see data that report the varying freezing points of water
samples taken from several ski areas compared to the freezing points
for the same water samples when they are mixed with a bacterial pro-
tein. Adding the bacterial nucleating agent to the snowmaking mix
raises the freezing temperature of the water samples to 26.8°F or
—2.9°C, which makes it easier to make artificial snow.

When water droplets of would-be artificial snow are shot into the
air, they must freeze before they fall to the ground or evaporate; this
freezing can only be accomplished by the temperature of the sur-
rounding air. If the water droplets fall to the ground still in their lig-
uid state, they freeze immediately upon contact with the ice grains
present on the ground to form a solid slab of ice—not the ideal play-
ing surface for skiing. The time it takes the seeded droplets to cool and
freeze must be less than their hang time in the air. Droplets in the range
of 100-700 um when shot from a snow gun will hang in the air for

30
28

VA" Ml NVW

WITH SNOMAX
Avg. Freezing Temp. = 26.8 °F.

26
24
22

.!]I{I[g

TEMP. [°F.]

20
18}
16}
14r WITHOUT SNOMAX
12 Avg. Freezing Temp. = 18.2 °F.
1oL l 1 !

0 20 40 60 80

OBSERVATION SAMPLE

FIGURE 2.4. The freezing temperature of more than 60 water samples taken
from natural sources. The line above shows that adding ice-nucleating protein
to the water greatly regularizes the freezing temperature and yields the rela-
tively high average freezing temperature of 26.9°F. Natural water samples have
0-115 nucleation sites per milliliter; the nucleating protein raises that num-
ber to about 250,000 nucleation sites per milliliter. (Reprinted with permis-
sion from marketing literature of Snowmax Technologies, Rochester, NY.)
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about 15 seconds, so the presence of the bacterial nucleating agent
helps ensure that the droplets will freeze in the air, even at tempera-
tures no more than a few degrees below freezing.

Note how artificial snowmaking differs from the formation of atmo-
spheric snow. In the clouds, the hang time of the nucleated, proto-
snowflakes is large. The grains of atmospheric snow grow by vapor
accretion, depending on the relative humidity or the degree of super-
saturation of the water vapor in the air relative to the snow grain. The
fog droplets that form artificial snow must freeze quickly, and their
conformation is not augmented by the humidity of the air around them.
This makes artificial snow especially appropriate for the drier, colder
atmospheric conditions typically found at ski areas sited in the moun-
tains of the continental interior.

It has been observed for some time in nature that biological struc-
tures may provide a lattice-matching template for the formation of ice
crystal lattices. Lichens may provide such material, but the most fre-
quently observed material comes from several bacterial organisms [2].
The bacterium strain Pseudomonas syringae, originally isolated from
a corn plant, is widely distributed in the environment and makes a
good ice nucleating agent. These bacteria are cultivated and then freeze-
dried so that the remaining protein mass contains no live cells. The
protein present in the cell wall membranes of these organisms is the
active nucleating agent, and it varies in composition. Figure 2.5 shows

Nucleating protein
platelets

Outer
membrane

FIGURE 2.5. The structure of a bacterial membrane with a cluster of hexago-
nally arrayed protein platelets on the surface. The cluster of platelets serves
as the nucleation site for the initiation of ice crystal growth. (Modified from
Warren and Wolber, 1991. Copyright Blackwell Science Ltd., Oxford, UK.)
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how the bacterial protein is sited on the cell membrane. The protein
is composed of amino acid chains of eight units that couple to form
16-member chains, of which three chains are coupled to a 48-unit struc-
ture. These 48-unit structures are each composed of 6 of the 8-unit
building blocks of protein, which coil to form a hexagonal array that
repeats with increasing fidelity toward one end. The high fidelity of
the P. syringae protein chains, coupled with their helical protein struc-
ture, makes them good templates for the formation of ice crystals.

The exact mechanism operating at these template sites that facili-
tates the alignment of water molecules to form ice crystals is not well
known. The bond length between the carbon or nitrogen atoms in the
bacterial protein is comparable to the bond length between the oxygen
atoms in ice (H,0), making these protein structures essentially rather
large analogs of ice crystal lattices. Molecular bonds that hold the water
molecules in an appropriate geometric array must be present so that
further accretion of water vapor may occur, permitting the embryonic
ice crystal nucleates to grow quickly into full ice crystallites to which
other water molecules accrete directly.

Various studies of artificial snowmaking demonstrate that the liquid
water content in artificial snow is small, and that the density of arti-
ficial snow produced with the use of bacterial nucleates ranges from
400 to 440 kg m~3. The density of newly fallen natural snow is sel-
dom above 100 kg m~3, one-fourth the density of artificial snow. As
we shall see, it takes varying amounts of time, depending on the con-
ditions present, for natural snowflakes to change into the rounded ice
grains that will make the dense snowpack needed for a strong skiing
base. Artificial snow has both high density and uniformly rounded
grains from the start. In a very short time it can be spread and groomed
over an alpine ski run to make a base for skiing that exhibits a strength
much superior to natural snow.

The Snow Cover on the Ground

The falling snow is distributed on the ground by the wind and by the
nature of the local topography and vegetation cover. As we have seen,
snow deposits over a mountain range will be, in general, larger on the
windward side of the mountains and significantly smaller on the lee-
ward side, diminishing with distance until the snow-bearing clouds
encounter another range and the windward-leeward process begins
again. Just the opposite may occur over certain ridges and valleys. The
higher velocity winds on the windward side of a ridge may suspend
the falling snow in the air and scour the ground-cover snow, whirling
it into the air if the snow cover is not sheltered by vegetation. When
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the wind velocity diminishes on the leeward side of the ridge, the aug-
mented volume of suspended snow settles out in a massive cushion.
If one knows the general weather pattern for an area, the topography,
and the vegetation, it is quite easy to identify major snow accumula-
tion areas. Backcountry skiers should realize, for reasons to be dis-
cussed below, that these areas of high snow accumulation are also areas
with a high avalanche hazard. Unfortunately, they are also the prime
powder skiing slopes, greatly preferred over the windward slopes
whose surface-eroded snow will be hard packed.

Although the snow falling from the sky always occurs as six-sided
plates, prisms, needles, columns, or dendritic, six-armed lattices, these
forms never remain for very long once the snow is on the ground. Be-
cause the solid ice in the snowflake is relatively close to the melting
point, or, more precisely, the triple point, the convex points and edges
of the snowflakes tend to evaporate. Thus the crystals of newly fallen
snow lose their sharp corners and edges and become rounded grains
of roughly uniform size, bearing almost no resemblance to the crystal
conformations of atmospheric snow that were illustrated above in
Fig. 2.2. This process—known as equitemperature metamorphism—
may be seen in Fig. 2.6, which shows a sequence of microphotographs
of newly fallen snow. The sharp points, edges, and corners of the young
snow on the left disappear rapidly. The concavities of the dendritic
crystals fill in; the needlelike forms become much more rounded.

FIGURE 2.6. Equitemperature (ET) metamorphism of newly fallen snow. The
faceted, dendritic arms of the new snow grains in the left frame have disap-
peared in the right frame, metamorphosing into rounded, sintered grains.
(Reprinted with permission from Colbeck et al., 1990. Photographs courtesy
of E. Akitaya.)
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As the snow changes its form and settles, its bonding strength may
be reduced initially because the rounded grains of snow will roll or
slide over one another. On a steep slope, this process creates an un-
stable snowpack, the key to avalanche hazard. Until newly fallen snow
is compacted, either under its own weight or as a result of continued
metamorphism, it can be unstable. When the mass of snow is com-
pacted, the grains contact one another and ice bridges grow. The grains
of snow become sintered, or welded, together. This is the process that
occurs when we make a snowball with moderately dry snow or pack
soft snow under our skis or boots. Thus in the early season before the
steeper ski runs at an area have adequate snow cover, maintenance
crews go up the hills and pack the snow of the steepest slopes, either
by ski or by boot. The packing of the shallow snow on the steep slopes
improves the strength of the snow pack; it also helps new snow bond
to the existing snow pack.

In nature, the snow cover consists of many different layers, repre-
senting separate snowfalls and the varying effects of the weather be-
tween storms. Newly fallen snow has a density of 50-100 kg m~3, com-
pared to the density of solid ice, which is 920 kg m~3. The density of
older, naturally packed snow ranges from that of new snow to a value
equal to about 3/10 the density of ice, or about 300 kg m~3. Natural
snow that has been ground and packed at a ski area and artificial snow
have densities ranging up to about 500 kg m~3, at most.

Whether in nature or at the ski area, the snowpack is mostly air, very
porous, and saturated with water vapor. The air pores in a snowpack
do not begin to close significantly or become isolated until the snow
has been so compacted over such a long period of time that it becomes
glacial ice. All glacial ice was once newly fallen snow, and it retains
air locked within it, either in tiny, isolated bubbles or entirely dis-
solved in the ice itself. The density of glacial ice is around 800 kg m 3.

Basically, snow cover on the ground exhibits one or more of three
structures: ice grains of comparable size, depending on their age, ac-
creted together in clusters, the result of rounded-grain metamorphism;
larger, separated ice grains that are loosely bound, the result of faceted-
grain metamorphism; and, finally, clusters of ice grains into which
meltwater has percolated and refrozen, the result of melt-freeze meta-
morphism. Scientific observations of these three types of snow covers
are well established [3].

Rounded-Grain Metamorphism

Rounded-grain metamorphism may occur at a wide range of tempera-
ture gradients; however, it has also been called equitemperature or ET
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metamorphism because it also occurs when the overall temperature
change in a snow pack is small. Rounded-grain metamorphism changes
the snow crystal structures in two significant ways: the snow grains
become significantly rounded, and bonding occurs at the contact points
between the grains, so the snow mass becomes progressively stronger
over time. Whether the snow grains are packed by the weight of the
overburden of snow or by some artificial means, the snow formed by
this process (sometimes called ET snow) has the structure shown in
the right-hand frame of Fig. 2.7.

With compaction, the touching ice grains form composite structures
with concave pockets and convex points that, taken together, describe
an interface between the solid ice and the gaseous water vapor occu-
pying the pockets between the ice grains. The curvatures of these ice—
vapor interfaces dictate the vapor pressure differences indicated in Fig.
2.7 by the + and — symbols. That is, at the convexities—the isolated
points of the snow grains that do not touch each other—the vapor pres-

FIGURE 2.7. A distribution of ice grains in an equitemperature snowpack with
the overburden pressing the grains into contact. The + symbols indicate where
the vapor pressure is high because of positive curvature, and the — symbols
show the regions that have low vapor pressure because of the negative curva-
ture. The migration of water vapor and the transport of liquid-like water by
capillary action are illustrated in the frame on the left; in the adjacent frame,
necks of ice grow at the concavities, bonding the grains together, which makes
the snowpack stronger (Perla and Martinelli, 1979).
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sure is above the average; at the concavities—the pockets formed by
contact between the grains—the vapor pressure is below the average.
Even though on the average and taken at the macro level, the temper-
ature throughout the snowpack is fairly uniform; on the micro level at
which the individual snow grains pack together, the convexities must
become cooler because of the heat needed for vaporization. And at the
concavities where the vapor freezes, the heat of condensation is re-
leased to warm the ice.

Ice is a relatively good conductor, so heat flows in the solid ice from
the relatively warm concavities to the relatively cool convex regions
to maintain the process. When the water mass is carried as vapor, heat
is also transported; that heat must, by conduction, flow back to the
source to maintain the process. Thus water mass is carried from the
higher-pressure, convex points to the lower-pressure, concave regions
continuously by vapor diffusion, which depends on the vapor pres-
sure difference, the Kelvin (or absolute) temperature, and the distance.
The vapor-pressure differences as well as the diffusion rates depend
on the temperature, so the process slows when the temperature drops.
Likewise, as the average distance between convexities and concavities
decreases with compaction of the snow, the diffusion rate increases.
At —40°C the process almost ceases; near 0°C, it is quite fast. Fresh
snow near 0°C will harden noticeably in a matter of seconds when it
is compacted under a ski or boot.

In addition to the migration of water mass as vapor moving between
the ice grains within a snowpack, it has recently been suggested that
another process contributes significantly to rounded-grain metamor-
phism and the formation of ET snow. A layer of liquid-like, amor-
phously structured water is present over the surface of the ice grains
in a snowpack, even at temperatures well below the freezing point.
This film of liquid-like water arises because there are not enough mo-
lecular bonds available among the water molecules configured in the
liquid-like state to match up and attach to the bonds available among
the water molecules configured in the lower density, solid state struc-
ture of the ice grains [4]. The liquid-like film of water that results flows
by capillary action from the convexities to the concavities among the
ice grains, contributing to the formation of the ice necks that bond
the grains together.

