
AN INVESTIGATION INTO THE CAUSES AND PREVENTION
OF FROST HEAVING OF FOREST TREE SEEDLINGS

Item Type text; Dissertation-Reproduction (electronic)

Authors Heidmann, L. J.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:11:20

Link to Item http://hdl.handle.net/10150/288214

http://hdl.handle.net/10150/288214


INFORMATION TO USERS 

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again - beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of gieatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

Xerox University Microfilms 
300 North ZMb Road 
Ann Arbor, Michigan 48106 



I 
I 

74-20,256 

HEIEMANN, LeRoy Jerpe, 1927-
AN INVESTIGATION INTO THE CAUSES AND 
PREVENTION OF FROST HEAVING OF FOREST 
TREE SEEDLINGS. 

The University of Arizona, Ph.D., 1974 
Agriculture, forestry § wildlife 

University Microfilms, A XEROX Company, Ann Arbor, Michigan 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED. 



AN INVESTIGATION INTO THE CAUSES AND PREVENTION OF FROST 

HEAVING OF FOREST TREE SEEDLINGS 

by 

LeRoy Jerpe Heidmann 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF WATERSHED MANAGEMENT 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 4 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by LeRov Jerpe Heidmann 

entitled An Investigation Into the Causes and Prevention of 

Frost Heaving of Forest Tree Seedlings 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

IDAJJ) /M ZO. /P?V 
Dissertation Director Date 

After inspection of the final copy of the dissertation, the 

follov/ing members of the Final Examination Committee concur in 

its approval and recommend its acceptance:" 

Afn.^1 zi/n y  

xr i?7f 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the 
head of the major department or the Dean of the Graduate 
College when in his judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 



ACKNOWLEDGMENTS 

I would like to express my appreciation to Dr. David 

B. Thorud, the dissertation director, for his aid during the 

course of this investigation, especially for the loan of 

equipment and instruments. The other members of my 

committee: Dr. Herbert M. Hull, Dr. James W. O'Leary, Dr. 

Phil R. Ogden, and Dr. Charles R. Hungerford also provided 

valuable assistance. 

I would also like to thank the following people for 

their help and encouragement: Dr. Karl Wenger, Dr. Carl 

Berntsen, Dr. Jacob Kovner, Dr. Charles Avery, Dr. Warren 

Clary, Mr. Gilbert Schubert, Mr. Arnold Ozment, Mr. David 

Patten, Mr. James R, Davis, Mr. Norman Champagne, Mr. Robert 

Layman, Mr. David Trujillo, Mr, Raymond Price, Mr. G. Lloyd 

Hayes, and Mrs. Gaye Seaman. 

In addition, I am grateful for the assistance of 

Dr. Thomas Bedwell of Northern Arizona University who pro

vided valuable equipment and Mrs. Joan M. Franks of The 

University of Arizona who spent many hours in the library 

searching for references. 

Several companies provided materials which were 

essential for the successful completion of the study. They 

are: Calgon Corporation, Pittsburgh, Pennsylvania; FMC 

iii 



iv 

Corporation, New York City; and Micro Plastics Company 

Limited, Ontario, Canada. 

Finally, I would like to acknowledge the assistance 

and encouragement of my wife Gloria, daughter Carey, son 

Mark, and my mother Mrs. Karl R. Heidmann, who made it: all 

possible. 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vii 

LIST OF ILLUSTRATIONS xi 

ABSTRACT xii 

INTRODUCTION 1 

DESCRIPTION OF THE STUDY 2 

LITERATURE REVIEW 3 

Heaving of Plants and Objects from the Soil . . 3 
Factors Associated with Frost Heaving 5 

Segregation of Soil Water 5 
Temperature and Frost Heaving 14 
Permeability 17 
Soil Texture . . . . 18 

Controlling Frost Action 20 
Dispersing Agents 20 
Waterproofing Agents 22 
Cementing Agents 22 
Increasing the Overburden Pressure 23 
Salts 23 
Nucleating Agents 24 
Altering the Radiation Balance of 
the Soil Surface 24 

Results of Various Control Experiments ... 24 

EXPERIMENTAL APPROACH 27 

Identifying Frost-Susceptible Soils in 
Northern Arizona 29 
Methods and Results 29 

Control Experiments 56 
Methods and Results 57 

DISCUSSION AND CONCLUSIONS 106 

APPENDIX A. CONSTRUCTION OF THE FREEZING 
CHEST 114 

V 



/i 

TABLE OF CONTENTS—Continued 

Page 

APPENDIX B. RAISING TUBELINGS 124 

APPENDIX C. STATISTICAL ANALYSIS OF 
EXPERIMENTS 126 

LITERATURE CITED 177 



LIST OF TABLES 

Table Page 

1. Location and Description of Soils Used 
in Frost Heaving Experiments 30 

2. Bulk Density and Textural Classification 
for Six Soils at Three Depths in 
Northern Arizona 32 

3. Results of Soil Mineral Analysis for Six 
Soils in Northern Arizona 36 

4. Analysis of Mean Heaving Per Day for Six 
Soils in Northern Arizona at Field 
Bulk Density 40 

5. Tukey's Test to Determine Significance 
Among Heaving Means for Six Soils and 
Three Depths at Field Bulk Density in 
Northern Arizona 41 

6. Mean Heaving Per Day Since Initiation of 
Freezing for Six Soils from Northern 
Arizona at Minimum, Mean, and Maximum 
Bulk Densities 45 

7. Covariance Analysis of Frost Heaving and 
Bulk Density for Six Soils in Northern 
Arizona 46 

8. Mean Weight of Water in Soil Samples at 
Three Bulk Density Levels for Six Soils 
in Northern Arizona Before Freezing and 
Depth Frozen 49 

9. Variables Used in Stepwise Regression and 
Measures of Dispersion and Central 
Tendency 52 

10. Comparison of Two Regressions for 
Predicting Susceptibility of Arizona 
Soils to Frost Heaving 55 

vii 



viii 

LIST OF TABLES—Continued 

Table Page 

11. Data from Experiment C Testing the 
Effect of Sodium Tetraphosphate on 
Germination and Survival of Ponderosa 
Pine Seedlings 64 

12. Effect of Sodium Tetraphosphate on 
Survival and Height Growth of One 
Month Old Ponderosa Pine Seedlings 65 

13. Effect of Various Chemicals on Heaving 
of Soil from Beaverhead Flat, Arizona .... 70 

14. Effect of Various Chemicals on Time to 
Initiate Freezing for Soil from 
Beaverhead Flat, Arizona 71 

15. Effect of Various Chemicals on Heaving 
of Soil from Tie Park, Arizona 72 

16. Effect of Various Chemicals on Time 
to Initiate Freezing for Soil from 
Tie Park, Arizona 73 

17. Effect of Various Treatments on the 
Heaving of Tubes, Dowels and 
Seedlings at S-3 in 1971 77 

18. Results of Experiment Testing Effect of 
Chemicals on Heaving of Tubes and 
Dowels at S-3, 1972 81 

19. Effect of Chemicals on Heaving of 
Dowels, Plugs, and Tubes at S-3 in 
1973 87 

20. Survival of Plug and Tube Seedlings 
Planted on Plots Treated with Various 
Chemicals in 1973 88 

21. Results and Analysis of Experiment 
Testing Coarse Sand as a Method of 
Controlling Heaving of Ontario Tubes 
at S-3 in 1972 92 

22. Heaving and Survival of Tube and Plug 
Seedlings Planted by Different Methods 
at S-3 in 1973 95 



ix 

LIST OF TABLES—Continued 

Table Page 

23. Summary of Field Observations Made 
December 12 to December 19, 1973 at 
S-3 103 

A.1. Weight of Oven-Dry Soil Needed in Soil 
Cylinders to Duplicate Field Bulk 
Densities for Six Soils in Northern 
Arizona 121 

A.2. Weight of Oven-Dry Soil Needed in Soil 
Cylinders to Duplicate Minimum, Mean, 
and Maximum Bulk Densities for Six 
Soils in Northern Arizona 122 

C.l. Covariance Analysis of Frost Heaving 
Related to Bulk Density 127 

C.2. Stepwise Regression Analysis, All Soil 
Depths 130 

C.3. Stepwise Regression Analysis with 0 to 
2.5 Centimeter Depth Omitted 136 

C.4. Stepwise Regression Analysis with 0 to 
2.5 Centimeter Depth, Montmorillonite 
and Mineral Variables Omitted 142 

C.5. Analysis of Variance of Factorial 
Experiments, Experiment A, Effect of 
Chemicals on Germination and Growth 
of Ponderosa Pine 146 

C.6, Analysis of Variance of Factorial 
Experiments, Experiment B, Effect of 
Chemicals on Survival and Growth of 
One-Month-Old Ponderosa Pine Seedlings .... 153 

C.7. Analysis of Variance: Testing the 
Effect of Sodium Tetraphosphate on 
Germination and Survival of Ponderosa 
Pine 160 

C.8. Analysis of Variance: Effect of Sodium 
Tetraphosphate on Survival and Height 
Growth of One-Month-Old Ponderosa Pine 
Seedlings . 161 



X 

LIST OF TABLES—Continued 

Table Page 

C.9. Analysis of Variance and Multiple Range 
Tests: Effect of Various Chemicals on 
Heaving of Soil from Beaverhead Flat 162 

C.10. Analysis of Variance and Multiple Range 
Tests: Effect of Various Chemicals 
on Heaving of Soil from Tie Park 165 

C.ll. Analysis of Variance and Multiple Range 
Test: Testing Different Treatments for 
Controlling Frost Heaving of "Ontario" 
Tubes and Wooden Dowels, 1971 168 

C.12. Analysis of Variance of 1972 Field 
Experiment 169 

C.13. Analysis of Variance of Factorial 
Experiments: Effect of Various 
Chemicals and Plowing on Heaving and 
Survival of Plugs, Tubelings, and 
Dowels at S-3 in 1973 170 

C.14. Analysis of Variance of Factorial 
Experiments: Effect of Coarse Sand and 
Methods of Planting on Heaving and 
Survival of Plugs and Tubelings at 
S-3 in 1973 174 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Example of ice lens formation in pure 
kaolinite clay 7 

2. Summation chart for determining 
percentage of sand silt and clay in 
soil from three depths at S-3 33 

3. Interaction diagram showing the re'• .r ':ion 
of soils and bulk density to mei. . 
frost heaving per day for six soils 
in Northern Arizona 47 

4. Example of the relationship between 
bulk density and frost heaving 48 

5. Effect of various levels of chemicals 
on survival of Ponderosa Pine seedlings, 
Experiment A 62 

6. Effect of various levels of chemicals 
on height growth of Ponderosa Pine, 
Experiment A 63 

7. Soil from the 2.5 to 7.6 cm depth at 
Beaverhead Flat treated with chemical 
additives to reduce frost heaving 6 8 

8. Precipitation by months at Unit S-3, Fort 
Valley experimental forest during 1972 
and 1973 86 

9. Ice layer approximately 2.5 cm thick 
composed of needle ice 105 

A.1. Freezing chest for conducting frost 
heaving studies 115 

A.2. Sheet metal pan with soil cylinders, 
top and completely assembled chest, 
bottom 116 

xi 



ABSTRACT 

Frost heaving is a major cause of tree seedling 

mortality. Heaving is caused by a migration of water 

through soil to a freezing zone where layers of ice are 

formed. Segregation of soil water occurs as long as flow 

of water to the freezing zone matches rate of freezing. 