The tendency for liquid-like water and water vapor to migrate to
the contact regions between snow grains to form ice necks is called
sintering—the snow grains are welded together naturally by the pro-
cess of equitemperature metamorphism. We observe the same process
in our freezers when the older ice cubes in the storage bin seem to melt
and bond together, even though the temperature in the freezer com-
partment stays relatively constant. So too, in nature, larger snow grains
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tend to grow over time at the expense of smaller ones, creating a harder,
more cohesive snow pack as the snow is compacted, either by the pres-
sure of the overburden or by the operation of mechanical compaction
equipment. When ski areas groom their slopes by grinding and rolling
the surface of the snow, they create the conditions needed for the snow
to harden into a dense, well-bonded mass that will not become gouged
or rutted by the many skiers who use it. In the morning after the groom-
ing crews have raked and rolled the slopes, the snow surface is rela-
tively hard, and our skis may chatter as we edge them for a turn; only
after the snow becomes abraded by hours of ski traffic does the sur-
face become covered with a layer of relatively loose snow that our skis
can carve more smoothly.

Faceted-Grain Metamorphism

The second major type of metamorphism in the ground-cover snow is
driven by a temperature gradient in the snowpack itself, which leads
to the creation of snow crystals that exhibit faceted grains. Such snow
is called TG (for temperature gradient) snow. The temperature gradi-
ent usually exists near the ground, which acts as a heat source (see
Fig. 2.8).
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FIGURE 2.8. Temperature profile of a snowpack. Temperature gradients exist
at the top and at the bottom, near the surface of the snowpack and at the ground
surface. In the middle, the snowpack is at an equitemperature state (Perla and
Martinelli, 1979).
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The snowpack is bounded on the top by the atmosphere and on the
bottom by the ground. At the snow surface, heat from the sun and
atmosphere is both absorbed and scattered; heat is also conducted from
the ground to the top of the snowpack and radiated out of the snow.
In the middle of the snowpack, the temperature gradient is small. Note
how, in Fig. 2.8, the temperature in the mid-region is almost, but not
quite, constant, making this the ET, or equitemperature, region of the
snowpack. At the bottom of the pack, the ground heat, except in arc-
tic regions, raises the temperature to 0°C when the snow provides the
necessary insulation from the cold atmosphere. As a general rule, 6 in.
of snow cover provides sufficient insulation for such warming.

Because of the more moderate climate and the greater compaction
of the water-laden snowfall, mountains in maritime climates have
snowpacks with relatively small temperature gradients, and TG snow
is not often seen. Temperature-gradient snow is most prevalent in areas
of continental climate, where the air temperatures are low and the snow
deposits are not too thick. Under these conditions, the temperature gra-
dient exceeds a limiting value and the snow is not subject to overbur-
den compaction or to meltwater destabilization.

Sinter-bonded snow at the bottom of the snowpack is warmer than
the snow above, so the vapor pressure is larger there. Water vapor is
driven across the voids from the bottom to the top of the pack by the
temperature gradient and by the concentration gradient in the process
illustrated in Fig. 2.9. Rising water vapor condenses on the snow grains
above, transforming them into the faceted grains associated with TG
snow. These snow grains have prismatic angles and surfaces and ex-
hibit the characteristic, sixfold symmetry of ice.

Faceted-grain metamorphism occurs at higher temperatures and at
higher temperature gradients, so it is a relatively rapid process. It will
go on for months if the snow mass is undisturbed by compacting forces.
Because the source of heat, the ground, and the heat sink, the atmo-
sphere, are constantly maintained, heat does not need to be conducted
back into the snowpack to keep the process going. The microphotographs
in Fig. 2.10 show faceted grains of TG snow growing in this manner.

The characteristics of faceted-grain, TG snow are quite different from
the characteristics of rounded-grain, ET snow. While the density of the
snow does not change, the individual snow grains grow in size and
the bonds between the grains per unit volume decrease. Thus the co-
hesive strength of the snowpack decreases markedly. The snowpack
may become so unstable that it cannot support the weight of the over-
burden snow or the weight of even a single skier. Once a snowpack
collapses, the TG snow has no cohesion, and it runs like a fluid. TG
snow behaves much like very dry sugar; it is likely the ball bearings
upon which most slab avalanches run.
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FIGURE 2.9. The transport by convection of water vapor from the warm, sin-
tered grains below to the colder grains above. Condensation forms the pris-
matic laminar facets (Perla and Martinelli, 1979).

Perhaps the essential element in evaluating the avalanche hazard of
a given snowpack is to observe the layers of temperature-gradient snow
in relation to the layers of equitemperature snow. In general, ET snow
is found in the upper layers of the snowpack and TG snow in the lower
layers. As we have seen, however, the surface of the snowpack has a

(b)

FIGURE 2.10. Temperature-gradient (TG) snow in successive stages of growth.
Notice the change in scale from (a) to (b). (Reprinted with permission from
Colbeck et al., 1990. Photographs courtesy of K. Izumi.)
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large temperature gradient, so thin layers of TG snow may form at the
surface, only to be covered by new snowfall. With successive iterations
of this process over relatively short periods of time—the formation of
TG snow at the surface followed by new snowfalls—weak layers of TG
snow may be found throughout a snowpack. ET snow makes for a strong
snowpack, and TG snow makes for a weak snowpack. The two types
of snow are very different in grain size and strength; yet, by the nature
of their formation, they are found together, one on top of the other, in
the deep snowpacks of continental mountains.

In general, a strong, thick layer of ET snow provides a safe, reliably
bonded playing field for adventure skiing in the backcountry. Prob-
lems are caused by the layers of TG snow, and predicting how these
layers of TG snow will behave remains fraught with uncertainty. TG
snow may form in thin layers near the top of a snowpack when new,
low-density snow falls on an old snow deposit and the air tempera-
ture drops, or when the slope is especially cold, facing away from the
sun to the North. In this instance, the old snow mass serves as the heat
source, and the layer of new, low-density snow is thin, so the tem-
perature gradient is high. Under these conditions, TG snow forms
rapidly and then becomes overlaid with new snow deposits. The thin
layer of TG snow will always be weak, and it easily serves as a glide
plane for the snow deposits above. Thus a two-stage avalanche may
occur: the top layers run first with the lower layers giving way later.

In backcountry skiing, it is essentially impossible to negotiate a slope
that has a deep layer of TG snow. If the overburden of ET snow breaks
and the skier sinks through into the TG snow, the skis will plow un-
der the snow and will not rise back to the surface. The TG snow does
not compact, so turning maneuvers cannot be executed because the ski
cannot compact the snow. Finally, the resistance to forward motion
from the weight of the overburden snow can be so great as to prevent
any motion, except on the steepest of slopes. Such was the case in the
winter of 1991-92 in Colorado. In November and December large snow-
falls were followed by six weeks of cold, dry weather, followed by
about two weeks of modest snowfall. A snow pit dug at 11,100 ft ele-
vation on the flat had 3 ft of faceted-grain, TG snow with an overbur-
den of 1% ft of low-density, rounded-grain, ET snow. Skiers making a
track in this snow fell through the relatively thin layer of ET snow and
sank about 2 ft before compacting the snow into a track with enough
stability to ski. Trying to ski anything but a packed track was nearly
impossible; for the skier at the front of the ski tour party, the skiing on
this snowpack was more like snowshoeing. High avalanche hazard ex-
isted, and the hazard increased as the winter wore on and more snow
was deposited.
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Melt-Freeze Metamorphism

Liquid or free water in the snowpack causes rapid changes in the snow-
pack’s structure and strength. The free water may come from rain falling
on the surface of the pack, or it may be meltwater generated by the ra-
diated heat of the sun shining on the snow’s surface. Rainwater will
not melt much snow; unless the rain comes from an extraordinarily
warm weather system, the available heat is usually just too low. If the
snowpack itself is fairly cold, rain falling on it will warm the snow
somewhat as the rain’s relative warmth diffuses into the snowpack and
the free rainwater either freezes on the surface of the pack or perco-
lates into it and freezes under the surface. Solar radiation is the chief
source of heat for the generation of free water in a snowpack, particu-
larly in continental snow masses. Snow is an extremely good scatterer
of sunlight when it is clean, so little radiation is absorbed. Liquid water
absorbs radiation at a rate comparable to snow. When free water is pres-
ent in a snowpack, the ice grains tend to be larger, and thus the scat-
tering of sunlight at the grain boundaries is reduced, and the sunlight
penetrates the snowpack more readily. The resulting rise in tempera-
ture within the snowpack hastens the melting process.

The movement of free water into the snowpack is enhanced by the
shapes of the ice grains themselves. Just as curvature affects the va-
por pressure at the solid—vapor interface, so it also affects the freez-
ing point of the liquid-solid interface. When the pore space in the
snow is filled with liquid so that only liquid—solid interfaces exist
and the pressure is constant, the melting temperature of a snow grain
depends on its radius: because there is a surface tension between the
solid and liquid states, the smaller the snow grain, the lower its melt-
ing temperature. Small grains have lower temperatures than the larger
grains, so heat flows to them, generating meltwater, which freezes onto
the larger grains; the heat of fusion that results from the phase change
from liquid water to ice is conducted away. The ice bonds that con-
nect the individual snow grains in the pack have a curvature oppo-
site to that of the grains. They also have a higher melting temperature,
but they do melt.

The process of melt—freeze metamorphism is far faster than either
rounded-grain or faceted-grain metamorphism because mass does not
have to be transported; there is plenty of free water that flows where
it will. The liquid also enhances the heat transport necessary to sus-
tain the process. The larger ice grains literally gobble up the smaller
grains. The process of melt—freeze metamorphism takes a matter of
hours, not days. Water spreads out in the crust layers of the snow and
may run laterally rather than percolate down into the pack. In the two
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photographs in Fig. 2.11, we observe how bonded grains of melt—freeze
metamorphism in a pack (a) become rounded, free of ice bonds, and
lubricated by meltwater. Everything is ready to move. There is little or
no strength in such a snowpack, so the mass may avalanche. If, when
night falls, the temperature goes down enough so that the free water
refreezes, the snow mass becomes extremely strong and hard, exhibit-
ing the characteristics more of ice than of snow. New snow deposited
on such a frozen surface does not bond at all, so locating ice crusts
helps the ski patrol or snow avalanche expert find the slide planes
needed for the controlled release of avalanches.

Melt—freeze metamorphism is also used to condition snow for spe-
cific skiing needs. Late in the day, a ski race track may be sprinkled
with salt or one of several other chemical compounds that release heat
as well as depress the freezing point when they go into solution with
water. A liquid-water solution forms, which enhances the melt—freeze
metamorphism, and then the subsequent nighttime freezing makes the
snow surface very hard and compacted for the race.

Recognizing the different structures that snow grains may exhibit and
understanding their relative strengths are especially important for
avalanche forecasting. The adventure skier who skis the backcountry
must be familiar with avalanche hazards and be able to read the signs
that nature provides. With a small hand magnifier, an adventure skier
can gain a good feel for the snow structure and its stability by digging
a pit into the snow for several feet and then observing the types of snow
layered in the pack. Even on a groomed ski slope, it can be an inter-
esting exercise to look at some new snowflakes that stay frozen long
enough to be observed on a woolen glove or scarf and then compare the
snow deposited in the pack at the different depths exposed on the edge
of a run. Look too at the mirrorlike surface of a ski track created by the
passage of a ski. Skiers should be able to recognize the variety of snow
grains created by the metamorphic processes discussed above [5].

(a)

FIGURE 2.11. Ice grains subject to meltwater metamorphism and refreezing.
(Reprinted with permission from Colbeck et al., 1990. Photographs courtesy
of S. Colbeck.)
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The Water Molecule

All of the processes described above have their origins in the proper-
ties that derive from the atomic structure of the water molecule and
from the molecular structure of the liquid, solid, and vapor states
of this fascinating substance. The atomic composition of the water
molecule is H,0. The hydrogen atom, H, has one electron orbiting its
positively charged nucleus, or proton. The oxygen atom, O, has eight
orbiting electrons because its nucleus contains eight protons along with
eight neutrons, giving it eight positive charges that must be balanced
by the negatively charged electrons. Two of the electrons compose an
inside shell and do not react with the electrons of other atoms to form
the chemical bonds required to create molecules. All of the remaining
six electrons in oxygen may participate in chemical bonding, and they
occupy two shells: one contains two electrons; the other contains four
electrons.

In the water molecule, eight electrons form chemical bonds: six from
the single oxygen atom and two from the two hydrogen atoms. Two
electrons from the oxygen atom pair with the electrons from the two
hydrogen atoms to form covalent bonds between the hydrogen atoms
and the oxygen atom. The two hydrogen atoms bond in such a man-
ner that the angle between the bonds has an arc of 105°; thus the hy-
drogen atoms are arrayed on one side of the oxygen atom, giving the
molecule its characteristic, asymmetrical structure. The remaining four
oxygen electrons couple in pairs that lie on opposite sides of the oxy-
gen nucleus, perpendicular to the plane of the molecule as shown in
Fig. 2.12, a qualitative representation of the atomic structure of a sin-
gle water molecule. The dimensions given are in nanometers (nm);
1 nm is a billionth of a meter.

All of the stable building blocks of nature—electrons, protons, and
neutrons—have angular momentum; that is, they spin like tops around
a central axis. Angular momentum is an intrinsic, quantized property,
like particle mass. Just as magnets will attract or repel each other de-
pending upon the relative orientation of their charged poles, atomic
particles have preferential orientations relative to each other when they
come together as pairs. In Fig. 2.12, the symbol 1| denotes the rela-
tive angular momentum of the pairs of bonded electrons in the water
molecule. Note that this illustration is a heuristic, qualitative repre-
sentation; that is, the electrons do not actually follow the circumscribed
orbital paths depicted in the illustration; they are in fact smeared out
in the space between the nuclei of the molecularly bonded atoms.

In the liquid state, if another H,O molecule were to happen by our
single, free molecule of water, a pair of oxygen electrons in the un-
bonded orbit of one of the molecules would be attracted to the posi-
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FIGURE 2.12. Atomic structure of the free water molecule: one atom of oxygen
(O) bonds with two atoms of hydrogen (H). The distance between the atoms
is given as ¢ and equals 0.096 nm. The bonding orbitals and the lone-pair or-
bitals form a roughly tetragonal system.

tive charge of one of the hydrogen nuclei in the other molecule, and
the two molecules would come together to form a pair, called a dimer
(pronounced die-mer) (see Fig. 2.13).

When these dimers meet, they form bonded strings and clusters of
water molecules called polymers, creating polymerized water. One
water molecule has a total of eight electrons, six from the oxygen atoms
and two from the hydrogen atoms, which may pair to make four co-
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FIGURE 2.13. Schematic representation of the configuration of a twisted dimer
of water molecules. The positive hydrogen atoms (H*) repel one another, so
the bottom molecule is twisted off to one side relative to the upper molecule.
Additional water molecules may attach to the free (H*) atom through their
lone-pair orbitals to form polymer strings of water molecules.
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valent bonds around each oxygen atom. In completely polymerized
water, every oxygen atom has four bonds with surrounding hydrogen
atoms, and through those bonds the atom bonds to four other oxygen
atoms. These electron-bond pairs electrostatically repel one another,
so the bonds form a tetrahedral structure. Molecules of such completely
polymerized water would be arrayed in tetrahedral iterations that
would form large polymer strings (see Fig. 2.14).

Water molecules form the playing field for skiing, and at the tem-
peratures and pressures at which we ski on them, we encounter water
molecules in all three of their phases or states: as a vapor, as a liquid,
and as a solid. Each of these states exhibit different structures and dif-
ferent properties. In the vapor phase, the water molecules are widely
separated, so much so that they exist as single molecules. Our interest
in the vapor state of water will focus mostly on how the molecules
move from the vapor state to either the liquid or solid states. Let us
examine the physical processes associated with water that take place
at the atomic and molecular scales, starting with the solid state.

The Solid State

If we arrange tetrahedra in a three-dimensional lattice, we quickly find
that if we place two tetrahedra together, point to point, and then place
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FIGURE 2.14. Chain of polymerized water.
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three such pairs in a ring, we create a structure of interlocking hexa-
gons that closes upon itself in a lattice with a minimum of distortion
of the bonds. Figure 2.15 shows a model of the interlocking, hexago-
nal structure of a microcrystallite of ice, designated I, for hexagonal
ice, the common form of ice found in nature.

The model illustrates part of a microscopic I ice crystal, showing
the faces of the crystal as well as its internal, lattice structure. Figure
2.15(a) looks down the hexagonal array, or along what is called the
symmetry or ¢ axis. The connecting rods represent the bond lines along
which a hydrogen atom and two pairs of covalent bonding electrons

FIGURE 2.15. Three views of a lattice model for a microcrystallite of ice I, show-
ing only the oxygen atoms. The connecting rods between the nuclei represent
the bond lines upon which a hydrogen atom and two pairs of covalent bond-
ing electrons, which are not shown, are located. Only half of the hexagonal
crystal is shown; the step is a characteristic of the prism faces. The view in the
upper left of the figure is along the ¢ or hexagonal symmetry axis. The view in
the upper right is parallel to a prism face, or along the a axis perpendicular to
the c axis. The view at the bottom of the figure is a front elevation seen per-
pendicular to a prism face. The distance across the faces of each unit hexagon
in the lattice is 0.452 nm or 10~° m. The basal planes are normal to the c axis.
A selection of surface bonding sites for water is shown by the short stub con-
nectors. (Model fabricated with Zometool structural system, Zometool, P.O. Box
7053, Boulder, CO 80304, e-mail: Zometool@aol.com.)
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are located. These atomic features are not shown in the model. Figure
2.15(b) shows the same model seen perpendicular to the hexagonal
symmetry axis and parallel to the prismatic faces of the structure. Fig-
ure 2.15(c) is an elevation view normal to a prism face. The dimen-
sions of the lattice are 0.452 nm units between the faces of the hexa-
gons, with 0.734-nm separation from one plane to the second plane
above, because the lattice repetition interval is two horizontal planes,
as seen in the figure. Recall from Fig. 2.13 that the size of a free water
molecule is only about 0.2 nm across, so free water molecules can read-
ily diffuse through the crystal structure of ice.

In Chapter 9 we will discuss the organic, carbon based molecules—
for the most part waxes—used as ski bases, so let us consider how cor-
responding bonds for carbon form. Carbon has a total of six electrons,
but two electrons in the inner shell are not chemically active, so each
atom has four active electrons, available to participate in bonding. Thus
carbon atoms can bond to other carbon atoms when each provides one
electron. With four bonds possible, carbon may form the same tetra-
hedral configuration that we observed around the oxygen atoms in ice.
Graphite is a form of bonded carbon atoms that exhibits the same hexag-
onal structure as ice. In both graphite and ice, a small rearrangement
of the bonds generates a cubic symmetry. Thus diamond is the cubic
version of carbon, and ice I, is a cubic version of ice, found only in
the high stratosphere. Cubic ice changes to ice Ip—the hexagonal
version—when it is warmed. Both graphite and ice shear readily along
the axis perpendicular to their hexagonal structures; graphite serves as
a good lubricant because of this property. It may also be true that the
sliding of skis on ice is facilitated by the same shear failure property;
certainly in glacier flow something like this may occur because large
ice crystals form with their hexagonal axes all aligned in one prefer-
ential direction.

The Liquid State

As we have seen from the discussions above, as water vapor cools, the
water molecules may condense on the liquid surfaces of existing water
droplets or onto foreign particles to form fog. When the random ther-
mal motion of these molecules of liquid water becomes subdued at still
lower temperatures, the water molecules will coalesce to form long
strings or chains of water molecules called polymers. The snaky, string-
shaped molecules of water do not fit together particularly well, but
they become more compatible as their individual motions subside with
cooling. Thus the density of liquid water increases as the packing of
the molecules improves; polymerization increases as the temperature
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falls, and longer strings of water molecules form. So far this process is
similar to the behavior of all liquids. At 10°C these polymer chains
may contain on average as many as ten water molecules.

Then something unusual happens. On cooling below 4°C, the large
polymer strings of liquid water molecules can no longer pack together,
and the density of the water actually decreases as the temperature falls
to the freezing point. Thus a lake cannot freeze over until all of the
water in the lake reaches at least 4°C; then the colder liquid, being less
dense, floats to the surface where it can cool further to the freezing
point. Colloquially, we say that the lake “turns over,” and that is more
or less what happens. At the freezing point the long polymers of water
molecules strung out in their liquid state must rearrange into the hexag-
onal lattice structure associated with ice. That reconfiguration involves
forming a structure that requires more space than is needed for the
same number of molecules in their liquid state. Thus the density of
water drops from 1000 kg m~3 at 4°C to 999.84 kg m~2 at 0°C. The ice
that forms at 0°C has a density of 916.7 kg m~3. Solid ice floats in
water, with about 8% of the volume of the ice rising above the water.
Water is one of a very few substances known for which the solid phase
is less dense than the liquid.

It is also significant that a large amount of heat must be removed
from the liquid state to accommodate the structure change to the solid
state. The kinetic energy of random motion that is present in the lig-
uid state is not present in the solid state. Also, potential energy is re-
duced with the bond formation that accompanies the phase change
from liquid polymers to crystal lattices of ice. If the necessary heat is
not removed, or for some reason the water molecules cannot align
themselves, water can stay in its liquid form well below 0°C. In fact,
most of the clouds in the atmosphere are composed of liquid water
drops with temperatures that go down to at least —20°C.

The Phase Diagram

To understand more fully the physical processes involved in the for-
mation of snow and in the deposition and metamorphism of the ground
snowpack, we must consider the pressure and temperature relations
associated with the phase changes of water as it moves through its
three states: vapor, liquid, and solid. Pressure and temperature deter-
mine the phase state of water.

Consider a container in the form of a cylinder fitted with a plunger.
The container is filled with a given mass of water. There is no other
“air” in the container, so liquid water and water vapor occupy the
whole volume (see Fig. 2.16). Observe what happens when we heat or
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FIGURE 2.16. A cylinder containing liquid water and water vapor in contact
with a heat reservoir at a temperature T;. The cylinder is fitted with a piston
that may be raised or lowered to affect the pressure in the system.

cool the system while maintaining the pressure at a constant value.
When we add heat so that all of the liquid water vaporizes, the piston
must move upward in the cylinder to keep the pressure in the con-
tainer constant. With constant pressure in the cylinder, the volume of
the water (now entirely in its gaseous, vapor state) depends on the ini-
tial amount of water and the temperature to which we heat it.

Now, with only vapor in the cylinder, we will remove heat from the
system while once again we hold the pressure constant by moving the
piston downward in the cylinder. At some temperature, called the dew
point, the vaporous water will begin to condense into a liquid. As the
system is further cooled, more liquid water will condense out of the
vapor, but the temperature in the system cannot change because of
the heat that is released from the vapor as it condenses. Only when all
of the water has condensed into a liquid by the removal of heat from
the system can the temperature of the liquid water itself be further re-
duced. Now the cylinder containing only liquid may be cooled until
the liquid begins to freeze. Again, with the phase change from liquid
to solid, some heat is released and must be removed (that is, the sys-
tem must be cooled). When all of the liquid is frozen and the released
heat is removed, then the temperature of the solid may fall further. The
volume of the system may change, but the mass of water is constant.

Throughout this process the piston moves upward and downward
in the cylinder to maintain a constant pressure during the phase
changes. First, the piston must move upward as the water mass in the
system vaporizes entirely and the gas expands. Then the piston moves
back downward into the cylinder because the volume of any amount
of condensed liquid water is much smaller than the volume of the same
water mass in its vapor phase. Once only liquid is present, the system
may be cooled with only a small decrease in volume to maintain con-
stant pressure. As the liquid water cools, the piston barely moves, but
it continues to move downward. When the phase boundary between
liquid and solid is crossed and ice starts to form, the piston reverses
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its direction. Because the density of ice is lower than the density of
liquid water, the piston must again move upward in the cylinder—be
withdrawn—to allow the frozen water to expand until all of the liquid
water is frozen. Many a bottle of water or automobile engine has been
shattered or cracked by this effect.

So far we have considered this system in the presence of a constant
pressure. More interesting is the effect of pressure changes on the
phase-change process. Figure 2.17 below gives a pressure—temperature
diagram of the fixed mass of water contained in the cylinder. The
straight line AB plots the cooling of the water mass as we have just de-
scribed it, with the pressure held constant. At the temperature and
pressure associated with point A, only vapor is present. As the tem-
perature decreases with cooling, the line moves first through the lig-
uid phase and then reaches the solid phase at point B.

The curved line separating the vapor and liquid phases defines the
dew point, the points at which liquid water—dew or condensation—
forms out of water vapor onto a surface at the different combinations
of temperature and pressure plotted on the curve. For the constant-
pressure process described above, the dew point is the temperature
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FIGURE 2.17. Phase diagram of water in the region of the triple point. The triple
point is at a pressure of 4.5 mm Hg and a temperature of 0.0075°C. The ex-
cursion reading from right to left along the line A to B occurs under cooling
at a constant pressure. Excursions along the curved line ab in any direction
along a phase boundary in each phase determine the pressure-temperature re-
lation for that boundary.
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where the straight line AB crosses the phase boundary from vapor to
liquid; with varying pressure, we observe varying dew points. Also in-
teresting is the fact that the vaporization point of water rises with in-
creased pressure, and the freezing point decreases slightly with pres-
sure. Water is almost unique in this instance; for most substances, the
melting or freezing point rises with increased pressure.