When segregation does not occur, the freezing front ad

vances into the soil to form concrete frost. 

Movement of water through soil to the freezing front 

occurs as a result of a lowering of the freezing point of 

soil water which is caused by several factors. When water 

in larger soil pores freezes, a shortage of water results 

which in turn causes a negative pressure or tension to 

develop. A negative pressure reduces the freezing point of 

soil water. In addition, water adsorbed on soil particles 

freezes at a lower temperature than water in the center of 

soil pores. The freezing point is also lowered by salts. 

When the freezing point of water is lowered, the free energy 

draws water to the freezing zone and lifts the soil. 

Six soils at three depths from northern Arizona were 

studied to determine susceptibility to frost heaving. A 

freezing chest constructed of plywood and styrofoam was used 

in studying heaving characteristics of soil in plastic 

cylinders. The following soil parameters were used in a 

xii 
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regression analysis to identify an equation for predicting 

susceptibility to heaving: type and amount of clay 

minerals; percentage of sand, silt, and clay; bulk density; 

cation exchange capacity; amount of calcium and magnesium; 

exchangeable amounts of calcium, magnesium, and sodium. 

Frost heaving was strongly correlated with bulk 

density. For each ot the six soils the greater the bulk 

density the greater the heaving. A regression equation 

using bulk density and sand content as the independent 

variables accounted for 83% of the variation in heaving. 

Chemicals reported to reduce frost heaving were 

studied for their effect on the germination and growth of 

ponderosa pine seeds and seedlings. Calcium chloride, 

ferric chloride, calcium sulfate, and several sodium poly

phosphate compounds were not detrimental to seed or seedlings 

in pot experiments at rates of 1% or less based on the soil 

bulk density. Calcium chloride and ferric chloride reduced 

heaving of two susceptible soils in laboratory freezing 

experiments. 

Field experiments showed that plowing treatments 

alone and plowing treatments with calcium chloride, ferric 

chloride, calcium sulfate, or sodium tetraphosphate reduced 

heaving of wooden dowels, tubed seedlings, and plug seed

lings as compared to controls. Survival on plowed plots was 

significantly less than on plowed plus chemical plots. 

Plastic tubes buried approximately one centimeter below the 
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soil surface heaved little, indicating that heaving is a 

surface phenomenon. Tubes planted in coarse sand heaved 

little in one experiment but considerably more in two 

succeeding experiments. 

Field observations during 1973 indicated that 

heaving did not occur until the soil appeared to be 

saturated. The moisture content may have to be over 50% 

based on oven-dry weight of the soil. Heaving will occur 

when the soil moisture is high enough and the temperature 

is favorable. 

Time lapse motion pictures revealed that the soil 

and objects in it move as a unit during the period when the 

soil is freezing. During thawing, the soil settles back 

into place and the extruded objects remain at the location 

or level where they were pushed. 



INTRODUCTION 

Frost heaving of tree seedlings is one of the major 

problems hindering reforestation efforts in many parts of 

the world. Areas which have below freezing air temperatures/ 

a frost susceptible soil, and available soil moisture are 

subject to frost-heaving. In northern Arizona, where these 

three criteria are met, frost-heaving is a major cause of 

mortality to ponderosa pine (Pinus ponderosa Laws.) seed

lings (Larson, 1961). 

Recent studies by Heidmann (.1963) , Schubert, 

Heidmann, and Larson (1970), and Schubert, Pearl, and 

Heidmann (1969) indicated that ponderosa pine may be planted 

successfully if good stock is planted carefully on well 

prepared sites which are protected from domestic livestock. 

Planting, however, is expensive and becoming more expensive 

as labor costs continue to rise. If methods to prevent or 

reduce frost heaving can be found, then natural reforesta

tion and direct seedling measures will have a greater chance 

of success. These methods are less expensive than planting. 

1 



DESCRIPTION OF THE STUDY 

The study consisted of the following components: 

1. An investigation of the literature pertaining to 

frost heaving. 

2. Field and laboratory experiments to determine which 

parameters are associated with heaving of Arizona 

soils. 

3. Field and laboratory experiments to test possible 

methods for controlling frost action. 

The laboratory experiments were conducted in the 

Forestry Sciences Laboratory of the Rocky Mountain Forest 

and Range Experiment Station, Flagstaff Unit. Soils used in 

the laboratory experiments were collected from diverse 

sites located within a 40-mile radius of Flagstaff. Frost 

heaving had previously been observed in some of these soils. 

The field experiments were conducted at the Fort 

Valley Experimental Forest, Unit S-3, which is approximately 

16 miles northwest of Flagstaff. This site was chosen 

because previous studies had shown that heaving of ponderosa 

pine seedlings in the area was high. In addition, the study 

area is fenced to exclude domestic livestock, rodents, and 

other small animals. The area is also easily accessible 

except after periods of heavy snow. 

2 



LITERATURE REVIEW 

Heaving of Plants and Objects from the Soil 

Haasis (1923) was one of the first researchers to 

study the heaving phenomenon in the Southwest. He noted 

that almost 98% of the seedlings which exhibited heaving 

damage were in their first year. He also observed that the 

greatest heaving occurred in clay soils and the least 

occurred in cindery soils. 

Mortality due to heaving can be spectacular. Larson 

(1961) found that almost half of the ponderosa pine 

seedlings in a seedling study initiated in the summer of 

1957 heaved on one night in mid-October. Larson (1960) also 

noted in another study that only 5% of the seedlings 

exhibiting frost heaving damage survived as compared to 20% 

survival for seedlings showing no frost damage. 

An interesting facet of frost heaving, as related 

to conifer seedlings, is that heaving is almost exclusively 

confined to first-year seedlings. In Arizona few ponderosa 

pine transplants heave. A similar phenomenon was reported 

by Schramm (19 58) who found that by October, in the coal 

fields of Pennsylvania, all persimmon (Diospyros virginiana), 

pine (Pinus virginiana and P. rigida), and oak (Quercus 

alba, Q. borealis, and Q. bicolor) seedlings which had 

germinated in the spring were either severed or extruded 

3 
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from the soil. Simultaneously not one of 400 pine trans

plants (Pinus Banksiana, P. strobus, P. sylvestris, or P. 

rigida) of various ages planted on the same site at the same 

time showed evidence of heaving. Schramm explained the 

differences in heaving by stating that pine transplants pre

sent a considerable surface to the wind at all times so that 

even gentle winds will cause the relatively stiff woody stem 

to sway. The swaying motion results in the stem being 

pushed against the wet soil and causes an air gap or ring to 

form between the soil and tree stem. Subsequently, when the 

surface soil layer freezes, it does not grip the tree stem. 

As a result, when the soil lifts during heaving, it rides up 

the stem of the tree. Deciduous seedlings, in a leafless 

state, do not present as large a surface as conifers for the 

wind to act upon when heaving conditions are ideal. As a 

result deciduous seedlings do not move back and forth in the 

wind as readily as pine transplants. Consequently, no ring 

is formed around the stem, so the frozen layer of surface 

soil grips the tree stem and the tree heaves. Current year 

pine seedlings heave because they have a much smaller sur

face area than transplants and are closer to the ground. 

The stem is also supple, so that instead of displacing the 

soil the stem bends at the soil surface and no ring is 

formed. 

Other plants in addition to tree seedlings also 

heave. Biswell et al. (1953) frequently observed 75% or 
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more mortality of grass and brush seedlings by heaving in 

California. Heaving was most severe on north slopes, and 

legumes were more affected than grasses. Heaving of legumes 

in Illinois is also a serious problem (Portz, 1967). 

Kinbacher (1956) studied the heaving characteristics 

of various grass species and two varieties of wheat. Peren

nial ryegrass (Lolium perenne L.) was more resistant to 

heaving than Hardinggrass (Phalaris tuberosa var. stenoptera 

[Hack.] Hitch.). The two wheat varieties were more resist

ant to heaving than the grasses. 

In addition to plants, almost all objects in a frost 

susceptible soil such as posts, stakes, poles, roads, and 

runways can be moved upward by frost action. Kaplar (1965) 

examined the upward migration of rocks by means of time-

lapse photography. Corte (1961) showed that freezing and 

thawing cycles produce vertical sorting of the soil particles 

with the coarser materials moving to the surface and the 

finer materials moving downward. 

Factors Associated with Frost Heaving 

Segregation of Soil Water 

Early researchers suggested that frost heaving re

sulted from an expansion of the soil water upon freezing. 

Taber (1929), however, pointed out that when water freezes 

there is an increase in volume of 9% which could not explain 

the degree of uplift noted in many soils. In a series of 
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classical experiments Taber (1929, 1930) demonstrated that 

frost heaving was due to a segregation of water in the soil 

which froze into layers of ice (Figure 1). The amount of 

uplift was generally equal to the thickness of the ice 

layers in the soil. The segregation of soil water is the 

result of a slow freezing process caused by a migration of 

water to a freezing front, resulting in the formation of ice 

lenses in the soil. This type of ice has been referred to 

as needle ice, stalactite ice, or comb ice (kameis) (Schramm, 

1958) . Rapid freezing of the soil produces concrete frost 

which results when the soil water freezes in place in the 

larger pores. The uplift of the soil is slight with rapid 

freezing. 

Schramm (1958), in explaining the heaving of tree 

seedlings, stated that an upper layer of coarse soil freezes 

solid because the pores are relatively large and the water 

in them freezes at close to 0 C. The frozen layer grips the 

tree stem tightly. Below the surface layer the soil has a 

finer texture (Corte, 19 61) and consequently smaller pores. 

The water in the smaller pores freezes at a lower tempera

ture than in the larger pores, resulting in a movement of 

water to the freezing line and formation of an ice layer. 

The ice layer pushes up the layer of frozen soil which grips 

the tree seedling. Upon thawing, the soil more or less 

settles back into its original position leaving the tree in 

an extruded position on the surface of the soil. If the 



Figure 1. Example of ice lens formation in pure kaolinite 
clay — The sample heaved 15 cm (200%) in 7 days. 
The picture on the right shows little soil in the 
column, which indicates that the flow of heat to 
the freezing front was equal to the heat flow to 
the surface during most of the freezing period. 
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freezing process continues long enough, the tree may be 

completely lifted out of the ground. If the tree roots are 

held firmly enough by the soil, the upward lift may sever 

the stem or girdle the seedling. 

Soons and Greenland (1970) duplicated the formation 

of needle ice in the laboratory. They found that ice 

needles 6.5 cm in length were produced by the third day with 

an ambient temperature of -4 C. A decline of soil moisture 

in the upper layers was noted, and a second layer of needles 

was initiated below the first layer and separated from it by 

a layer of soil. 