Now, notice that at the point where the vapor-liquid and liquid—
solid curves meet, they coalesce into a single curve. Below that pres-
sure, the solid sublimes directly to vapor or the vapor sublimes di-
rectly to frost without going through the liquid phase. This junction
point where the three phases can coexist is the triple point, where the
pressure is 4.5 millimeters of mercury (mm Hg) and the temperature
is 0.0075°C.

A more precise discussion of these phase changes requires detailed
reference to the principles of thermodynamics to derive the quantitative
relations. Readers interested in a technical discussion of these processes
should see Technote 1, page 195, “Thermodynamics of Phase Changes.”
Here we will continue our discussion by using a principle attributed to
LeChatelier, which states that any system will try to relieve itself of the
stress of pressure. Thus a given volume of gas expands to relieve any
pressure upon it, if possible. Once again, let us consider the system given
in Fig. 2.16 in which we have a cylinder fitted with a piston and filled
with water existing in both liquid and vapor states. This time let us as-
sume that the cylinder is thermally insulated.

The system is at some point a on the liquid-vapor curve given in
Fig. 2.17. If we compress the system by moving the piston into the
cylinder a small amount, thereby raising the pressure by some amount
AP, to relieve the pressure, water vapor will condense to liquid water,
and the heat released in the process will raise the temperature of the
system by some amount AT, moving to the point b. Thus the slope of
this curve, AP/AT, is positive.

Suppose the cylinder had only ice and liquid present in equilibrium,
as represented by some point on the ice-liquid curve. Upon raising the
pressure in the cylinder, because the liquid has a higher density than
the solid, some ice would melt, relieving the pressure. The heat re-
quired for melting, as given by the heat of fusion, causes the system
to cool some amount AT, while the pressure increases by another
amount, AP. Because the change in volume is much smaller in the case
of the phase change from liquid to solid (freezing) than it is for the
phase change from liquid to vapor (vaporizing), the curve is steeper,
but, more importantly, the curve has a negative slope. That is, if ice is
compressed, it will melt.

The liquid—vapor curve extends below the triple point in Fig. 2.17
as a dashed curve, which has a lesser slope than the ice—vapor curve
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because the heat of vaporization of liquid is always less than the heat
of vaporization for the solid at the same temperature. So the vapor
pressure over supercooled liquid is always larger than the vapor pres-
sure over ice at the same temperature. Thus if droplets of liquid and
particles of ice coexist in the atmosphere, the ice—or snowflakes—will
always grow at the expense of the water droplets. The values given in
Fig. 2.17, apply only for plane surfaces between phases; they must be
modified when they are applied to cloud and snow formation in the
atmosphere and to the changes we have discussed above that occur in
the snow cover on the ground.

In our experience with skiing, we never come precisely to the triple
point, which occurs at 4.5 mm Hg of pressure. At one atmosphere of
pressure, or 760 mm Hg, the melting-point temperature is defined to
be 0°C—the melting point of ice; the triple point is at the temperature
of +0.0075°C. Below the triple point, the dashed curve in our diagram
gives the vapor pressure over supercooled liquid water, which, as we
have seen, is slightly larger than the vapor pressure over ice. Remem-
ber that liquid water will freeze to solid ice only when there is a
means—a nucleation site—for the randomly oriented molecules in the
liquid to line up like soldiers in a platoon. Otherwise chaos exists and
the liquid never freezes. The shapes of the phase curves that join at
the triple point are related to the quantity of heat that must be sup-
plied to melt a unit mass of ice or to vaporize a unit mass of either ice
or liquid water. The heat required to melt ice, commonly called the
heat of fusion, is 80 calories per gram (cal/g); for liquid water at 0°C,
the heat of vaporization is 596 cal/g; and for ice at 0°C the heat of va-
porization is 676 cal/g. These heats will be important later when we
examine the sliding of skis on snow.

Phase Changes and Curved Surfaces

In the discussion that follows, we consider a plausible, qualitative ar-
gument for describing how the phase changes occur for the curved sur-
faces of water droplets and ice crystals. Recall the shape of the hy-
drogen and oxygen atoms as they chemically bond to form a molecule
of water (see Fig. 2.12) and the alignment of water molecules in ice
crystals as they were represented in Fig. 2.15. The oxygen atoms on
the plane faces of the crystals lack one bond; on the corners or edges
of the crystals, some of the oxygen atoms may lack two bonds. Some
of these open-bond sites are indicated by the stub connectors shown
in the model.

In Fig. 2.18 we see a schematic representation of the open bonds that
would occur at one of the plane surfaces of the ice crystal lattice. The
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FIGURE 2.18. Schematic representation of an idealized arrangement of ice mol-
ecules in a plane, crystal surface such as was shown in Fig. 2.14. Only oxy-
gen atoms are shown. Note the open bonds represented by the short stubs on
the atoms along the top row.

density of available bonds is nearly uniform. At the molecular level
the surface is not exactly plane, so the figure represents something
of an idealized version of reality; however, the general effect is true
enough.

Lacking the full complement of bonds, those oxygen atoms associ-
ated with water molecules on the corners or edges of the ice crystals—
rather than on the plane surfaces—will be more easily dislodged from
the crystal lattice by thermal agitation or external bombardment. Fig-
ure 2.19 illustrates the conformation of an ice crystal that one would
find in a snowpack. The molecules form a convex surface if there is
no material to the upper right, and a concave surface if there is no ma-
terial to the lower left. Oxygen atoms on the convex surface will dis-
lodge under molecular collision more easily than will oxygen atoms

FIGURE 2.19. Internal lattice structure of an ice grain as it might appear in a
snowpack.
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arrayed on a plane surface. Also, molecules will tend to stick and bond
better on the concave surface than they stick and bond on the convex
surface. Thus if all of the surfaces are at the same temperature, the va-
por pressure will be higher at the convex surface and lower at the con-
cave surface relative to the plane surface.

Another way of looking at this process is to consider the analogy of
a water-filled balloon. The water in the balloon is under pressure, due
to the surface tension created by the stretched balloon, just as the water
in a spherical droplet is under pressure due to the stretching of its sur-
face tension. That is why water tends to vaporize more readily from
the droplet form than it does from a plane surface, by the principle of
LeChatelier, which states that any system when under pressure will
try to relieve itself of the stress of that pressure—in this case by chang-
ing state from liquid water to vapor.

Snow crystals and fog droplets coexist inside a cloud; they also co-
exist in snow cover on the ground where liquid water, ice, and water
vapor may all be present in varying amounts. Relative humidity is the
ratio of the water vapor pressure in the air to the pressure over liquid
water at the same temperature. Table 2.1 gives the relative humidity,
which is also called the saturation ratio, of the water vapor around a
spherical water droplet of a given radius to the relative humidity that
exists over a plane surface of water at 0°C. The typical fog droplet has
a radius of about 10 um; so the saturation ratio is about 1.0.

The small droplet sizes given in Table 2.1 have 2—-10 times the va-
por pressure that would be found around the usual fog droplet, and
thus they would evaporate quickly. When we consider that the aggre-
gation of as many as 23 water molecules in one cluster would be an
extraordinary event, the necessity for a nucleation site on which water
molecules may stick becomes clear. In the atmosphere, fog or ice
droplets must contain foreign particles—nucleation sites—of sufficient
size to allow water molecules to bond with them so that the saturation
ratio never becomes more than about 1.25—otherwise, fog and ice
crystals in the air would simply evaporate. This result suggests that
no clouds—and no snow—could ever form in an absolutely clean
atmosphere.

TABLE 2.1. Saturation ratio vs interface radius for liquid water.®

Radius rjg (um)P Saturation ratio Number of molecules
oo 1 oo
1.7 X 1073 2 730
5.2 X 1074 10 23

dAdapted from data presented in Rogers [6].
b1 ym = 4 X 1073 in. lg = liquid gas.
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CHAPTER 3

Equipment: Properties and
Performance

Although the modern ski is the result of perhaps 4000 years of evolu-
tionary development, only in the past 50 years or so have skis, boots,
bindings, and other equipment been consciously designed to operate
together as a unit, and thus allow the lower leg to transmit to the ski
the forces and torques necessary for precise control on steep downhill
pitches. There are now dozens of different types of skis and boots de-
signed for different types of skiing. By far the greatest number of skis
and boots are produced for alpine skiing, which includes such varied
types of skiing as downhill, giant slalom, slalom, and general recre-
ation skiing. Each of these pursuits calls for skis with special features
and characteristics. After alpine skiing, the general group of nordic skis
designed for use on prepared tracks includes touring skis, diagonal
stride skis, and freestyle skate skis. Cross-country skiers who venture
off the prepared tracks may use free-heel skis, such as the telemark
racing types, which are similar to some of the alpine racing models;
general backcountry touring skis; or mountaineering skis designed to
be used in untracked snow of any kind. Finally, consider that with
very few exceptions the basic maneuvers used by snowboarders are
much the same as those used by skiers, so a section of this chapter dis-
cusses the physical features of snowboard equipment.

The extensive selection of different ski makes and models serves to
satisfy the equally various tastes, styles, and needs of individual skiers.
In this chapter, skiers will discover more about the physical properties
that affect the performance of the skis, boots, bindings, and other equip-
ment they use (or are considering using). Readers may ask more informed
questions of ski vendors; although, when they do ask such questions,
they may find that many ski manufacturers do not provide vendors with
much technical information. At best, when you know what to look for,
you may better decide for yourself what equipment you need to make
your skiing performance most satisfying. No matter how a ski may be
specially designed for a specific use, all skis have certain general char-
acteristics and specifications that we should look at first [1].

44
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Ski Geometry

Technical brochures available from most ski manufacturers list the di-
mensions of the skis they sell, but rarely are there sufficient details re-
lated to the skis’ performance. In the discussion that follows, we con-
sider the most important elements of ski geometry and discuss briefly
the materials used to make skis and the actual process of their fabri-
cation. Most of our attention, however, will focus on the dynamic prop-
erties of skis as they influence the skis’ performance. For the discus-
sion that follows, refer to Fig. 3.1 which illustrates the general geometry
of essentially all ski types.

Length

The length of the ski, from tip to tail, is called the chord length, which
we will designate as X,,;, where pl is the projected length. Metric mea-
sure is used worldwide for skis. Even people who have skied only once
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FIGURE 3.1. Geometric ski dimensions described using common nomenclature.
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will likely remember that, when renting their first pair of skis, the
shorter ones were 120s to 160s, the longer ones were 180s or 200s.
Those lengths are measured in centimeters. In the nineteenth century,
skis were as long as 3 meters (m); today, modern skis are usually 2 me-
ters (200 cm) or less in length. If wary skiers take the time to measure
the skis they see in the shops, they will find some differences among
the manufacturers in the actual length of the skis relative to their stated
lengths.

More important than the chord length is the contact length, C, which
is also sometimes called the running surface length. The contact length
is the portion of the ski that contacts the surface of the slope during
normal performance. Contact length is important in determining the
carving radius of a ski; a shorter contact length allows the skier to make
a tighter turn. Thus slalom skis have the smallest contact-length val-
ues, running about 160-180 cm. In recent years most alpine skis used
for general recreation have become shorter; so, too, have backcountry
powder skis. A rule of thumb regarding length is that longer skis have
greater stability, but they are more difficult to turn.

Width

Alpine skis are wider than track or touring skis, while true powder
skis, with the exception of skis used for the special purpose of ski
jumping, are the widest of all. Alpine skis have widths of 6-9 cm;
nordic track and skating skis have widths of 4-7 cm. For skiing off the
groomed trails and into the deep powder—sometimes called “off-piste”
skiing from the French term, piste, meaning track—the extent of the
ski width is dictated by the need for flotation in the unconsolidated,
powder snow. New models of powder skis have widths greater than
10 cm. The skis used for ski jumping tend to be wider still, not to help
them slide on or through the snow, but to take the greatest advantage
while the ski jumper is in flight of the aerodynamic lift afforded by
the extraordinarily wide bottom area on the ski. Note that skis have
three different width values, each of which are illustrated in Fig. 3.1;
the waist, the shoulder or shovel width, and the tail width.

Seen from above, notice that the width profile of the ski is not uni-
form over the length from tip to tail. The depth of the curved edge
measured at the waist of the ski is called the sidecut. As we will see
when we examine the geometry of the carved turn, the sidecut—this
curved, lateral edge—determines the radius of the turn that can be
made on a given pair of skis. The sidecut value taken with the contact
length gives the radius of that turn, the sidecut radius Rsc. The side-
cut is largest for slalom and recreational skis, ranging from 0.6 to
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1.5 cm. The exact profile of the sidecut is really not all that critical,
except for high-performance skis; nevertheless, some manufacturers
tout the performance advantages of their special sidecut profiles. Un-
derstanding how the ski edge performs should help skiers judge for
themselves the merits of one or another sidecut profile.

Skis also have a waist, created by the sidecut, which, for recreational
skiing, is usually located at about the position where the boot is set in
the bindings. The position of the waist ranges from the center of the
running surface to some distance behind the center, a characteristic of
slalom racing skis. For slalom racing, the boot is positioned behind the
waist so that the resulting higher heel pressure helps the slalom racer
release the tips of the skis. Mounting the boot behind the waist also
shortens the edge running length of the skis, which shortens the skis’
turn radius and helps the slalom skier make the quick turns needed to
race from gate to gate. Skis also have a shoulder (more often called the
shovel) width, which is the widest part of the ski’s forebody. The tail
width is the widest part of the ski’s afterbody, and it is normally some-
what narrower than the shovel width.

Camber

A ski’s camber is the curvature of the ski’s running surface when it is
under no load. Camber increases the ski’s stability by controlling the
boot load, which is transferred through the ski along its length to the
tip and tail. A ski designed for off-piste skiing generally is soft in flex-
ure and bends easily to create the reversed camber necessary for turn-
ing in some backcountry snow conditions. Skis with high torsional
rigidity—that is, skis that do not twist or torque much when one edge
is set into the snow during a turn—do not need as much camber to be
controlled well. More details on these subjects will be given later when
we examine the physics of carving a turn.

Thickness

Ideally, skis intended for most uses should be as thin as possible while
providing the structure needed to achieve the required bending stiff-
ness and torsional rigidity. Exceptions to this rule are track or touring
skis, which have a double camber, and alpine racing skis, where the
binding-boot assembly must be raised far enough off the body of the
ski so as not to drag through the snow when the racer leans into the
hill at an acute angle while carving on edge during a high speed turn.
What was once primarily the concern of the ski racer is now also im-
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portant for recreational skiers who, using modern alpine skis with deep
sidecuts, carve tight turns on edge while going down the hill. Many
modern alpine skis incorporate in their design a raised platform area
that is an integral part of the ski where it goes under the boot; in other
applications, the platform may be part of the binding. In either case,
the increased thickness of the ski required to create this platform, the
binding system, and the boot itself will interact to varying degrees with
the structural properties of the ski, primarily affecting its underfoot
bending stiffness, which in turn affects the behavior of the ski. These
processes are discussed in this chapter below in the section titled, “Ski
Flexure, Torsion, and Setting an Edge.”

These are the essential geometric dimensions common to all skis that
significantly affect a ski’s performance. Most of the important perfor-
mance characteristics of a ski are determined by the dynamic proper-
ties associated with these geometric characteristics.

Ski Materials and Construction

Just as the original, single-piece, wood-slab skis gave way to laminated
wood skis with metal edges, so the modern ski has evolved to be made
of metal, fiberglass, and other composite materials. The availability of
new materials with remarkable strength and tensile properties has made
it possible to design skis for specific uses. Using curing resins for bond-
ing and molding permits the development of skis with specific bend-
ing and torsional flexure patterns as well as specific vibration-damping
features. The development of true, torsion-box or tubular construction
for skis, as contrasted with a top-and-bottom, laminated arrangement of
materials, has permitted the design of skis with much improved tor-
sional rigidity, allowing the skier greater edge control. The core of a ski
serves chiefly as a separator for the ski’s structural elements. Cores may
be injected in the molding process or fabricated from a light material.
Laminated wood cores are frequently used, especially with layers of
viscoelastic materials that enhance vibration damping. The steady evo-
lution of construction capability has led to a corresponding design pro-
gression that has produced ever shorter and lighter skis that offer skiers
softer bending stiffness combined with increased torsional stiffness, a
pairing of qualities that promises marked improvement in the skis’ per-
formance over a variety of terrain.

The chief structural elements of the ski—the top and bottom plates
or the tubular shell—may be made of steel or aluminum alloy sheets;
of ceramic fibers, such as fiberglass or the composite fiber Nextel®,
which is made of aluminum, boron, and silicon; or of organic fibers,
such as carbon, aramid (Kevlar®), or polyethylene (Spectra®).
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The physical properties of interest are density, tensile modulus (also
known as Young’s modulus), tensile strength, and the strain-to-failure
limit (see Table 3.1). The tensile modulus is the constant of propor-
tionality between stress, given by F/A (the force applied axially to the
sample divided by the cross-sectional area) and the resulting strain on
the material measured by the elongation per unit of length, Ad/d. Thus
the tensile modulus y may be expressed as follows:

F

Ad

— =Y.

A

d

(3.1)

The limiting elongation in percent represents the material’s strain to
failure or deformation. For most of these materials, the modulus for
tension and compression is the same, but their tensile and compres-
sion strengths may be very different. For example, carbon and fiber-
glass are usually much more fragile under tension than they are under
compression.

For many years, sheet-metal materials were commonly used to make
skis because of the ease of forming the material, even though the spe-
cific strengths of the metals are much lower than the strengths of or-
ganic or ceramic fibers. Today, because of advances in construction
techniques and because weight is often a key design consideration, or-

TaBLE 3.1. Properties of high-modulus and high-strength fibers.

Tensile  Specific Tensile Price
Density modulus modulus strength per
Fiber (g/cm?®) (msi?) (msi?) (msi9) pound
Metallic
Hardened steel 7.85 30 3.8 0.29
Aluminum alloy 7075-T6 2.75 10.4 3.8 0.075 $3.50
Aluminum— Titanal 2.75 10.4 3.8 0.084 $4.50
magnesium—
titanium
Organic
Carbon Graphite 1.66 33-55 20-33 0.35-0.45 $18
Aramid Kevlar 1.44 10-25 7-17 0.4 $11
Polyethylene Spectra 0.97 17-25 18-26 0.38-0.43  $20
Ceramic
Fiberglass S. Glass 2.5 13 5 0.5-0.66 $3
Aluminum-borate— Nextel 2.85 22-33 8-12 0.25-0.3 $65
silicon
9msi denotes million of pounds per square inch.
[Reprinted with permission from The Ski Handbook (K2 Corp., 1991).]
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ganic and ceramic fibers with high specific strengths have largely re-
placed metal, even in less expensive skis. The majority of today’s ski
designs use resin-impregnated, unidirectional fibers that are laminated
around the ski core in strips, diagonal weaves, or triaxial braids. Be-
cause fiberglass combines a large strain-to-failure value with low cost,
it is the most frequently used structural element in making skis. Some
fiber—-composite skis may suffer from internal fiber failure under too
much repetitive flexural stress. Skis that exhibit this problem do not
break, but their bending stiffness decreases markedly; the skis become
“soft,” and their performance deteriorates.

A variety of materials are used to make the top and bottom (or base)
of the ski. Some of the more common materials are listed in Table 3.2.
The materials used to make the top of the ski protect and beautify the
ski. These materials must bond well to resins; must be impact, abra-
sion, and weather resistant; and must be capable of being decorated—
they must hold paint or ink. The complex decorations found on mod-
ern skis require many silk-screening passes, so the inks used in this
process must adhere well to the surface of the ski.

Ski base materials are much more functionally important than ski
top materials, and they must meet some very special requirements.
Studies of sliders on snow—which includes skis—have shown that the
ski base must be abrasion resistant, as hydrophobic (nonwettable) as
possible, yet it must also be porous enough to hold running wax well.
At very low temperatures, the ice grains that make up the snowpack
are like grains of sand, and they will abrade the surface of a ski base,
as will dust or dirt on the snow. At all temperatures, frictional heat
generates a film of water on the ski base that, while it lubricates the
ski, should not uniformly wet (or soak into) the surface of the ski base.

TaBLE 3.2. Thermoplastic properties of materials used to form ski tops and bases.

Coeff. of Heat def.
Thermoplastic Specific lin. exp. temp.
material Main constituents gravity (in./°F) (°F@66 psi)
ABS Acrynotrite— 1.05 (5-6) X 1075 210-225
butadiene—Styrene
UHMW Polyethylene 0.94 8x107° 203
Triax Polyester-nylon 235
Isotop PK ABS urethane 1.03 6 X 107° 190
Nylon 11 Nylon 1.04 5.5 X 1075 302
Macroblend Polyester, 1.22 4X10°° 239
polycarbonate
Vandar (Teflon) Polytetrafluoroethylene 8 X 1073

[Reprinted with permission from The Ski Handbook (K2 Corp., 1991).]
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The two materials with the smallest coefficient of sliding friction are
polyethylene and Teflon. Teflon, however, is not tough enough to hold
up well against abrasion. It is also expensive. Polyethylene, if it has a
high density and is cross-linked sufficiently to make it tough but not
brittle, works quite well. To make a ski base, polyethylene is granu-
lated and sintered (pressed and heated to bond the granules) one or
more times to make a sheet of material that will retain wax and be hard
enough to be surface-ground to provide a microgrooved running sur-
face. In some cases, graphite or carbon black may be added to increase
the base material’s optical absorptivity for visible radiation—that is, its
ability to soak up heat from sunlight. The heating that occurs in the
shovel region of a ski with such a base increases the formation of a
water film that enhances the lubrication of the entire ski base, making
the ski slide more readily over the surface of the snow.

In modern designs, the ski core is basically a spacer—a form for po-
sitioning the top and bottom structural members of the ski—that gives
the ski some degree of its necessary stiffness and strength and con-
tributes to the ski’s weight. The core may be subject to internal shear
stresses, but these stresses are quite low. The most important role that
the core material plays is damping vibration, which increases the sta-
bility of the ski. For that reason, wood cores are most frequently used
in racing skis. Laminated wood cores are formed to the required spec-
ifications from a range of hard to soft woods: ash, birch, maple, hick-
ory, fir, spruce, or poplar. Wood’s ability to increase vibration damp-
ing and structural stability is a more important consideration than its
relatively greater weight. The lightest cores are made of foams or hon-
eycombs of synthetic materials. In these cases, the structure of the ski
must be a true box in which the sidewalls support the shear and com-
pressive stresses placed on the ski. In some fabrication procedures, the
ski core is injected as a foam that expands, pressing the structural mem-
bers against a forming die and forcing resin into the interstices of the
composite materials used to make the structural members, thus en-
hancing the bond strength.

Finally, consider how high-performance skis require a careful blend
of liveliness and vibration damping. To achieve this balance between
stability and feel, manufacturers of high-performance skis use visco-
elastic damping layers—thin elastomer layers inside the ski that offer
damping and prevent excitations from resonating throughout the ski
structure. Table 3.3 presents the characteristics of some common ma-
terials used to damp vibration in skis. Neoprene and urethane sheets
are commonly used to provide damping. Many of the bonding resins
used in ski manufacturing have viscoelastic properties that contribute
to vibration damping. Skis may also use cracked or segmented edges
to prevent the shock excitations generated in the edges from propa-
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TABLE 3.3. Properties of viscoelastic materials used for vibration damping.

Density Flex mod

Name (g/cm?) (psi) Uses
Thermoplastics
ABS 1.04 310 000  Tops and sidewalls
Nylon 12 1.02 180 000  Tops and alloyed with ABS
UHMW polyethylene 0.93 120 000  Base material
Elastomers
Urethane 1.18 800 Inlays, top and heel protection
Surflyn 0.96 36 000  Sidewalls and inlays
Polyamide 1.01 560 Inlays, heel protector
Thermosets
Epoxy resin 1.16 400 000 Fiberglass and carbon matrix

[Reprinted with permission from The Ski Handbook (K2 Corp., 1991).]

gating into the ski structure and producing the effect known as chat-
tering. In general, as skis of all types become lighter, softer, and shorter,
the need for effective vibration damping increases. Although this is es-
pecially true for racing models, recreational skis increasingly also need
some vibration damping because good performance depends on the ski
maintaining its edge contact on packed snow.

Mechanical and Dynamic Properties

The important physical parameters for understanding how a particu-
lar ski behaves are vibration-damping properties and the distribution
of the flexural and torsional rigidities. The properties of the base
materials—the running surface preparation, its composition, and the
thermal properties of the ski body—are important for racing and other
high-performance skiing. How a ski tracks, carves, or chatters and how
much attention the skier must give to keeping the ski under control
depend to a great extent on the ski’s vibration-damping properties and
flexural and torsional rigidities.

For modern ski techniques, the properties that most affect ski per-
formance are the side geometry of the ski and the distribution of flex-
ural and torsional rigidity over the length of the ski. Longer skis have
greater stability and track better at high speeds when their length is
coupled with forebody and afterbody bending stiffness. When these
properties are combined with a small sidecut or a large sidecut radius
and small taper, the ski becomes a downhill or a giant slalom, high-
speed ski, respectively. The sidecut radius is the radius of the circle
that can be defined by the shovel, waist point, and the tail of the ski.
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The sidecut radius is given below by the following relation, which is
an approximation for the radius of a circle passing through the tip, tail,
and waist points of the ski edge:

C'Z

8 5C’ (3.2)

Rsc =

where C is the contact length; the sidecut, SC, is given by the relation
SC = %(S — 2W + T), where Sis the shovel width, Wis the waist width,
and T is the tail width.