Freezing of Water. Heat is evolved from all sub

stances in changing from the liquid to the solid state. In 

the case of water, this heat is called heat of fusion or 

heat of crystallization. For each gram of water which 

freezes, 80 calories of heat are released. The rate of 

freezing and thawing varies with the temperature, pressure, 

and shape of the ice surface (Chalmers, 1959). At a given 

pressure there is only one temperature at which these rates 

are equal. When salt is added to water the freezing point 

drops. The freezing point of the water is lowered because 

salt molecules combine with water molecules, resulting in 

fewer water molecules being available for freezing, 

If no ice is present, water can be supercooled. If 

ice is added, freezing will occur and ice will grow rapidly 
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until the latent heat evolved raises the temperature of the 

ice and water mixture to the freezing point (Chalmers, 1959). 

The temperature of equilibrium depends on the curvature of 

the ice surface. For each temperature there is a critical 

radius of curvature at which ice and water are in equilib

rium. A small ice crystal may have an equilibrium tempera

ture below 0 C. The absence of an ice crystal with a 

critical radius allows water to remain liquid when it is 

supercooled (Chalmers, 1959). 

Freezing of Soil Water. Water in the soil freezes 

at a temperature below 0 C. According to Outcalt (1969), a 

wet soil surface will freeze if the surface can be under-

cooled to the ice nucleation temperature of about -2 C. 

Freezing occurs when the equilibrium temperature of the soil 

surface descends to the ice nucleation temperature. 

To maintain the growth of clear ice needles at a 

point, the vertical flow of water to the freezing front must 

match the fusion rate, i.e., 1 g of soil water must be 

supplied for each 80 langleys (ly) of heat flowing through 

the needles toward the soil surface. If either the heat 

flow to the surface becomes too large or the supply of water 

becomes limiting, segregation will stop and water will 

freeze in the soil pores resulting in concrete frost. In 

most instances the soil surface layer dries slightly due to 

evaporation. Since segregation of soil water only occurs 
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when the soil pores are saturated, the surface layer freezes 

solid. It is because of the drying of the surface soil 

layer that at all but the wettest sites needle ice usually 

wears a cap of frozen soil. The base of the cap is located 

at exactly the level where the water flux first equalled the 

fusion rate (Outcalt, 1969). 

Undercooling of Soil Water. The migration of soil 

water to the freezing front is due to the undercooling of 

the soil water ( Taber, 1929). The nucleation temperature 

must always be below the freezing point. In pure water this 

temperature may be as low as -39 C (Martin, 1959). In 

ordinary tap water, the nucleation temperature is about -6 C 

(Chalmers and Jackson, 1970), but in the soil it is nearer 

to -2 C (Outcalt, 1969). 

Nucleation of soil water is modified, since the 

water is present as separated small volumes and the prox

imity of the soil-water interface lowers the temperature 

required to nucleate the ice. Edlefsen and Anderson (1943) 

demonstrated in a water-ice system that if the pressure on 

the ice is constant, while the pressure on the water changes, 

dT the effect on the freezing temperature is: ^ = + 0.0824 

C/atm. if the pressure is positive. A negative pressure 

lowers the freezing point. In the soil the freezing point 

is lowered because the freezing of water lowers the water 

content which creates a tension or negative pressure at the 
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freezing zone. In addition the cations in the double layers 

of the soil particles, mainly the clays, are excluded from 

the ice which raises the osmotic pressure of the remaining 

water, thus contributing to the negative pressure (Martin, 

1959). 

Adsorbed Water: 

Water adsorbed by soil particles freezes at a lower 

temperature than pure water (Taber, 1929; Penner, 1959). In 

a kaolinite clay, when the ice crystal has grown to within 

30 A of the clay surface, the freezing poing of the water 

molecules adjacent to the ice is depressed about 0.4 C below 

the freezing point of water at the center of the pore. When 

the crystal grows to within 10 A of the surface, the 

freezing point is depressed about 4 C (Martin, 1959). 

According to Low and Lovell (1959), exchangeable 

ions on the soil particles appear to be involved in water 

adsorption. In the earliest stages of adsorption, these 

ions form ion-dipole bonds with the water molecules, i.e., 

they hydrate and thereby hold water to the mineral surfaces. 

The mineral surfaces also attract water which is probably 

due to hydrogen bonding between the water molecules and the 

O or OH ions on the mineral surfaces (Low and Lovell, 1959). 

Many authors (Taber, 1929, 1930; Beskow, 1947; 

Penner, 1959; Chalmers and Jackson, 1970) have pointed out 

the existence of a thin film of water located between an ice 



layer and the adjacent soil particles. The water in this 

layer may not freeze until a temperature of -180 C is 

attained (Jung, 1931, cited by Vershinin, Deriagin, and 

Kirikenko, 1960). Chalmers and Jackson (197 0) stated that 

the layer of water between the ice and the soil particles 

has an equilibrium thickness. The thickness of the layer 

varies, and at a sufficiently low temperature it does not 

exist. If the soil water is undercooled a little of the 

water layer separating the ice and soil will freeze, re

ducing the thickness of this layer below the equilibrium 

thickness. The equilibrium thickness can be restored by an 

influx of water from the unfrozen soil. A steady state 

thickness of the water layer will be established, however, 

which is narrower than the equilibrium thickness, because as 

fast as water is drawn into the layer water freezes on the 

ice lens. The layer of water is a region of negative 

pressure. The negative pressure would be eliminated by the 

influx of water if freezing were not constantly occurring. 

The freezing point of soil water is also related to 

the specific surface to volume ratio of ice as demonstrated 

in the following formula (Chalmers and Jackson, 1970): 

AT = freezing point depression 

A. = surface area of the ice structure 
i 
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a = solid-liquid surface free energy per unit area 

T = 273 K 
E 

V. = volume of ice transformed 
1 

L = latent heat per unit volume. 

This relationship shows that as more ice freezes and 

less water is available to be frozen the freezing point de

pression will decline, since decreases. 

Energy Requirements; 

For an ice lens to grow, water must move through the 

soil and this requires a pressure gradient which can develop 

at the freezing front because of a free energy difference 

(Chalmers and Jackson, 1970) given by: 

p = LAT 
T E 

The energy required to lift the soil and draw water 

to the ice lens comes from the change in free energy (AF) 

(Martin, 1959): 

_ L(To-Tx)+ 
AF — 

where 

To = freezing point of free water 

Tx = actual freezing point of soil water 

L = latent heat of fusion (80 cal,/g). 

This equation demonstrates that if the freezing 

point of water is not lowered and To = Tx, then free energy 

is unavailable to lift the soil or to draw water to the 
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freezing front. The greater the difference between To and 

Tx, the more energy is available. 

For freezing to occur in situ, the ice must grow 

between the soil particles. This can only happen if the 

radius of curvature of the ice is less than the radius of 

the pore channels (Chalmers and Jackson, 1970). Soil water 

will freeze in situ only below the temperature given by 

substituting the appropriate value for r in the following 

formula: 

2aT 
AT = _£ 

where r = radius of pore and other symbols have the same 

meanings as previously defined. 

Temperature and Frost Heaving 

The transfer of heat within a soil is important in 

determining if frost heaving will occur. 

When the soil water freezes, the released heat 

flows upward through the frozen layers to the soil surface. 

When the water supply to the freezing zone is adequate, the 

amount of heat supplied by fusion is equal to the heat lost 

from the soil and the freezing front remains stationary in 

the soil. If the supply of water is not adequate, the 

amount of heat lost from the soil is greater than that re

leased by fusion and the freezing front will advance down

ward into the soil. In the former situation, ice lenses 

develop in the soil and heaving occurs. In the latter 
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situation, freezing occurs in situ and heaving does not take 

place. 

Transfer of heat takes place by radiation, conduc

tion, and convection. In the case of soil, the heat trans

fer is by conduction only unless water is moving within the 

soil voids (Aldrich, 1956). The concept of conductivity 

describes a transfer of kinetic energy from the molecules 

of a warm particle to a cooler particle. The rate at which 

this heat is transferred is given by: 

where 

Q = rate of heat flow 

V^-V2 = temperature difference 

1 = length 

A = cross sectional area 

K = coefficient of thermal conductivity. 

The coefficient of thermal conductivity (K) is a 

measure of the quantity of heat that will pass through a 

unit area of unit thickness in unit time under a unit tem

perature gradient. The K of the soil depends on the den

sity, moisture content, temperature, texture, structure, and 

mineral composition (Kersten, 1952). 

The rate of frost heaving is independent of the rate 

of advance of the freezing front as pointed out by Beskow 

(1947). The rate of heave is equal to the rate at which 
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the water arrives at the ice lens. According to Chalmers 

and Jackson (1970), this rate can be given by: 

kp P -PT 
D _ Mw max L 

p. h -h Ki o 

where 

R = rate of frost heaving 

k = coefficient of permeability of the soil 

Pw = density of water 

= density of ice 

p = maximum suction pressure 
MTiax 

P = load pressure 
±J 

h = distance from the surface to the water table o 

h = distance from the surface to the ice lens. 

Further, Chalmers and Jackson (1970) suggested that 

the following equation can be used to determine the rate of 

advance of the freezing front: 

P -P 
_ _ tit TT T 1 ITiaX Li 1 V = [H.C-H -p Lk —r r ] =-

f u Kw h -h np. L o *i 

where 

= (thermal conductivity of frozen soil)(temperature 

gradient above freezing front) 

H = (thermal conductivity of unfrozen soil) (temperature 

gradient above freezing front) 

n = volume fraction of the soil that is water 

L = latent heat per unit volume. 
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Heaving then is related to the rate at which water 

arrives at the freezing front, which depends on pressure 

differences which result from undercooling of the soil 

water. The rate of advance of the freezing front depends on 

heat flow conditions. 

Permeability 

Soil permeability largely determines the rate of 

water movement in soil and ultimately whether or not the 

soil will heave. Permeability is a function of pore size. 

The tension developed at the frost line depends on the pore 

size. Coarse grained soils are highly permeable, but the 

flow of moisture is limited by the tension developed. In 

fine-grained soils, the tension developed may be large, but 

the flow is limited by a relatively low permeability. The 

intermediate condition in silt soils with respect to both 

permeability and tension appears to be conducive to a high 

rate of frost heaving (Penner, 1958). 

Since the driving force for water movement is a 

suction gradient, the principles of unsaturated permeability 

apply (Penner, 1959). Unsaturated permeability differs from 

saturated permeability in that the unsaturated permeability 

coefficient is not a constant but is a function of the 

average suction, decreasing as the average suction increases. 
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Soil Texture 

Soil particle size influences frost heaving since 

particle size influences pore size, which in turn affects 

permeability. According to Casagrande (1931), dee segrega

tion can be expected in nonuniform soils containing more 

than 3% of grains less than 0.02 mm and in uniform soils 

containing more than 10% less than 0.02 mm. No segregation 

was observed in soils containing less than 1% of grains 

smaller than 0.02 mm. Beskow (1947) stated that the maximum 

particle size which will produce measurable heave in 24 

hours is 0.1 mm. 

Frost heaving is influenced by the nature of the 

particles. Grim (1952) stated that soils consisting of very 

fine colloid-sized clay materials show little or no segrega

tion during freezing. 

Montmorillonite has a high adsorption capacity for 

certain cations, anions, and organic molecules. The nature 

of the adsorbed ion partially controls the orientation of 

the water molecules and the thickness of the water layers, 

showing a definite configuration, and as a consequence 

affects the properties of clay-water systems. In mont

morillonite, carrying sodium as the adsorbed ion, water can 

enter easily between all the unit layers and build up to a 

thickness of at least 100 k. Thus, even in the presence of 

large amounts of water, in which the water content would be 

in excess of the clay mineral content, there would be no 
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fluid water. Such clays are therefore largely impervious, 

and during freezing there is little or no concentration of 

ice in layers. 

In montmorillonite with calcium, magnesium, and 

hydrogen as the exchangeable ions, the situation is differ

ent. When the alkaline earths of hydrogen are present as 

adsorbed ions, water enters between the layers with diffi

culty and forms thin layers of adsorbed water. In these 

clays, water present in relatively small amounts beyond 

about 4 0% of the dry weight of the clay is fluid. In such 

clays, ice in layers may develop if the moisture content is 

fairly high (Grim, 1952). 

Kaolinite particles are 100 to 1000 times the size 

of montmorillonite units, so their total surface area is 

relatively small. Because of the crystalline structure of 

kaolinite, only about one-half the total surface is likely 

to develop adsorbed water with a definite configuration. 

Therefore, at relatively small water contents these soils 

contain some fluid water (Grim, 1952). 

Cass and Miller (1959) suggested that heaving of 

soil is primarily the result of swelling of clay minerals 

because of an osmotic pressure phenomenon. The swelling 

pressure in clay minerals is believed due to the overlapping 

of diffuse double layers of contiguous particles which 

causes a local increase in osmotic pressure at the plane 

midway between the particles which is not offset by the 
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presence of an electric field. In contact with a source of 

water, such a system will exhibit an osmotic swelling 

property corresponding to a simple osmometer as follows: 

PSW = ttc - tts; PSW = osmotic swelling pressure, ire = osmotic 

pressure at central plane, and tts = osmotic pressure of 

external solution from which the water is drawn. 

Controlling Frost Action 

Essentially there are three ways in which a soil can 

be made non-frost susceptible. The most obvious is to 

prevent the freezing of the soil pore water. The other 

methods are (1) to reduce the permeability of the soil so 

that moisture cannot migrate to the freezing zone at a fast 

enough rate for ice lenses to form, and (2) to cement the 

soil particles together with a bond strong enough to resist 

the expansive forces of frost action (Lambe, 1956). An 

additional method, suggested by Cass and Miller (1959), is 

to substitute a non-susceptible soil for a susceptible one. 

This is not economically feasible in forest management 

practice. 

There are several ways in which the above objectives 

may be accomplished. 

Dispersing Agents 

Dispersing agents for clay soils may be placed into 

two categories: (1) those which substitute sodium ions for 

exchangeable calcium, the latter being removed from the soil 
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solution; and (2) those which, in addition, mask or reverse 

the positive charges normally found at the edges of the clay 

plates. Sodium oxalate is an example of the former and 

sodium polyphosphates are examples of the latter (Cass and 

Miller, 1959). 

Dispersing agents produce two contradictory effects 

and may suppress heaving in some instances and promote it in 

others. The substitution of a monovalent ion, such as 

sodium or lithium, for calcium increases the dimension of 

the double layer by a factor of two or more, providing that 

the treatment does not at the same time increase the electro

lytic concentration of the system. Such a substitution 

tends to facilitate recharge of the double layer and in

crease the heaving tendency. On the other hand, any clay 

present in the system would tend to become dispersed (be

cause of the increased swelling pressure of the monovalent 

double layer) and migrate with the moving water to clog the 

pores, thus reducing the permeability of the soil (Cass and 

Miller, 1959) . In addition, sodium montmorillonite is 

capable of holding appreciable amounts of water which is 

not readily frozen. 

Most of the dispersants consist of a polyanionic 

group (phosphate or sulfonate) and a monovalent cation, 

usually sodium. Some of the anionic groups can remove any 

polyvalent cations by forming insoluble products, and others 

can become attached to the soil mineral surfaces. The 
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sodium ions become linked to the soil, replacing the removed 

polyvalent and exchangeable cations. The cation exchange 

(monovalent for polyvalent) and the anion adsorption expand 

the diffuse double layers around the colloids thus in

creasing interparticle repulsion which tends to disperse the 

soil aggregates. Particles that do not stick together can 

be packed into a more orderly and denser structure. Attend

ant with improved structure are higher density, lower per

meability, and higher stability to water. By decreasing the 

size of the soil voids, dispersants also tend to lower the 

freezing temperature of the soil water (Lambe, 1956). 

Waterproofing Agents 

Soil mineral surfaces can be made hydrophobic with 

additives. One end of the additive molecule becomes ad

sorbed to a soil particle and the other end of the molecule 

is hydrophobic. As a result the soil becomes non-wettable 

with water. Soil can also be treated with non-hydratable 

cations that are attracted to the negatively charged soil 

particles. 

Cementing Agents 

A frost susceptible soil may be made non-susceptible 

by reducing the proportion of finer particles (clay and 

silt). This can be done by adding cements or chemicals to 

the soil which cause flocculation to occur. Synthetic 

polymers become attached to the soil mineral surfaces and 
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link the particles together. Aggregation of soil particles 

can also be achieved by application of polyvalent cations 

such as Fe or Al . The cations act by shrinking the 

diffuse double layer around the soil colloids enough to 

permit the particles to cohere. 

Another phenomenon, ion fixation, results in aggrega

tion of soil particles. If Fe+++ is added to a fine grained 

soil, an ion exchange reaction can occur wherein the iron 

replaces some of the exchangeable cations of the soil. This 

reaction tends to produce flocculation because of the re

duction of the interparticle repulsive charges. If the soil 

is dried, some of the iron ions link adjacent soil particles 

together with a strong bond that is resistant to water. The 

iron ions become fixed and are no longer exchangeable 

(Lambe, 1956). 

Increasing the Overburden Pressure 

Increasing the overburden pressure (the weight on top 

of the ice layer) decreases the thickness of the double 

layer. Decreasing the thickness of the double layer inter

feres with recharge and reduces the susceptibility to frost 

heaving. The added overburden pressure also decreases the 

freezing point at the frost line (Cass and Miller, 1959). 

Salts 

Salts lower the freezing point of the soil water. 

In addition, the presence of polyvalent cations in the 



system contracts the double layer. The salts, with their 

higher charge, are preferentially attracted to the mineral 

surface and find their equilibrium positions at short 

distances from the soil particles, which means that the 

double layer will be reduced in thickness and the osmotic 

activity and the recharge mechanism will be suppressed (Cass 

and Miller, 1959). 

Nucleating Agents 

Undercooling of the soil water results in pressure 

differences and water migration to the freezing front. The 

addition of nucleating agents to the soil water will result 

in the water freezing at a higher temperature, i.e., there 

will be less undercooling of the water. If undercooling of 

the water is prevented, the segregation process can be 

stopped. 

Altering the Radiation Balance 
of the Soil Surface 

If the amount of heat lost from the soil is reduced, 

the temperature of the soil water may be maintained above 

the freezing point. The use of mulches, shade, or soil 

coatings may accomplish this objective. 

Results of Various Control 
Experiments 

Lambe (1956) found that dispersants were effective 

in reducing frost heaving. The higher the treatment rate 
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the better the results, but reduction in heaving, using 

rates over 0.5% based on soil weight, was slight. Some of 

the dispersants showing promise were: sodium hexameta-

phosphate (Calgon), sodium tripolyphosphate (Tripoly), and 

tetrasodium pyrophosphate. Results using waterproofing 

agents, such as polyethylene glycol (Carbowax 200 and 6,000) 

were erratic and the costs were high. Cementing agents are 

expensive because too much material is needed to be 

effective. Ferric chloride (FeCl^), however, was effective 

at rates as low as 0.1%. 

Chemicals which lower the freezing point of the soil 

water, such as calcium chloride (CaCl2), also appear to be 

promising in preventing frost heaving. According to Smith 

(1952), protection from frost heaving in silty soils is 

given by applying CaC^ at a rate of 2%. In clay soils an 

application of 1% affords protection and only 0.1% was re

quired for graded mixes. After a period of 5 to 10 years, 

one-third to one-half of the chemical still remained in the 

soil. 

Thorud and Anderson (1969) found for compacted soils 

in Minnesota that temperatures of +32 F and +24 F were 

attained at the 5 inch soil depth about 10 and 30 hours, 

respectively, before these temperatures were reached in un-

compacted soil when the ambient temperature was +5 F. 

Vonnegut and Chessin (1971), working with nucleating 

agents, found that by coprecipitating AgBr with Agl, 
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solutions were formed in which Br atoms were substituted for 

as many as 30 mole per cent of the I atoms in the Agl struc

ture. As the fraction of I replaced by Br increases up to 

about 3 0%, supercooling was reduced by a factor of almost 

two. 

Soil cover modifies soil temperature and subsequent 

heaving. Kohnke and Werkhoven (1963) found that 1.5 tons of 

wheat straw per acre resulted in 6.5 freezing-thawing cycles 

at the 1 inch soil depth in a silt loam soil compared to 22 

cycles from bare plots over a winter season. 

Decker and Ronningen (1957) found that heaving of 

wooden dowels was related to degree of cover and species of 

vegetation present. The greatest heaving of dowels occurred 

in ladino clover (Trifolium repens) plots. No differences 

in heaving were attributed to variations in dowel diameter. 

Gradwell (1960) noted that needle ice did not form 

under tussocks (grass clumps) in New Zealand. Krumbach and 

White (1964) observed that frost penetrated 12 inches in 

plots bare of vegetation in Michigan compared to 3 inches in 

plots with a cover of alfalfa. 

According to Thorud and Anderson (196 9) white pine 

(Pinus strobus) litter samples had better insulating 

qualities than either red pine (P. resinosa) or oak (Quercus 

sp.) litter samples, Graber (1971) reported that the 

shading of white pine seedlings during the dormant and 

growing season reduced heaving losses. 



EXPERIMENTAL APPROACH 

The experiments conducted in this study were based 

primarily on information obtained from the literature. 

Frost heaving is caused by a segregation of soil water. 

Segregation occurs in soils which are permeable to water 

flow and in which a negative pressure develops. Both per

meability and negative pressure are related to soil pore 

size which is a function of soil particle size or texture. 

It was decided, therefore, that a study of frost heaving 

should include soils of different texture. 

One of the objectives of the study was to develop a 

method for predicting the susceptibility of forest soils in 

Arizona to frost heaving. Various characteristics of the 

soils were measured and the data used in regression analysis 

in an attempt to find an equation for predicting suscepti

bility to frost heaving. Parameters studied were those 

which appeared to be related to water flow such as texture, 

bulk density, and type and amount of clay minerals. Factors, 

such as thermal conductivity, which do not appear to be 

strongly correlated with frost heaving (Probst, 1965) were 

not studied. 