Taper is another factor that affects the turning stability of a ski. This

quantity is defined as l(S — T). A ski with a wide shovel tends to track

with the forebody, whzile a ski with a wide tail tends to track with the
afterbody. Downhill skis generally have large tapers; slalom skis gen-
erally have small tapers, but large sidecuts. A narrow-waisted ski will
be easy to set on edge to initiate a carved turn and at the same time
transfer load to the tip and tail. The interaction of a ski’s edging abil-
ity with its bending and torsional flexure determines the distribution
of the boot load along the ski. Skis with a large camber tend to trans-
fer boot load to the tip and tail of the ski; thus a soft-flexure ski that
is easy to bend may not carve as well as a stiffer ski. As we noted
above, however, the combination of a soft flexure with a stiff torsional
rigidity will produce a ski that carves well without much skid.

The overall mass of the ski is, in itself, not very important. The mass
of the ski is usually the consequence of other design choices. Large
mass is advantageous for skiing at high speeds because the ski’s mo-
mentum, which is equal to mass times velocity, goes up with mass.
Thus a given random force causes smaller changes in the velocity as
the mass increases, so the ski holds its speed and remains stable. Al-
though the added stability of heavier skis would seem to be a favor-
able quality, in general, the mass of most recreational and sport skis
manufactured today has decreased as new materials and construction
techniques allow the production of lighter skis that are easier for less-
experienced skiers to control.

Swing weight is the mass parameter that most directly distinguishes
the comparative performance characteristics of heavy skis and light
skis. Swing weight is the moment of inertia about a vertical axis drawn
through the boot. As mass is to linear motion, so the moment of iner-
tia, or swing weight, is to rotational motion. A high swing weight is
achieved by placing additional mass at the tip and tail of the ski. Such
a ski has high rotational inertia, so random forces cause a smaller ro-
tation or change in the direction of the ski, making the ski more sta-
ble. Conversely, a low-mass ski, while it is less stable, may be more
easily manipulated by the skier.
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Ski Flexure, Torsion, and Setting an Edge

A ski’s bending stiffness determines how that ski transfers boot forces
to the snow; that is, when we set the ski’s edge into the snow, does
the ski carve, skid, or chatter? Seen as a physical entity, the ski is a
nonuniform beam loaded by the boot; the reaction force of the snow
is distributed along the ski’s bottom surface, as we see in Fig. 3.2. The
ski boot transfers to the ski a moment of force applied by the skier’s
leg and foot. Leaning forward or backward effectively moves the point
of application of the normal force applied by the boot. The normal
component of the skier’s weight, Fy, is transmitted by the leg to the
boot to load the ski. A pair of equal forces, fr acting at the toe and fy
acting at the heel, generate a moment, M = Sfr, where S is the heel-to-
toe separation. This moment also equals ¢Fy . Thus a skier may change
the effective point at which the force Fy is applied by leaning forward
or backward. The reaction force of the snow is always the sum of the
distributed forces from the snow, but the distribution of the snow re-
action force changes with the point of application of the normal force
applied by the boot, Fx. The force Fs (the component of gravitational
weight W parallel to the slope) is the amount of force that acts against
inertia and drag forces to keep the skier in a state of motion.

Lateral moments are significant because, when we initiate a turn,
forces are applied at the edge of the ski whether we turn by carving or
by wedging, and the boot must transmit the required lateral moment
to the ski from the lower leg. In Fig. 3.3, the load force F and the re-
action force R produce a lateral, twisting moment M on the boot, which
is transferred to the ski.

FIGURE 3.2. Forces acting on the ski through the boot.
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FIGURE 3.3. The lateral moment generated when the ski is set on edge.

The ankle cannot transmit lateral moments as easily as it transmits
fore and aft moments, so the boot must provide the necessary stiffness
that allows the lower leg to transmit the torques to the skis that are
needed to set the edges into the snow. The role that boot stiffness plays
in controlled edging accounts for much of the difficulty that free-heel
skiers have when they use conventional cross-country shoes or boots,
which have little or no lateral stiffness, to ski on anything other than
prepared tracks.

To find the load distribution along the bottom or the edge of a ski
when it is forced into a given snow surface configuration, one must
consider the problem of a nonuniform beam in both flexure and tor-
sion. The ski, like a bridge or a joist, is built with top and bottom struc-
tural members separated by spacers. The stiffness of the ski—its re-
sistance to bending—depends on the separation of the member stressed
in tension (the bottom) and the member stressed in compression (the
top). The bending stiffness of a section of a ski is measured by the ra-
dius of curvature when a bending moment is applied at the opposite
ends of that section. Readers interested in a more detailed exposition
of this problem should see Technote 2, page 201, “Ski Loading and
Flexure on a Groomed Snow Surface.”

The distributed property of the ski that determines local bending for
any load distribution is the quantity called the bending stiffness, B. If
any section of a ski is forced to bend by the application of moments
at the ends of that section, the radius of curvature, R, is related to the
applied moment, M, by the relation

B
M= R (3.3)
The bending stiffness of a ski, which is a composite beam, is a func-
tion of the width and thickness of the beam and the elastic moduli of
the materials used in its manufacture. A ski’s stiffness is determined,
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for the most part, by the use and placement of manufacturing compo-
nents that have large tensile moduli, such as steel, aluminum alloy,
fiberglass, or carbon—boron filament materials.

The overall stiffness of a ski is usually measured by supporting the
ski at the shovel and tail contact points (which determine C, the con-
tact length) and then placing a load at the midpoint, C/2. The stiffness,
or center spring constant, is given by F/d, where F is the load and d
is the center displacement. The stiffness for a beam that is a uniform,
homogeneous bar, is given by

F 48B
E = 3 (3.4)

F is an arbitrary load placed at the center; d is the resulting displace-
ment at that point. For a uniform beam, the midpoint deflection de-
pends on the uniform stiffness of the beam and the distance C between
the support points. Skis, although they are not uniform beams, usually
behave similarly. For the typical ski, we would expect to find an ef-
fective bending stiffness B value of about 0.65-0.8 that of a uniform
beam that has the same B modulus as that found at the center of
the ski.

The center spring constant, or stiffness, of the ski determines much
of its performance character, so the stiffness of the ski must be matched
to the weight of the skier once the length of the ski is selected. In gen-
eral, heavier skiers will prefer stiffer skis; so too will high-performance
skiers. As we will discuss in greater detail below, the load distribution
along the ski’s edge is fixed by the ski’s stiffness distribution. That part
of the load that is not directly under the boot must be distributed evenly
along the edge of a ski for the skier to be in control. A stiffer ski
promises greater edge control.

Refer to Table 3.4, which lists geometric and dynamic properties for
several different types of skis. The Head Comp is an older, minimally
sidecut, racing or high performance alpine ski. The K2-4 and the Elan
SCX Parabolic are examples of first generation (circa 1995) wide-body,
radical sidecut skis designed specifically to promote maximum ease of
carving turns on groomed slopes. The Tua Excalibur is a telemark ski
from that same era. The Salomon Verse 7 and the Atomic BetaRace
9'16 are contemporary alpine skis that feature the now commonplace
wide body, deep sidecut design. The K2 Piste Stinx and the Rossignol
Hell Gate are contemporary backcountry, adventure skis. Finally, the
Dynastar Intuitive BIG T194 is a contemporary powder ski.

Ski manufacturers do not normally provide an extensive range of in-
formation about their skis’ properties, even though that information
can help skiers select skis suited to their particular style of skiing. For
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example, skis with a light swing weight may more easily be rotated to
initiate a turn, making the swing weight one factor to consider when
choosing a ski that will be easier to turn. The swing weights listed
above are for a single ski rotated about an axis vertical to the plane of
the ski and through the center of mass. Similarly, the balance of the
individual spring constants for the forebody and afterbody is relevant
for choosing slalom and telemark skis, which need stiffer afterbodies
to enhance their turning characteristics. These constants are measured
by clamping the ski at the center and measuring the deflection when
the tip or tail is loaded. Most skis have balanced tip and tail spring
constants.

Let us consider (see Fig. 3.4) the bending stiffness in connection with
the bottom load distribution for some of the skis listed in Table 3.4.
Note how much smaller the amplitude of the curve denoting bending
stiffness is for the Rossignol Hell Gate ski. The Rossignol is the “soft-
est” ski in the figure, designed for use in back country powder and un-
packed snow conditions. It requires relatively less force, in compari-

1.01
0.9 Head Comp
0.81
0.74
0.6
0.5
0.4
0.3
0.2+
0.1

Atomic Beta Race 916

Salomon Verse 7

0.6
0.5
0.4
0.31
0.2+
0.1

K2 Piste Stinx

Rossignol Hell Gate

T T T

T
-16 -12 -8 -4 0 4 8 12 16
TAIL SHOVEL

FIGURE 3.4. Bending stiffness distribution (B) as measured for four different
skis. The curve for the Head model ski has been displaced upward 0.10 units.
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son to the other three skis in the graph, to bend this ski and distrib-
ute the mass of the skier over the running surface (the base or the pro-
jected area) of the ski, flattening it against the snow, so the skier may
edge it more easily into the yielding, unpacked and powder snow that
might be encountered in the backcountry. The K2 Piste Stinx, by con-
trast, is a stiffer backcountry ski that would likely perform, in com-
parison to the Rossignol, better when skiing on packed, settled, or
crusted snow surfaces than it would in soft powder. The K2 might
work well for a skier who wants multipurpose equipment that can be
used both on and off the groomed slopes of a ski area because it is ac-
tually a stiffer ski than either of the two alpine skis in the graph, the
Atomic and the Salomon. The Atomic is stiffer than the Salomon, sug-
gesting that it would be better for either a heavier or faster (in this con-
text, faster means “more expert”) skier, both of whom would exert more
force on their skis and thus prefer a stiffer ski. For the lighter or more
moderate skier, the softer Salomon might be the better choice because
it requires less force to flatten and then edge into the snow. The Head
Comp is the stiffest of the skis; it also has a maximum bending stiff-
ness behind its midpoint, as indicated by the large difference in the
forebody and afterbody constants listed in Table 3.4 for that ski. In the
discussion that follows, we focus on the Head Comp, even though it
is an older model ski, because its characteristics allow us to see how
bending stiffness relates to the way a ski performs.

The Head model is an older racing ski. It has a stiffer afterbody to
allow racers to sit back on their skis and hold their edges without skid-
ding coming out of a turn. High-performance skiers who want the feel
of a stiffer afterbody and the enhanced turning characteristics that re-
sult may experiment with their equipment by setting up their skis to
enhance the stiffness of the afterbody. Measure the forebody and af-
terbody stiffness separately and then move the clamping toward the
tail to see how the stiffness of the ski would change with different boot
placements. Ski with the boot placed at two different positions to get
a feel for the difference that results in the skis’ stiffness and turning
characteristics. Because the stiffness of beams loaded at a single point
uniformly varies as the length to the power 3, a 3-cm change in the
boot mounting position for any of the skis listed in Table 3.4 would
change the ratio of forebody to afterbody stiffness by about 25%. Skiers
who try this experiment should feel a marked difference in how their
skis turn and hold their edges on hard-packed snow.

A ski’s lateral stiffness is 10-20 times greater than its bending stiff-
ness and is of little concern. Torsional stiffness, however, must be
matched with bending stiffness to give a ski its desired performance.
Bias-ply fiber structures or rectangular tubular configurations achieve
the highest torsional stiffness. Generally, the ski designer’s goal is max-
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imum torsional stiffness. Torsional stiffness is measured by clamping
the ski at the center and measuring the ratio of torque, 7, applied to
the tip or tail to the angle of twist, ¢, in degrees. The expression re-
lating the torque to the angle of twist is

T 2G
g = ?, (3.5)

where C is the length between the tip and tail contact points. The tor-
sional stiffness modulus, G, is constant for a uniform bar. For a com-
plex structure like a ski, G is the effective torsional stiffness coeffi-
cient, which will vary, as does B (the stiffness coefficient), along the
length of the ski. The measurement described above gives an effective
value for G. These values are commonly between 0.8 and 2.0 newton-
meters per degree (N m/deg) (7-18 lb in/deg). When we discuss the
distribution of force along the bottom of a ski, we need to refer to the
specific values of the ski’s flexural and torsional stiffness. Again, for
more detail on these values, see Technote 2, page 201.

Some recent ski designs have introduced innovations that decouple
the flexural and torsional stiffness modes of the ski. Advanced box or
tubular construction techniques give the ski a much higher torsional
stiffness coupled with the same degree of bending stiffness that one
would expect from a similar ski using conventional construction. An-
other design innovation is the manufacture of skis with asymmetric
cross sections. The inside edge section of such a ski has the larger
depth or thickness, and the ski tapers to a much smaller value at its
outside edge. Similarly, racing skis may have enhanced flexural rigid-
ity at their outside edges. All of these modifications decrease the twist-
ing moments along the ski and thus enhance edge control.