The heaving characteristics of the soils used were 

studied using a plywood box insulated with styrofoam, 

27 
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Most of the literature pertaining to frost heaving 

has been written by engineers who were concerned with the 

heaving of roads and buildings. Some of these papers 

reported that chemicals are available which reduce frost 

heaving of soils. It was decided to study some of the more 

promising chemicals, such as CaC^ and FeCl-j, in three 

steps. The first step was to determine if the chemicals 

were toxic to ponderosa pine seedlings or inhibited germina

tion. Next, chemicals not harmful to ponderosa pine were 

tested for effectiveness in preventing frost heaving of 

susceptible soils in laboratory experiments. The final step 

was to field test the most promising chemicals. The field 

experiments also included control methods suggested by 

previous observation. 

Polystyrene, "Ontario," tubes were used in the field 

experiments because prior exploratory experiments had shown 

them to heave readily. Wooden dowels were studied for the 

same reason as the tubes. 

Several papers (Taber, 1929, 1930; Haley, 1953; 

Jumikis, 1956; Higashi, 1958; Penner, 1958, Kaplar, 1971) 

described laboratory freezing tests to determine suscepti

bility of soils to frost heaving. Most of the experimenters 

studied the heaving characteristics of the soil packed in 

cylinders. Unfortunately none of the authors were specific 

as to how much soil should be packed into the cylinders. 

The first exploratory freezing experiments in this study 
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indicated that heaving was closely related to how much soil 

was placed in the cylinders. A study of frost heaving and 

bulk density was conducted as a result of this information. 

Finally, it was felt that observations should be 

made in the field to better understand the heaving process. 

A time-lapse motion picture camera proved useful in con

ducting the observations. 

Identifying Frost-Susceptible Soils in 
Northern Arizona 

The first experiments in the study were undertaken 

to identify forest soils in northern Arizona susceptible to 

frost heaving. The heaving characteristics of six soils of 

different texture were determined in laboratory freezing 

tests. In addition, various soil parameters were measured 

and the data used in regression analysis to develop an 

equation for predicting heaving susceptibility. 

Methods and Results 

Collection of Soil Samples. Soils of varying 

texture from six locations within a 40-mile radius of Flag

staff were selected for study (Table 1). Selections were 

made using soil survey information (Williams and Anderson, 

1967). At each of the six areas, four soil samples were 

collected from the 0 to 2.5, 2.5 to 7 6, and 7.6 to 15.2 cm 

depths. The four samples were later mixed and used in 

laboratory experiments. 
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Table 1, Location and Description of Soils Used in Frost 
Heaving Experiments 

Location 

Eleva
tion 
(feet) 

Textural 
Classification 

Heaving 
Characteristics 

Tie Park 7400 Clay Unknown 

Beaverhead Flat 3800 Sandy loam Unknown 

S-3 West, Ft. 
Valley Experi
mental Forest 7300 Silty clay loam Excessive 

S-3 East, Ft. 
Valley Experi
mental Forest 7300 Silty clay loam Little heaving 

Watershed 14, 
Beaver Creek 7400 Silt loam Unknown 

Kelly Tank 7200 Loam Moderate 

As determined from soil survey data. 
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Soil Tests. 

Bulk Density: 

The bulk density of each soil was determined using 

the sand-cone method (Black, 1965). The sand-cone method is 

especially useful when samples are collected from soils con

taining rocks and it is difficult to obtain undisturbed 

cores. 

The bulk densities for the six soils and three 

depths ranged from less than on at S-3, West (S-3,W) to 1.7 9 

at Beaverhead Flat (BF) (Table 2). Soils with low bulk 

densities are usually characterized by higher percentages of 

the finer soil particles (clays and silts) and soils with 

higher bulk densities are made up of coarser particles (sand 

and gravels). Bulk densities of clay, clay loam, and silt 

loam surface soils normally may range from 1.00 to as high 

as 1.60 g.cc ^ depending on their condition. A variation 

from 1.20 to 1.80 may be found in sands and sandy loams. 

Very compact subsoils, regardless of texture, may have bulk 

densities as high as 2.0 g.cc ^ or greater (Buckman and 

Brady, 1960). 

Particle Size Analysis: 

Soil particle size was determined using the hydrom

eter method of Boyoucos (Black, 1965). In determining 

particle size of the soil a summation percentage is plotted 

against particle size in microns (Figure 2). Any point on 



Table 2. Bulk Density and Textural Classification for Six Soils at Three Depths 
in Northern Arizona 

Textural 
Bulk Organic Classification 

Location Depth Density Sand Silt Clay - Matter (USDA System) 

(cm) (per cent)-

TP 0 -2.5 1.21 0 66 34 4.33 Silty clay loam 
TP 2.5- 7.6 1.08 1 66 33 1.93 Silty clay loam 
TP 7.6-15.2 1.27 0 62 38 1.90 Silty clay loam 
BF 0 - 2.5 1.56 60 30 10 0.33 Sandy loam 
BF 2.5- 7.6 1.79 52 34 ' 14 0.20 Sandy loam 
BF 7.6-15.2 1.75 51 32 17 0.20 Loam 
S-3W 0 - 2.5 0.93 15 68 17 2.27 Silt loam 
S-3W 2.5- 7.6 0.97 13 66 21 3.43 Silt loam 
S-3W 7.6-15.2 1.07 9 66 25 1.87 Silt loam 
S-3E 0 - 2.5 1.14 16 64 20 2.47 Silt loam 
S-3E 2.5- 7.6 1.09 15 67 18 1.47 Silt loam 
S-3E 7.6-15.2 1.20 10 66 24 0.77 Silt loam 
W-14 0 - 2.5 1.04 10 61 29 5.20 Silty clay loam 
W-14 2.5- 7.6 1.24 3 - 66 31 6.83 Silty clay loam 
W-14 7.6-15.2 1,32 5 66 29 2.57 Silty clay loam 
Kelly 0 - 2.5 1.08 63 24 13 2.57 Sandy loam 
Kelly 2.5- 7.6 1.34 61 26 13 3.73 Sandy loam 
Kelly 7.6-15.2 1.50 57 28 15 3.20 Sandy loam 

As determined by the hydrometer method. 
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the curve gives the percentage of soil particles smaller 

than the particle size directly below it on the X-axis. 

Soil texture data are given in Table 2. At each 

location, the soil textural classification was the same for 

all three soil depths with the exception of BF. The tex

tures for the different soils are varied but not as differ

ent as was expected. The results are slightly different 

from those listed in the soil survey (Williams and Anderson, 

1967). For example, the soil at Tie Park (TP) was identi

fied in the survey as a loam but the laboratory analysis 

classified it as a silty clay loam. These differences, 

however, are not considered to be critical. 

One of the soils studied (TP) had essentially no sand 

but two of the soils, Kelly Tank (Kelly) and BF, have from 

one-half to two-thirds sand. All of the soils have a fairly 

high silt content ranging from 24% at Kelly to 68% at S-3 

West (S-3W). 

The amount of organic matter varied. Little organic 

matter was found in the samples from BF (less than 1%) which 

is to be expected, since the area is one of low rainfall 

with sparse vegetation. The samples from Watershed 14 

(W-14) had the highest organic matter content. The 2.5 to 

6.7 cm depth has almost 7% organic matter (Table 2). 
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Clay Minerals and Soil Nutrients; 

A sample of each soil depth was sent to the Depart

ment of Soils, Water, and Engineering, The University of 

Arizona, for analysis of clay minerals and soil nutrients. 

The clay mineral analysis was done using X-ray diffraction. 

This technique was used to determine the relative amounts of 

montmorillonite (Mt.), mica (Mi), vermiculite (Vm.), 

kaolinite (Ka.), and chlorite (Ch.). Each soil was also 

analyzed for total calcium (Ca) and magnesium (Mg)content; 

exchangeable calcium (ExCa), Mg (ExMg), sodium (ExNa); and 

cation exchange capacity (CEC). 

The cost of analysis prohibited having more than one 

replication for each soil depth. 

The clay mineral type and relative content as deter

mined by X-ray diffraction varied considerably (Table 3). 

The highest content of Mt. was found in samples from BF and 

TP. Both of these soils exhibited the greatest total 

heaving in laboratory freezing tests. There was also a high 

content of Mt. in samples from W-14. Most of the soils had 

about the same amount of Ka. The Mi. content is inter

mediate while each soil sample had a low proportion of Vm. 

None of the samples contained Ch. 

The amounts of the soil nutrients contained in the 

samples as well as the CEC are listed in Table 3. 



Table 3. Results of Soil Mineral Analysis for Six Soils in Northern Arizona3 

Location Soil Depth Mt. Ka Vm Mi Ca Mg CEC ExCa ExNa ExMg 

— (Meg) — — (Meq/100 g)~ 

TP 0 - 2.5 4 2 1 2 2.7 2.7 28.9 17.2 .18 11.5 
TP 2.5- 7.6 4 2 2 2 1.4 1.1 32.4 21.0 .31 11.1 
TP 7.6-15.2 4 2 2 2 1.5 1.1 33.7 22.4 .33 11.0 
BF 0 - 2.5 5 2 1 2 18.6 3.4 16.6 14.8 .02 1.8 
BF 2.5- 7.6 5 1 2 7.6 1.9 23.5 20.1 .04 3.4 
BF 7.6-15.2 5 2 1 2 4.4 1.4 22.6 18.6 .06 4.0 
S-3 W 0 - 2.5 1 3 1 3 4.3 2.8 33.8 23.5 .07 10.2 
S-3 W 2,5- 7.6 1 3 1 3 3.5 2.3 34.7 24.0 .07 10.6 
S-3 W 7,6-15.2 1 3 1 3 3.5 2.2 35.9 25.2 .11 10.6 
S-3 E 0 - 2.5 1 2 1 3 4.9 3.1 36.6 22.9 .06 9.7 
S-3 E 2.5- 7.6 2 3 1 3 4.9 3.1 38.8 27.2 .07 11.5 
S-3 E 7.6-15.2 2 2 1 3 4.2 3.7 32.5 20.4 .06 12.0 
W-14 0 - 2.5 4 2 1 2 5.8 5.2 45.4 28.3 .13 17.0 
W-14 2.5- 7.6 3 3 1 3 6.7 4.5 41.0 28.2 .14 12.7 
W-14 7.6-15.2 3 3 1 3 6.8 5.2 43.3 28.5 .15 14.6 
Kelly 0 - 2,5 1 3 1 3 2.7 2.3 19.0 12.1 .03 6.9 
Kelly 2.5- 7.6 2 3 1 3 4.2 3.0 17.8 12.0 .05 5.7 
Kelly 7.6-15.2 2 3 1 2 4.5 3.5 17.8 11.7 .04 6.1 

Clay mineral type and amount determined by X-ray diffraction. A scale 
from 0 to 5 indicates relative amounts with 0 meaning none detected and 5 meaning 
that the type is dominant. 
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Freezing Tests. Soil frost heaving experiments were 

conducted in the laboratory using a specially constructed 

chest. The chest was filled with small cylinders of soil 

and then placed into a chest type freezer. Numerous authors 

(Taber, 1929; Haley, 1953, Jumikis, 1956; Higashi, 1958; 

Kaplar, 1971) described various types of freezing apparatus 

for conducting frost heaving tests, most of which were 

elaborate and expensive. In addition, most of these experi

ments used large cylinders approximately 10 by 25 cm filled 

with soil which means that not many samples may be studied 

at one time. The cylinders used for studying frost heaving 

in this study are similar to the miniature cylinders de

scribed by Lambe (1956). The cylinders are 3.3 by 7.6 cm. 