The base of the ski and the edges are essential for proper ski be-
havior. Metal edges are incorporated into all skis except nordic track
models, and they are essential for modern ski technique. The steel
edges bond to the bottom structural layer of the ski, contributing to the
ski’s bending stiffness. The steel edge may either be a continuous strip
of metal or be partially segmented, so that it does not affect the ski’s
bending stiffness when the ski is in reverse camber, bending to con-
tact a deformity (such as a mogul) on the slope. Because ski edges are
dressed, that is, ground or filed, quite frequently, they must be several
millimeters wide and thick. Usual base preparation calls for an edge
base bevel of about 1° from the flat; the side bevel will usually be at
90°, but for better performance, the side bevel may be filed to yield a
corner angle of about 86° to improve the edge bite on hard snow. The
sharp edge is dulled with a file and sandpaper at the shovel and the
tail from 5 to 10 cm inside the snow contact points for the inside edges



62 / 3. Equipment

and from 10 to 15 cm inside the snow contact points for the outside
edges. This dulling allows the edge of the ski to release from the snow
more easily to initiate a turn.

The base of the ski also contributes somewhat to its stability. All
older model skis had a longitudinal groove in the base to give them
tracking stability on flat surfaces. Skis used for jumping may have three
or more such grooves in the base because these skis are not meant to
be set on edge and turned: ski jumpers need stability as they gather
momentum, skiing straight down the jump, riding, for the most part,
flat on the base of their skis. Diagonal stride nordic track models as
well as many backcountry models also have a longitudinal groove in
the base to provide increased tracking stability when the skis run flat
on the snow. Modern alpine skis, however, have no such groove. In-
stead, the polyethylene base of an alpine ski is ground with fine mi-
crogrooves that, after waxing, are wiped or buffed clean. This treat-
ment is intended to give the flat ski the additional stability it needs.
In racing applications, these microgrooves are longitudinal; recre-
ational alpine skis are ground with the microgrooves in a crosshatched
pattern to permit the ski to slide more readily sideways during turn
initiation. Note that the base of the ski plays no role whenever the ski
is set on edge in the snow.

Good and Bad Vibrations

As arigid body, the ski has numerous natural modes of vibration. The
flexural modes of vibration are the most significant, but the torsional
modes also affect the edge chatter. Skis are subjected to impulsive
forces that can excite all of the modes of vibration. For this reason, as
we have seen, ski manufacturers incorporate materials into the con-
struction of the ski that damp these vibrations internally; or, if neces-
sary, external vibration dampers may be mounted on the ski. Lively
skis transmit vibrations to the skier, who, through biomechanical feed-
back, responds to those vibrations—the “feel”—of the skis. An over-
damped ski feels dead or sluggish; the skier receives no signals from
the ski from which to fashion a response. Basically, different skis “feel”
different to different skiers. A good vibration, or feel, for one skier may
be a bad vibration, or feel, for another. An underdamped ski will vi-
brate too much and chatter, or, worse, release the edge entirely, so that
the ski is out of the skier’s control. The designer’s task is to satisfy the
preferences and ability of different skiers by crafting a fine balance
from among the various vibrational modes that range between too much
and too little damping. Generally, more competent skiers prefer more
lively skis. Normal vibrational mode structure and damping is proba-
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bly the most technical aspect of the ski design process. The biome-
chanical feedback loop comprised of the skier, the boot, and the ski
subjects any analysis of this topic to the special needs and feel of the
individual skier, so vibration damping is somewhat less a science,
somewhat more an art.

A ski is clamped at the middle to the boot, forming, in effect, two
almost independent, nonuniform beams—the forebody and the after-
body of the ski—that vibrate in the bending modes related to the ski’s
bending stiffness [2]. Torsional modes of vibration have natural fre-
quencies outside the range for excitation of flexural modes. A mass on
a spring has a resonant frequency w given by

w= |—, (3.6)

where k is the stiffness constant of the spring and m is the mass. The
forebody and afterbody of a ski resonate in a similar manner, but with
several different harmonic modes. For a ski driven at the center of
mass, the distribution of the vibrational frequencies is shown in
Fig. 3.5.

For most skis, the first mode has a frequency at 16—20 hertz (Hz or
vibrations per second), the second mode is at 35—40 Hz, and the third
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FiGURE 3.5. The frequency distribution of the normal vibration modes of a ski.
The ski is clamped at the center to a shaker and driven. An output ac-
celerometer located on the afterbody records the vibration response shown.
[Reprinted with permission from R. L. Pizialli and C. D. Mote, Jr., “The Snow
Ski as a Dynamic System,” J. Dynamic Syst. Meas. Control, Trans. ASME 94,
134 (1972).]
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mode is at 65-70 Hz. The torsional vibrational modes lie at frequen-
cies above 100 Hz. Damping features present in a ski, as a result of its
bonding resins or wood core, or the use of viscoelastic sheets, are tai-
lored to give the ski the “feel” that the manufacturers sense is best for
the particular group of skiers who are the market for that ski. Another
damping mechanism, piezoelectric damping, is fairly common in mod-
ern alpine skis. Vibrational energy in the ski strains piezoelectric ma-
terials incorporated in the ski body, generating electric currents that
are conducted by a current loop to a suitable load, where the energy
is dissipated as heat, damping the original vibrational energy and, thus,
the ski vibration itself. Other properties being unchanged, damping
shifts the resonance frequency to lower values, reduces the amplitude
of the forced vibration that is excited, and then causes the vibration
that does occur to die out. Skis with superior damping qualities allow
the ski to hold its edge more surely, even while attempting to carve
turns on exceptionally hard-packed or icy slopes.

In practice, the amount of damping in a ski is fairly small because
otherwise the ski becomes too dead. For special applications, tuned
vibration dampers adjusted for relatively narrow frequency ranges can
be mounted on the ski at the antinode of a particular vibrational mode.
These dampers will then selectively damp at best one or two vibra-
tional modes. For relatively low-speed skiing, which includes proba-
bly 90% of recreational alpine skiing, vibration damping is really not
much of a concern; it is only an issue for sustained high-speed, high-
performance skiing.

The Load-Distribution Problem

The configuration of a ski—short or long, narrow or wide, thick or thin
in whatever combination—serves two basic purposes. The first is to sup-
port the skier’s weight against the compaction of the snow. The second
is to provide stability fore, aft, and laterally when skiing over uneven sur-
faces. Short skis do not have the stability of longer models, but they are
easier to maneuver, so the problem becomes designing a ski that is as
short and as stable as possible. This requires attention to the distribution
of load on the running surface of the ski. The solution to this problem
of load distribution involves an engineering analysis of the behavior of
nonuniform beams on elastic and nonelastic support beds.

Because alpine ski areas usually have well compacted and groomed
slopes, we will discuss first the case of the loaded ski pressing against
a rigid surface. The ski is assumed to have a built-in camber. The force
required to compress the ski into contact with the surface of the snow
will develop point force reactions at the shovel and tail contact points.
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If the boot position is at the midpoint, these forces are about equal.
For most skis, these forces are not more than 20 N, which is about 5
Ib. For a ski pressed flat against the surface of the snow so that it is
not at all edged, the remainder of the foot load will be transmitted di-
rectly under the foot and be represented by a distribution over the
length of the boot. As the underlying foundation of snow becomes more
deformable, the load still peaks under the boot, but it also spreads out
along the ski, fore and aft. The snow may deform elastically, that is,
return to its original state, when the ski has passed; or, as is usually
the case, the snow will be permanently deformed in a depressed track.
Certainly when skiing in new snow or skiing off-piste, the latter is al-
ways the case. First we will analyze the case of a ski pressed against
a rigid, sloping surface.

For a ski resting horizontally on edge across the slope, the boot load
will depress the ski until the ski makes contact with the snow surface
over the length of the ski (see Fig. 3.6). The ski’s sidecut determines
the resultant curvature of the ski when the edge is bent to contact the
slope [as it is in Fig. 3.6(a)l. Note that the three points, S, W, and T
determine the radius, which is given by relation (3.2), of a cylinder
that passes through those points and is normal to the plane of the ski.
The intersection of that cylinder and the slope plane is the contact line
of the ski depressed to contact the snow surface. From the geometry
given in this figure, the effective sidecut of the arc shown in Fig. 3.6(a)
is SC/cos ®, so the radius for the circle made by the contact line, Reon,
becomes

C? cos @
BReon = ~8sC (3.7)

FIGURE 3.6. (a) shows a center-loaded ski deflected to contact an inclined plane.
The dotted lines represent the unflexed ski. The arrows show deflection of the
ski downward. (b) shows the geometry to determine the intersection radius of
the edge with the inclined plane.
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This expression represents the radius of the circle that would be drawn
on the slope by the contact line of the ski. Note also that the center of
the ski is depressed by an amount SC tan ® to the approximate arc of
the circle formed by the vertical flexure of the ski, Rpex, for which the
radius is

CZ

8 SCtan @ (3.8)

Rﬂex =

If a ski is bent in flexure to some radius, Rgex, Or it bends to fit the
contour of a slope, a characteristic upward snow reaction force Fyeac
must appear along the ski. For a ski bent to a constant radius of cur-
vature over its length, the external loading per unit length along the
edge is upward over the shovel and tail regions and downward under
the boot. Figure 3.7 shows an example of such a distribution of the
snow reaction force for the same Head Comp ski that appears in both
Table 3.4 and Fig. 3.4.
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FiGURE 3.7. The edge loading distribution needed to deform the Head Comp
ski to a constant radius of curvature.
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To force the ski into a constant curvature over its full length, up-
ward pressure is needed over the tip and tail, and downward pressure
is needed over the midregion. Boot pressure is usually more than
enough to bend the ski into contact with the snow; the remainder of
the loading (which is not shown in the figure) is a uniform, underfoot,
downward pressure that presses the ski into the snow.

The magnitude of the pressure needed for bending the ski is directly
proportional to the curvature of the ski flexure. In equilibrium, the re-
action load of the snow on the ski bottom is that shown in Fig. 3.7,
plus a uniform upward pressure distributed under the foot, because
the groomed snow surface is so hard that no additional flexure of the
ski occurs. If a ski without camber were placed on a flat, rigid floor,
the only pressure distributed on the ski bottom would be the force dis-
tributed directly under the boot. The load can be distributed along the
length of the ski only through flexure of the ski. Note that the fraction
of the total boot load that develops pressure at the tip and the tail of
the ski is relatively small. The major part of the load cuts the snow
surface under the boot to develop the support base for the skier. Un-
fortunately, the torsional twist of many skis at the tip and the tail
caused by edge loading can make those skis perform 10-15% softer
than they would if the skis’ bending stiffness alone determined their
softness. Additionally, a twist of the tip and tail of from 5° to 10° will
cause a ski’s edges to release, and the result is a skid turn rather than
a carved turn.

When we discuss the mechanics of various ski maneuvers in subse-
quent chapters, we will focus more on the problem of loading distri-
bution as it affects the ski’s turning properties. For now, a good, qual-
itative feel for the load profile of a ski as it depends on the ski’s elastic
properties should be helpful, particularly when selecting a ski for pur-
chase. Note, however, that most manufacturers, let alone retail outlets,
are not prepared to provide much, if any, information on flexural or
torsional rigidities as measured by the standard point-load tests we
have used here. Unless you speak directly to a technical representa-
tive or a design engineer, you are not likely to get this information.

Figure 3.8 shows a sequence of qualitative load distributions on a bed
of deformable snow for a variety of skis with a variety of properties.
The bottom pressure profiles represent the total upward pressure from
the bending of the skis as well as the pressure needed to support the
skier load. The results presented in the illustration are qualitative only,
meant to give the reader a feel for what happens in actual practice.

The graphed representation below each ski in the diagram represents
the local reaction force of the snow bed on the ski, which deforms the
ski into a reversed-camber configuration. The sum of these reaction
forces must equal the total force exerted by the skier on the snow. For
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FiGURE 3.8. Bottom load distributions for six skis with different stiffness prop-
erties on snow beds of varied deformation.

(d)

the sake of simplicity, we assume that in some cases the snow bed is
groomed and incompressible and in other cases the snow surface is
cut by the ski edge, as it would be in a skid. In general terms, the ski
shown in Fig. 3.8(a) might be a recreational ski, while the ski shown
in Fig. 3.8(b) might be a giant slalom or downhill racing model. The
ski shown in case Fig. 3.8(c) might be a slalom or telemark racing
model. The skis shown in Figs. 3.8(d) and 3.8(e) could be any of sev-
eral types; the ski shown for Fig. 3.8(f) would be a soft, deep-powder
ski that generates the large reversed camber needed for turning in those
snow conditions. All of the cases except (f) are for a packed and
groomed alpine slope.