The primary advantage of the smaller cylinders is that many 

more samples of soil may be studied at one time. 

A detailed description of the construction of the 

freezing chest and how the freezing tests were conducted is 

in Appendix A. A brief description will be given here, 

however 

The freezing chest constructed for the present study 

was designed to simulate an open system. Sifted oven-dried 

soil was placed into cylinders made of polyvinylchloride 

(PVC) plastic pipe which were covered on one end with 

cheesecloth. The cylinders were then placed into a pan of 

water set in the plywood freezing chest. The whole chest 

was then placed into a deep freezer. To simulate frost 
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heaving as it occurs naturally, the soil samples should 

freeze from the surface downward. Therefore, the cylinders 

were insulated on the sides by imbedding them in a sheet of 

styrofoam. This sheet was then placed into the water pan. 

The pan was set in a plywood box which was insulated on the 

sides and bottom with styrofoam insulation. Water in the 

pan was kept above the freezing point by means of a heating 

tape which was imbedded in the insulation underneath the 

pan. 

Frost Heaving at Field Bulk Density; 

Soil from the six locations was studied in the 

freezing chest to determine susceptibility to frost heaving. 

The soil was allowed to air-dry after which it was screened 

through a 2 mm soil sieve to remove stones and gravel as 

well as the larger pieces of organic matter. The soil was 

then oven-dried at 105 C for 48 hours. The cylinders were 

filled with the weight of oven-dried soil necessary to 

duplicate the field bulk density. In order to pack all of 

the soil into the cylinders it was necessary to wet the soil 

(Appendix A). Each soil type and depth was replicated four 

times in a completely randomized block design. A total of 

72 cylinders were used in the experiment (six soils x three 

depths x four replications). 

The cylinders with soil were placed in trays of tap 

water and allowed to reach a constant weight after which 
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they were weighed to the nearest 0.1 g on a Mettler balance. 

The cylinders were then placed in the freezing chest. Each 

freezing experiment in the study lasted for a period of 10 

days. 

The surface of each sample was checked every eight 

hours to determine onset of freezing. At the conclusion of 

the freezing period the amount of heaving from each cylinder 

was recorded to the nearest millimeter (Appendix A). In 

addition, the total depth of freezing was measured for each 

cylinder. 

The total number of hours since onset of freezing 

was divided by 24 to give number of days frozen. The total 

heaving per cylinder was divided by the number of days 

frozen to obtain mean heaving per day. This was done be

cause the samples did not begin to freeze uniformly. One 

sample might begin to freeze in two days while another 

sample of the same soil might require four to five days to 

begin freezing. A comparison of total heaving, therefore, 

would not be valid. 

The mean heave per day frozen for the various soil 

samples was analyzed by analysis of variance (Table 4). 

Significant differences (.01 level) were found among soil 

samples. To determine where significance lay, Tukey's 

multiple range test (Snedecor, 1956) was used (Table 5). To 

determine if differences were significant a statistic, D, 

was calculated. For the experiment D = 0.86. Any 



Table 4. Analysis of Mean Heaving Per Day for Six Soils in 
Northern Arizona at Field Bulk Density 

Replication 

Location Depth 1 2 3 4 Total Mean 

(cm) Mean Heaving per Day (mm) 

S-3W 0 - 2.5 .88 .72 .88 .60 3.08 0.77 
S-3W 2.5- 7.6 .72 1.32 .89 .72 3.65 0.91 
S-3W 7.6-15.2 .84 1.08 1.20 1.50 4.62 1.16 
S-3E 0 -2.5 .84 1.50 1.38 1. 38 5.10 1.28 
S-3E 2.5- 7.6 1.20 1.44 1.00 1.44 5.08 1.27 
S-3E 7.6-15.2 .96 1.68 .72 .84 4.20 1.05 
Kelly 0 - 2.5 .36 .12 .24 .48 1.20 0.30 
Kelly 2.5- 7.6 .58 .84 .50 1.15 3.07 0.77 
Kelly 7.6-15.2 1.32 1.80 1.12 1.44 5.68 1.42 
W-14 0 - 2.5 .96 1.00 .62 .84 3.42 0.86 
W-14 2.5- 7.6 1.32 1.80 1.80 2.04 6.96 1.74 
W-14 7,6-15.2 2.76 2.12 1.87 2.48 9.23 2.31 
TP 0 - 2.5 1.92 1.56 1.44 1.85 6.77 1.69 
TP 2.5- 7.6 1.32 .81 .60 .72 3.45 0.86 
TP 7.6-15.2 3.75 2.76 2.64 3.00 12.15 3.04 
BF 0 - 2.5 .25 .48 .72 .48 1.93 0.48 
BF 2.5- 7.6 2.77 3.48 2.52 3.72 12.49 3.12 
BF 7.6-15.2 3.36 2.28 2.87 3.36 11.87 2.97 

26.11 26.79 23.01 28.04 103.95 

Analysis of Variance 

Source of Degrees of Sums of 
Variation Freedom Squares Mean Square F Ratio 

Soils 17 51.93 3.05 27.73** 
Error 54 5.95 .11 
Total 71 57.88 

**Significant at the .01 level. 



Table 5. Tukey's Test to Determine Significance Among Heaving Means for Six Soils 
and Three Depths at Field Bulk Density in Northern Arizona 

Depth Mean Minus 

Soil (cm) X 0.30 0.48 0.77 0.77 0.86 0.86 0.91 1.05 1.16 1.27 1.28 1.42 1.69 1.74 2.31 2.97 3.04 3.12 

BF 2.5- 7.6 3.12 2.82 2.64 2.35 2.35 2.26 2.26 2.21 2.07 1.96 1.85 1.84 1.70 1.43 1.38 .81 .15 .08 

TP 7.6-15.2 3.04 2.74 2.56 2.27 2.27 2.18 2.18 2.13 1.99 1.88 1.77 1.76 1.62 1.35 1.30 .73 .07 

BF 7.6-15.2 2.97 2.67 2.49 2.20 2.20 2.11 2.11 2.06 1.92 1.81 1.70 1.69 1.55 1.28 1.23 .66 

W14 7.6-15.2 2.31 2.01 1.83 1.54 1.54 1.45 1.45 1.40 1.26 1.15 1.04 1.03 .89 .62 .57 

W14 2.5- 7.6 1.74 1.44 1.26 .97 .97 .88 .88 .83 .69 .58 .47 .46 .32 .05 

TP 0 - 2.5 1.69 1.39 1.21 .92 .92 .83 .83 .78 .64 .53 .42 .41 .27 

Kelly 7.6-15.2 1.42 1.12 .94 .65 .65 .56 .56 .51 .37 .26 .15 .14 

S-3 E 0 - 2.5 1.28 .98 .80 .51 .51 .42 .42 .37 .23 .12 .01 

S-3 E 2.5- 7.6 1.27 .97 .79 .50 .50 .41 .41 .36 .22 .11 

S-3 W 7.6-15.2 1.16 .86 .68 .39 .39 .30 .30 .25 .11 

S-3 E 7.6-15.2 1.05 .75 .57 .28 .28 .19 .19 .14 

S-3 W 2.5- 7.6 0.91 .61 .43 .14 .14 .05 .05 

TP 2.5- 7.6 0.86 .56 .38 .09 .09 0.0 

W14 0 - 2.5 0.86 .56 .38 .09 .09 

S-3 W 0 - 2.5 0.77 .47 .29 0.0 

Kelly 2.5- 7.6 0.77 .47 .29 

BF 0 - 2.5 0.48 .18 

Kelly 0 - 2.5 0.30 

D = QSX 

D = (5.19)(.1658) = 0.86 

Differences between any two means greater than 0.86 are significant. 
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difference between two means greater than 0.86 was con

sidered to be significant. 

In general, the soil samples from BF, TP, and W-14 

at the 2.5 to 7.6 and 7.6 to 15.2 cm depths exhibited great 

greater heaving than the other samples. These same soils 

the 0 to 2.5 cm depth, however, heaved considerably less 

than the other samples. 

The soils at S-3 have been observed to heave spec

tacularly. Larson (1961) found that several hundred first 

year ponderosa pine seedlings, almost half of those in his 

study, heaved during one night in October, 1957. Larson's 

study was located within the same enclosure from which the 

S-3 samples used in this study were collected. The heaving 

of these soil samples in the laboratory test were inter

mediate . 

Frost Heaving at Minimum, Mean, and 
Maximum Bulk Densities; 

An exploratory study at the S-3 plot in the fall of 

1971 indicated that differences in frost heaving might be 

related to the bulk density of the soil. It was also noted 

in preliminary laboratory experiments that heaving was 

related to how much soil was packed into the soil cylinders. 

Consequently, freezing tests were conducted for the six 

soils and three depths using minimum, mean, and maximum bulk 

densities. In determining the minimum bulk density, three 

cylinders were filled loosely with soil for each soil depth 
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and not packed. The cylinders were then agitated slightly 

to settle the soil but an effort was made not to compact the 

soil. The amount of soil needed to fill the cylinders was 

weighed to the nearest 0.1 gram. In determining the maximum 

bulk density the cylinders were filled using a small amount 

of soil at a time. After a small increment of soil had been 

added to the cylinder it was tamped, using a hardwood dowel. 

Then another increment of soil was added to the cylinder and 

tamped and this procedure was repeated until the cylinder 

was full. The amount of soil needed to fill the cylinders to 

the maximum bulk density was also calculated to the nearest 

0.1 gram. The mean amount of soil needed was determined by 

averaging the amounts needed for the minimum and maximum 

bulk densities. The amount of soil needed for each treat

ment is listed in Appendix A, Table A.2. 

The bulk density freezing tests were replicated four 

times in randomized blocks which meant that a total of 216 

cylinders were needed for the experiment. Since the capacity 

of the freezing chest is only 7 2 cylinders it was necessary 

to run four separate trials with 54 cylinders. 

After the cylinders were filled with soil, they were 

placed in pans of water until a constant weight was reached, 

after which they were removed from the water and drained a 

few minutes. The weight of each cylinder was determined to 

the nearest 0.1 gram, after which they were placed in the 
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freezing chest. The freezing test was conducted in the same 

manner as the preceeding experiment. 

After this laboratory experiment was concluded, it 

was discovered that some of the bulk densities in the field 

were higher than the maximums used in this test. The 

present experiment was actually conducted before the pre

ceeding experiment using field bulk densities. In order to 

duplicate the field bulk densities in that experiment it was 

necessary to wet the soil (Appendix A). 

In this laboratory experiment the term high bulk 

density may be more appropriate than maximum bulk density. 

The data (Table 6) relating frost heaving to bulk 

density were analyzed by covariance analysis. The main 

effect of bulk density was significant at the .01 level 

(Table 7 and Appendix C, Table C.l). Soil types are sig

nificantly different (.01 level) with the main difference 

due to Kelly and TP (0.830 vs. 1.367). None of the inter

actions were large. The interaction between depth and bulk 

density was not significant. The largest interaction was 

between bulk density and soil type (.05 level) (Table 7, 

Figure 3). 

The general trend is the same for all soils (Figure 

4). Bulk density is overriding in its effect on heaving and 

this is mainly due to the highest level. 

The total amount of moisture in the samples before 

freezing was essentially the same (Table 8) which indicates 
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Table 6. Mean Heaving Per Day Since Initiation of Freezing 
for Six Soils from Northern Arizona at Minimum, 
Mean, and Maximum Bulk Densities 

Soil 

Bulk Density 

Mean Soil Minimum Mean Maximum Mean 

[Mean Heaving per Day (mm)] 

0-2.5 cm Depth 

S-3W 0. 53 0.81 1.70 1.01 
S-3E 0.72 0.76 1.69 1.06 
Kelly 0.56 0.79 1.06 0.80 
W-14 0.76 0.68 1.44 0.96 
BF 0.46 0. 86 1.12 0.81 
TP 1.24 1. 52 2.03 1.60 
Mean 0.71 0.90 1.51 1.04 

2.5-7.6 cm Depth 

S-3W 0. 58 0.80 1.98 1.12 
S-3E 0.56 0.76 1.56 0.96 
Kelly 0.38 0.77 0.77 0.64 
W-14 1.16 0.98 1.63 1.26 
BF 0.66 0.94 1.36 0.99 
TP 0.85 0.80 2.16 1.27 
Mean 0.70 0.84 1.58 1.04 

7.6-15.2 cm Depth 

S-3W 0.74 0.84 2. 58 1.39 
S-3E 0.72 0.82 2.13 1.22 
Kelly 0.48 0.83 1.84 1.05 
W-14 0. 99 1.10 1.61 1.23 
BF 1.04 1.10 1.78 1.31 
TP 1.06 1.42 1. 24 1. 24 
Mean 0.84 1.02 1.86 1.24 

Overall Means 0.7 5 0.92 1. 65 1.11 



Table 7. Covariance Analysis of Frost Heaving and Bulk Density for Six Soils in 
Northern Arizona 

Source df SSX MSX SSXY MSXY SSY MSY F 

C 2 3.9337 1.9669 10.6978 5.3489 33.0117 16.5058 121.54** 
B 2 .0168 .0084 .1389 .0695 1.9769 9.8840 72.78** 
A 5 6.6960 1.3392 -3.4367 -.6873 5.6380 1.1276 8.30** 
R 3 .0000 .0000 .0000 .0000 .1949 .0650 0.48 
CB 4 .0220 , 0055 .0812 .0203 .4773 .1193 0.88 
CA 10 .0229 .0023 .0316 . 0032 4.9267 .4927 3.63* 
BA 10 .4436 . 0444 .0549 .0055 3.5352 .3535 2. 60* 
CR 6 .0000 . 0000 .0000 .0000 2.8648 .4775 3.50** 
BR 6 -.0000 -.0000 .0000 .0000 1.1535 .1923 1.42 
AR 15 .0000 .0000 -.000 -.0000 2.6025 .1735 1.28 
CBA 20 .0499 .0025 .2833 .0142 5.0505 .2525 1.86* 
CBR 12 -.0000 -.0000 -.0000 -.0000 1.7760 .1480 1.09 
CAR 30 -.0000 -.0000 -.0000 -.0000 3.6696 .1223 0.90 
BAR 30 -.0000 -.0000 .0000 .0000 3.2187 .1073 0.79 
CBAR 60 -.0000 -.0000 -.0000 -.0000 6.3021 .1050 0.77 

Total 215 11.1849 7.8150 76.3983 
Combination of sources requested 
Error I 159 -.0000 -.0000 -.0000 -.0000 21.5871 .1358 
Combination of sources requested 
Error I AR BR CR BAR CAR CBR CBAR 

*Indicates significance at the .01 level. 

**Indicates significance at the ,05 level. 

A (soils) 1 CS-3W), 2 (S-3E), 3 (Kelly), 4 (W-14), 5 (BP), 6 (TP); 
B (depths) 1 (0-2,5), 2 (2.5-7.6), 3 (7.6-15.2); C (densities) 1 (lowest), 
2 (medium), 3 (highest). X = bulk density, Y = heave in millimeters. 
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Figure 4. Example of the relationship between bulk density 
and frost heaving — From the left the bulk 
densities are: 0.9, 1.0, 1.1, 1.2, and 1.25. 
All of the soils tested gave similar results. 
Note that the soil has pushout of the bottom of 
the cylinders, also, especially those on the 
right. 
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Table 8. Mean Weight of Water in Soil Samples at Three Bulk 
Density Levels for Six Soils in Northern Arizona 
Before Freezing and Depth Frozen 

Moisture 
Water after Dry Weight Frozen 
Soaking Basis — 

Soil Mean 
Loca- Depth Bulk Mean Weight Mean Depth 
tion (cm) Density (g) Per Cent (mm) 

W-14 0 - 2.5 Min 
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

B F  0 - 2 . 5  M i n  
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

Kelly 0 - 2.5 Min 
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

24.6 60 47 
27.0 54 48 
24.9 52 55 

22.9 54 48 
24.8 48 48 
24.2 40 55 

22.0 50 48 
24.9 47 47 
23.6 38 48 

19.3 26 42 
17.6 22 36 
16.4 19 42 

20.0 30 44 
18.9 26 46 
18.1 22 48 

21.4 34 46 
20.6 29 49 
19.4 25 48 

23.4 40 45 
22.3 34 38 
20.0 28 46 

22.1 38 38 
21.3 33 38 
20.1 28 44 

22.3 41 41 
20.9 32 35 
18.8 24 52 



Table 8.—Continued 
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Moisture 
Water after Dry Weight Frozen 
Soaking Basis 

Soil Mean 
Loca- Depth Bulk Mean Weight Mean Depth 
tion (cm) Density (g) Per Cent (mm) 

T P  0 - 2 . 5  M i n  
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

S-3E 0 - 2.5 Min 
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

S-3W 0 - 2.5 Min 
Mean 
Max 

2.5- 7.6 Min 
Mean 
Max 

7.6-15.2 Min 
Mean 
Max 

23.0 48 48 
23.9 43 52 
22.7 36 54 

25.0 54 46 
24.5 45 44 
22.3 35 54 

20.0 44 47 
21.9 41 49 
22.3 37 46 

27.1 60 45 
26.9 52 47 
25.5 44 54 

25.1 57 43 
25.6 47 46 
23.8 37 51 

23.4 48 49 
23.4 40 50 
23.0 34 59 

29.2 70 50 
28.6 59 54 
26.3 47 52 

27.2 64 43 
27.2 54 48 
25.4 43 55 

23.2 51 46 
25.1 46 46 
23.8 37 58 
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that some of the pores in samples at the lower density 

levels are filled with air. This is possibly due to lower 

capillarity. The depth of soil frozen is greater at the 

maximum bulk density than for the other densities. The 

greater depth frozen for compacted soils is possibly due to 

a higher rate of conduction of heat to the surface which 

would result in faster freezing. Thorud and Anderson (1969) 

reported similar findings. 

Regression Analysis. All of the data collected for 

the various soil parameters were used in a series of step

wise regressions to identify an equation for predicting 

susceptibility to frost heaving. The program used, BMD02R, 

computes a sequence of multiple linear regressions in a 

stepwise manner (Dixon, 1968). 

The first regression includes all of the variables 

for all of the soils and depths. The variables used are 

listed in Table 9, A correlation matrix as well as the 

main part of the analysis are in Appendix C, Table C.2. The 

correlation matrix lists the correlation between frost 

heaving and each of the 14 independent variables studied. 

The matrix also gives the correlation of variables with each 

other. The highest correlation is with bulk density (.612) 

followed by montmorillonite (.534). None of the other 

variables has a strong positive correlation with frost 

heaving. Potassium had a negative correlation of .44. 
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Central Tendency 
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Montmorillo.nite and bulk density had a correlation with each 

other of 0.666. Bulk density was the variable entered in 

the first step of the regression. This variable accounted 

2 
for 37% of the variation (R ) (Appendix C, Table C.2). When 

sand content was added in step two, 71% of the variation was 

accounted for and the multiple R (correlation coefficient) 

increases from .61 to .84. Using these two variables, a 

regression equation of Y = -2.52 + 3.67 X^D - 0.026 Xg^ND 

was developed where Y is heaving in millimeters per day. 

2 By adding calcium, the multiple R was increased to 83% and 

the equation became: Y = -2.67 + 4.10 X_._ - .90 X_ bl) L-a 

- .02 XSAND- is probably better to stop at step two, 

however, because it is easier to determine the bulk density 

and sand content for a particular soil than the calcium 

content, 

The stepwise regression was run again with all of 

the variables but the 0 to 2.5 cm depth was excluded. The 

measures of dispersion and central tendency as well as the 

various steps in the analysis are listed in Appendix C, 

Table C.3. 

The multiple R of heaving vs. montmorillonite was 

.780 compared to .720 for bulk density. Montmorillonite 

and bulk density had a mutual correlation of .699. Since it 

is much easier to determine values for some of the other 

variables than it is for clay minerals and soil nutrients, 

the regression was rerun with the omission of the 0 to 2.5 
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cm depth and the variables Mt., Mg, CEC, ExCa, ExNa, and 

ExMg (Appendix C, Table C.4). The correlation matrix is the 

same as for the preceding analysis. 

The bulk density variable was entered first, re-

2 
suiting in a multiple R of .7196 and a multiple R of .5179. 

2 When sand content was added in step two, R and R were 

.9097 and .8275, respectively. In other words, 83% of the 

variation is accounted for by the two variables, bulk 

density and sand. There is no advantage of going beyond 

2 
step two, since the increase in R is only .00795 (Appendix 

C) . 

The regression equation using the bulk density and 

sand variables is: $ = -3.53 + 4.57 XBD - .03 xgAND» Table 

10 gives a comparison of the two regression equations: 

Y = -2.52 + 3.67 XBD - .026 XgAND (all depths) 

$2 = 3.53 + 4.57 XBD - .030 XgAND (0 to 2.5 cm depth 

and nutrient variables excluded) . 