In Fig. 3.8(a) we assume that the ski is soft in flexure overall and
symmetric in the degree of its forebody and afterbody flexure. This ski
might be used for moguls or for general recreational skiing. The snow
bed is extremely compacted; it suffers no deformation at all. A small,
reversed-camber deformation from the edge-contact geometry yields
some loading in the fore and afterbody regions of the ski, but most of
the boot load is distributed directly underfoot to the snow in the re-
gion of the boot on the ski. The underboot loading would spread out
along the ski if it were stiffer in the boot region or if the snow suffered
deformation.

In Fig. 3.8(b) we see the case of a stiff, symmetric ski forced into a
short-radius, circular carving turn. This stiff ski might be a giant slalom



The Load-Distribution Problem / 69

or downhill model. The loading in the fore and afterbody regions is
increased markedly by the curvature of the ski, and the underboot load-
ing decreases because the total bottom reaction equals the skier load.

The case represented in Fig. 3.8(c) is similar to the case illustrated
in Fig. 3.8(a), but the ski pictured in (c) has a stiff afterbody. The rel-
atively softer forebody and stiffer afterbody suggest that this ski might
be a slalom or telemark model. Because a larger reaction force appears
over the tail of the ski than appears over the front of the ski, the skier
must rock backward to load the heel more than the toe of the boot, so
the underboot loading on the ski moves backward as well.

In Fig. 3.8(d), the skier is in the stage of turn initiation in which the
forebody ski edge is loaded to generate the groove for the ski edge to
ride in through the turn. The forebody edge of the ski must be skid-
ding across the snow surface, so the loading is markedly larger at the
forebody than it is at the tail, where the ski slides directly in the groove
in the snow carved by the ski’s edge. More overall loading of the ski
appears in this illustration because it represents a case at the initiation
of a turn where the skier’s speed is decreased and the large skidding
force loads and deflects the forebody of the ski. For this case, the ef-
fective boot loading point must move forward of the toe. The ski rep-
resented in the illustration might have a soft afterbody and a stiff fore-
body. These characteristics would make the ski difficult to steer;
consequently, skis would not be designed to have these characteris-
tics. One might, however, find an older ski with similar characteris-
tics if the afterbody of the ski had “broken down” and become “soft”
from excessive use while the forebody retained most of its original
stiffness.

In Fig. 3.8(e) we see the case in which the skier reaches the conclu-
sion of an aggressive turn and uses lateral projection—the skier pushes
off the outside carving ski to transfer loading to the opposite ski and
initiate the next turn. The afterbody of the projected ski becomes heav-
ily loaded; sometimes the forebody may not contact the snow at all
during this maneuver. Thus the afterbody of the ski is curved by load-
ing while the forebody is almost not deflected at all. The boot loading
point moves aft of the boot heel.

In Fig. 3.8(f) we see the case of a ski designed to be used in soft, un-
compacted snow. This ski has a rather soft flexure and is able to gen-
erate a large reversed camber. It will initiate turns and carve well, but
it is less stable at high speed. The reversed camber of the ski results
from the distributed, upward compaction pressure on the ski as it slides
through the snow. This is the case treated in detail in the discussion
given in Technote 12, page 242, “Ski Flexure in Uncompacted Snow.”
The geometry illustrated here shows that the tail of the ski slides for-
ward flat in the track; as soon as the ski slides other than flat in the
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track, it will plow the snow and increase the drag friction, bringing the
skier to a halt. The bottom force distribution depends on the depth to
which the ski sinks into the snow. The tip of the ski must always run
close to the snow’s surface, so the ski bends as shown, with its after-
body much more loaded than its forebody. Hence the effective load-
ing point of the boot moves backward. The skier does this by sitting
back on the ski with knees bent, so that a moment is applied at the
boot, the toe is lifted up, and the heel is depressed, lifting the tip of
the ski and loading the afterbody of the ski.

Bindings and Boots

Ski bindings have evolved from a simple toe fixture to a toe piece with
a heel strap to still more complicated fixtures that allow the skier to
transmit the forces necessary for control of the ski through the boot
and to the ski. As soon as lift facilities became widely available so that
level or uphill travel was no longer necessary, the equipment we to-
day call “alpine” developed rapidly. Free-heel boots and bindings
stayed more or less the same in their design for some time while a
rapid evolution occurred in alpine boots and bindings. The evolu-
tionary pattern of boot and binding equipment has been circular, mov-
ing from the original free-heel gear to alpine gear with its safety bind-
ings and boot developments, and, now, in recent years with the
increased popularity of telemark and backcountry skiing, back to free-
heel bindings that incorporate some of the features of fixed-heel bind-
ings, including safety-release systems.

As skis have evolved to become lighter, binding and boot systems
have evolved to become heavier. The boots and bindings that most
skiers use on the slopes today usually, when taken together, weigh ap-
preciably more than the skis to which they are attached. Free-heel,
backcountry gear is an exception to this trend because performance,
which usually means the added feature of safety-release systems, is of-
ten sacrificed to achieve lesser weight. Free-heel, backcountry ski bind-
ings with safety-release features are available, but they are not found
much on general trail, track, or backcountry ski equipment. True moun-
tain touring gear is the exception to this practice because the fast de-
scent of steep pitches makes the addition of safety-release mechanisms
necessary.

An early safety-release binding for alpine skiing, called the Cubco,
was developed in the United States, some 50 years ago. The Cubco
binding was one of the first that had full sideways and vertical release
capability for both the toe and the heel. Today few modern bindings
have a vertical toe release. The modern alpine binding incorporates an
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adjustable lateral and vertical heel-release mechanism with an ad-
justable sideways toe release.

With the advent of the extensive use of rental alpine skis, binding
and boot systems must match and their adjustments must be calibrated
to meet specified standards in order to avoid the potential liability as-
sociated with improperly matched or adjusted ski, boot, and binding
systems. For this reason, some boots cannot be used with some rental
skis and their bindings; however, the “footprint” of most ski boots is
fairly standardized so that, for the most part, matching a boot to a bind-
ing is quite simple. For alpine bindings, the heel-to-toe spacing of the
binding must be adjusted to match the boot size, and the height of the
toe clips must be adjusted to accommodate variations in the sole thick-
ness of the boot. Once this is done, the boot is bound to the ski and
the safety-release mechanisms then may be adjusted.

Alpine Boots: Fit and Feel

The boot is the steering wheel for the skis. As we have seen in the pre-
vious discussion and will analyze later in greater detail, the skier re-
acts to gravity and to acceleration and transmits force to the ski through
the boot to create the geometric configuration desired for each ski, ap-
plying the forces and mechanical moments needed to maintain dy-
namic control. The largest forces are transmitted through the soles of
the feet, so alpine ski boots must conform to the size and anatomy of
an individual’s foot and leg to achieve the desired fit and feel.

As long as the ski boot extended to ankle height but no more, which
was generally true of boots until the 1970s, no accommodation for the
shape of the lower leg was required. Early boot designs stressed a snug,
even tight, fit about the foot and ankle, because the leverage of the
lower leg was not used that much in early skiing. Ski boots became
notorious as uncomfortable monstrosities. The traditional leather boots
gave way to hard, plastic shells that were stiffer and molded with a
prescribed forward lean. The upper part of the boot was extended up-
ward toward the calf, and the foot was fitted with insoles to give a
proper fit that would be comfortable yet snug enough to transmit the
appropriate forces and moments. Today, all high-performance boots
and most recreational models reach well above the ankle to the calf or
more, and they employ a variety of devices that allow them to be con-
figured to suit the comfort and performance needs of the individual
skier.

The design problem for alpine boots is to fit the individual com-
fortably with a boot that permits the articulation of the ankle and foot
in a shell that is at once stiff enough to provide support and supple
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enough to allow the skier to feel and react to changing conditions. To
accomplish this, alpine boots have a variety of ways to adjust and con-
trol the tension points. The basic flexure of the boot is the forward-
backward angulation of the lower leg, which permits the upper body
to remain upright while the effective center of loading on the ski is
moved fore and aft by load distribution on the feet or by moment ap-
plication. The hinge point for this longitudinal flexure should be po-
sitioned close to the ankle.

Contemporary alpine skis allow skiers of average ability to carve
nearly all of their turns rather than having fairly often to negotiate stem
turns, where one ski is wedged into the snow to initiate the turn. Alpine
ski boots have been traditionally designed to ramp the heel up and tilt
the lower leg forward and slightly inward, positioning the knee more
or less over the big toe. In this position, the skier could more easily
torque the ski into the snow and assume the wedge position required
to execute a stem turn. In contrast, carving a turn requires the skier to
rotate the ski laterally rather than torque it into the snow, so the tra-
ditional boot with a built-in ramped-up heel and forward lean is no
longer as necessary as it once was. In the preferred position for carv-
ing turns on contemporary skis, the lower leg should be perpendicu-
lar to the ski and the foot should fit snugly in the boot, more or less
parallel to the top of the ski, so that slight lateral movements of the
lower leg will shift the ski to set its inside or outside edge and carve
the turn. This position reduces the strain in the thighs caused by boots
that require a continually flexed knee. If at all possible, before buying
a new pair of boots, alpine skiers should take advantage of rental op-
portunities and try out different styles of boots on the hill, experi-
menting as they ski in order to find the boots that will offer them the
fit and feel best suited to their particular approach to skiing.

Free-Heel Boots for Telemark Turns

One of the authors of this book first learned to ski with free-heel equip-
ment, and for years he carried duplicate sets of alpine boots and skis
and free-heel touring gear until he recognized that a proper set of mod-
ified alpine skis, boots, bindings, and poles would serve for skiing both
alpine and backcountry slopes. The essential point is that the heel of
the ski boot must be free from the ski.

The early free-heel binding consisted of adjustable toe pieces with a
leather heel strap, which soon gave way to a spring-loaded heel cable.
Sometimes a rubber strap ran from the ankle to a clip on the ski posi-
tioned behind the boot. Then side clips for the cable were mounted at
the edges of the ski to anchor the heel. Soon a tension release on the
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cable throw was introduced. The free-heel telemark binding that is
widely used today is almost an exact copy of the early cable bindings
used, for example, by U.S. Army mountain troops in World War II.

Let us look at the requirements of the boot—ski system for free-heel
skiing. As in alpine skiing, the binding must rigidly fix the boot to the
ski so that the boot—ski alignment is preserved and the leg forces and
moments may be transferred to the ski with little or no play in the con-
nection. The lightweight, three-pin binding with a soft boot that is
commonly used for cross-country skiing on prepared tracks is not rigid
enough to edge the ski satisfactorily. Some binding systems use a flex-
ible heel plate to fix the boot to the ski. In most cases, a heavy-duty,
anchored toe piece on the ski receives a boot that features the stan-
dard, 75-mm touring boot toe shape, creating a precise, angular boot—
ski orientation.

The preferred scheme for anchoring the boot to the toe piece is a
spring-loaded heel cable. The boot is flexible behind the ball of the
foot, so the ball of the foot may be in contact with the ski to load and
fix the edging of the ski, but the heel may be lifted free. A rigid-soled
boot, pinned to rotate at the toe so the heel may lift free, is basically
unstable. Either the knee comes forward until it hits the ski or it comes
backward so the heel contacts the ski. These systems have no safety-
release mechanism except for the cable spring system itself, which per-
mits the semirigid sole of the boot to flex and lift out of the toe piece.
For the skier who needs a surer release mechanism, a subplate mount-
ing for the toe piece can be designed to release under torque in the
manner of the early safety releases used on alpine bindings.

The free-heel, boot-binding system must have the same lateral sta-
bility and angulation control of the alpine boot. The binding must al-
low the skier to apply a backward moment to the ski, moving the load
point toward the tail. Only rarely does the recreational skier have to
apply a forward moment to the ski to move the load point forward.
More often skiers shuffle a ski forward to gain forward—backward sta-
bility. Over the past few years, boots designed for telemark, free-heel
skiing have featured a marked increase in their lateral stiffness. In some
cases, plastic shells have been employed to enhance the stiffness of
the boot to allow the skier increased edge control for carving turns on
hard-packed snow. For off-piste skiing in soft or “crud” snow in which
the ski is loaded uniformly to a reverse camber, increased lateral stiff-
ness of the boot is not so crucial. Some backcountry skiers carry sep-
arable, plastic uppers that they apply to their boots for use on descents
only. Finally, the telemark boot should, unless it is used exclusively
at ski areas with lifts and groomed slopes, be constructed of materials
that suit it for walking or climbing: the boot should be light and be fit-
ted with lugged soles.
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Snowboard Equipment

The popularity of snowboarding, an offshoot of skiing that started about
1960, expanded very rapidly in the decade of the 1990s. Today the
snowboard enthusiast can choose from an array of snowboard makes
and models that compares favorably to the variety of ski equipment
available. Except for the way snowboarders propel their boards over
flat ground—by removing a boot from the binding and pushing off in
a manner identical to the propulsion of a skateboard—snowboard ma-
neuvers when going downhill are quite similar to those of skiing [3].

There are roughly three classes of snowboards: the alpine racing or
slalom board, the freestyle board, and the half-pipe, freestyle board.
The fr