The two equations gave an index of frost heaving 

which might be expected in laboratory tests. The Y-variable 

is the expected heaving of a particular soil in millimeters 

per day when subjected to a constant ambient temperature of 

-3 C. A value less than 0.5 mm per day could indicate a 

soil in which heaving is not a problem and a value of 2 to 

3 mm per day could indicate that a serious heaving problem 

exists, 
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Table 10. Comparison of Two Regressions for Predicting 
Susceptibility of Arizona Soils to Frost Heaving 

Differ- Differ
ence Y ence Y 

Y Observed Observed 
Soil Depth Observed Y1 " Y1 Y2 " Y2 

S-3 0 - 2.5 0.77 0.50 + .27 
2.5- 7.6 0.91 0.75 + .16 .53 + .38 
7.6-15.2 1.16 1.17 -.01 1.08 + .08 

S-3E 0 - 2.5 1.28 1.25 + .03 
2.5- 7.6 1.27 1.09 + .18 .99 + .28 
7.6-15.2 1.05 1.62 -.57 1.65 -.60 

TP 0 - 2.5 1.69 1.92 -.23 
2.5- 7.6 0.86 1.42 -.56 1.37 -.51 
7.6-15.2 3.04 2.14 + .90 2.27 + .77 

Kelly 0 - 2.5 0.30 -0.19 + .49 
2.5- 7.6 0.77 0. 81 -.04 .73 + .04 
7.6-15.2 1.42 1. 50 -.08 1.59 -.17 

BF 0 - 2.5 .48 1.64 -1.16 
2.5- 7.6 3.12 2.70 + .42 3.06 + .06 
7.6-15.2 2.97 2.58 + .39 2.91 + .06 

W-14 0 - 2.5 0.86 1.04 -.18 
2.5- 7.6 1.74 1.95 -.21 2.04 -.30 
7.6-15.2 2.29 2.19 + .10 2.35 -.06 

Y1 = "2 .52 + 3.67 XBD " *026 XSAND (all depths) 

Y2 - -3.53 + 4,57 - .030XgAND (0-2.5 depth excluded) 
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There does not appear to be any advantage of using 

over The overall regression performs reasonably well 

except for a negative value for Kelly at the 0 to 2.5 cm 

depth and an unusually large prediction for BF at the same 

depth. 

Control Experiments 

Experiments designed to control frost heaving of 

soils in northern Arizona were conducted in both the labora

tory and the field. Possible control methods were obtained 

from the literature and preliminary field studies. Labora

tory experiments, with one exception, were conducted first. 

The most promising laboratory treatments were then field 

tested. 

The first experiments were conducted in the labora

tory using several chemicals reported to reduce frost 

heaving. The objectives of the chemical experiments were: 

CI) to study the effect of chemicals reported to reduce frost 

heaving on the germination and growth of ponderosa pine, 

(2) to determine if chemicals not toxic to ponderosa pine 

seedlings would effectively reduce heaving of susceptible 

Arizona soils in laboratory experiments, and C3) to field 

test the chemicals which appeared to be the most promising 

on the basis of the laboratory experiments, 
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Methods and Results 

Laboratory Experiments. 

Effect of Chemicals on Germination of 
Ponderosa Pine Seedlings (Experiment A): 

The first experiment was conducted to determine the 

effect of five chemical compounds on the germination of 

ponderosa pine seeds and subsequent growth of seedlings. 

The experiment was a five x four factorial with five repli

cations. Each block contained 20 styrofoam cups which were 

filled with 263 g of number 60 (fine) washed sand which had 

been oven-dried at 105 C for 48 hours. Each cup was 

randomly assigned to receive one of the chemical additives 

listed below: 

Additive Mode of Action 

Sodium tripolyphosphate (Tripoly) Dispersing agent 

Sodium hexametaphosphate (Calgon) Dispersing agent 

Ferric chloride (FeC^) Cementing agent 

Calcium chloride (CaCl2) Lowers freezing 

point of water 

Calcium sulfate (CaSO^) Lowers freezing 

point of water 

In determining how much additive to use, information 

provided by Lambe (1956) proved helpful. He used rates as 

low as 0.1% of the oven-dry weight of the soil. In this 

experiment the amount of additive used was calculated as 



0.0, 0.1, 0.5, and 1.0% of the bulk density of the 0 to 2.5 

cm depth of the soil from S-3. The bulk density figure used 

was 1.00 and was based on preliminary laboratory observa

tions. Later results showed that the mean bulk density 

found in the field was 1.035 but the difference in values 

was not considered to be important. The amount of additive 

needed was calculated to be 0.00, 0.11, 0.53, and 1.06 g per 

pot. 

The chemicals were added to the pots dry and mixed 

into the top 2.5 cm of sand. Then 50 ml of distilled water 

was added to each cup. Next, 10 ponderosa pine seeds were 

added to each cup. The seeds were collected in 1971 on the 

Coconino National Forest approximately 50 miles south of 

Flagstaff. The seeds were soaked in tap water for 24 hours 

after which the floaters were thrown away. The sinkers were 

air-dried for several days after which they were soaked in 

a 30% concentration of hydrogen peroxide for 15 minutes to 

kill spores of damping-off fungi. A germination test using 

four replications of 100 seeds on filter paper in petri 

dishes gave a germination figure of 70%, which is unusually 

low. 

The seeds were covered with 50 g of dry sand and 

then 40 ml of distilled water was added to each pot. This 

amount of water was slightly less than the amount needed to 

saturate the sand. The cups were then placed into a Sherer-

Gillett growth chamber on April 14, 1972. The lights in the 
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chamber were set to come on at 8 a.m. and to go off at mid

night. The temperature was set at a constant 24 C. The 

humidity in the chamber was about 50%. The pots were 

watered at least every other day with distilled water to 

bring the weight up to 3 90 g. Starting April 20, 1972, the 

pots were checked daily for germination of seeds until May 

19, 1972, when the experiment was terminated. At the con

clusion of the experiment, the total number of live seedlings 

per pot was determined as well as the height of each 

seedling. Heights were measured to the top of the secondary 

needles and recorded to the nearest millimeter. 

Effect of Chemicals on Young Ponderosa 
Pine Seedlings (Experiment B); 

An experiment similar to the preceding one was con

ducted with ponderosa pine seedlings. In this test the 

chemicals were added to pots containing seedlings which were 

several weeks old. The same treatments used in the germina

tion test were used in this experiment. There were also 

five replications. Pots of sand were weighed on April 17, 

1972, in the same manner as before. Ten seeds were added 

to each pot and then covered with 50 g of dry sand. The 

pots were watered with distilled water and placed into the 

same growth chamber as the preceding experiment. The pots 

were watered with distilled water as needed. After germina

tion, the seedlings were watered with a nutrient solution 

(Hoagland's) once or twice a week. The amount of nutrient 



60 

solution added to the pots was determined by weight. On May 

15, 1972, all of the pots were thinned to leave five healthy 

seedlings per pot. In a few pots there were only four seed

lings and all of these were left. On May 18, 197 2, the mean 

height of the seedlings in each pot was determined to the 

nearest millimeter. The heights were measured to the top of 

the secondary needles. On May 18, 1972, the pots randomly 

received the same chemicals at the same rates as used in the 

germination experiment. Each chemical was dissolved in 40 

ml of distilled water before being added to the pots. After 

application of the chemicals, the trees were allowed to grow 

until June 19, 197 2. During this period the pots were 

watered periodically with nutrient solution. On June 19, 

the experiment was concluded. The survival per pot was 

recorded as well as the heights of the live seedlings to the 

nearest millimeter. 

Effect of Sodium Tetraphosphate on 
Ponderosa Pine Germination and 
Growth (Experiment C): 

A separate experiment testing the effect of sodium 

tetraphosphate (Sod Tet) on germination of seeds and on one-

month-old seedlings was conducted because the chemical was 

not available at the time the other two experiments were 

run. The experiment was conducted in the same manner as the 

other two experiments, except that the seeds used were 

collected on the Sitgreaves National Forest. These seeds 
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had a higher germination percentage (98) than the seed from 

the Coconino National Forest. 

The data from Experiments A and B were analyzed by 

analysis of variance (Appendix C, Tables C.5 to C.8). The 

results from both experiments were similar. The heights and 

survival of seedlings for all chemicals at the 0.1% con

centration were no different than the control (Figures 5 and 

6). The FeCl3 treatments at 0.5 and 1.0%, CaCl2 at 1.0%, 

and tripoly at 1.0% had no surviving seedlings after one 

month in Experiment A. In Experiment B, FeCl3 at 0.5 and 

1.0% and tripoly at 0.5% reduced height growth significantly 

(.01 level). Calcium sulfate at all rates had no detri

mental effect on survival and subsequent growth in either 

experiment. 

The results from Experiment C showed that Sod Tet 

did not affect germination and subsequent survival adversely 

(Table 11). The application of Sod Tet to one-month-old 

seedlings, however, did have an adverse effect (Table 12). 

The 1.0% rate significantly reduced survival and height 

growth. 

Laboratory Freezing Experiments 
With Chemicals; 

Most of the chemicals which did not significantly 

reduce germination and growth of ponderosa pine in the pot 

experiments were tested for their effectiveness in reducing 

the heaving of two soils in laboratory experiments. The 
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Figure 5. Effect of various levels of chemicals on survival of Ponderosa Pine 

seedlings, Experiment A. 
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Pine, Experiment A. 
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Table 11. Data from Experiment C Testing the Effect of 
Sodium Tetraphosphate on Germination and 
Survival of Ponderosa Pine Seedlings 

Number of live seedlings one month 
after application 

Concentration of Sod Tet 
(Per cent) 

Replication 0 0.1 0.5 1.0 Total 

I 9 9 6 8 32 

II 8 7 7 10 32 

III 7 8 9 9 33 

IV 7 6 7 1 21 

V 9 7 8 10 34 

'otal 40 37. 37 38 . 152 
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Table 12. Effect of Sodium Tetraphosphate on Survival and 
Height Growth of One Month Old Ponderosa Pine 
Seedlings 

Chemical Concentration (Per Cent) 

Block 0 0.1 0.5 1.0 Total 

Survival (No. of Seedlings) 

I 5 5 5 4 19 
II 5 5 5 3 18 
III 5 5 5 3 18 
IV 5 5 5 2 17 
V 5 5 4 1 15 

Total 25 25 24 13** 87 

Mean Height Live Trees (mm) 

I 53.8 52.0 51.0 39.2 196.0 
II 52.0 55.6 56.4 39.7 203.7 
III 56.8 56.8 52.6 51.7 217.9 
IV 58.8 54.4 51.8 50.5 215.5 
V 63.8 53.0 50.0 43.0 209.8 

Total 285.2 271.8 261.8 224.1** 1042.9 

**Significant at .01 level. 
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soils used were the 2.5 to 7.5 cm depths from BF and TP. 

Each soil was tested in separate experiments using the 

freezing chest. In each experiment the following treatments 

were used: Sod Tet, 0.1, 0.5%; CaC^/ 0.1%; tripoly, 0.1, 

0.5%; FeCl3, 0.1%; CaSO^, 0.1, 0.5, 1.0%; X-77 (a wetting 

agent), 0.1, 0.5%; calgon, 0.1, 0.5%; and control. Each of 

the treatments was replicated four times in a completely 

randomized block design. A total of 56 soil samples were 

used in each experiment. 

The amount of oven-dried soil necessary to duplicate 

the field bulk density for each soil was calculated on the 

basis of the cylinder volume. The necessary amount of soil 

was weighed to the nearest 0.1 g and placed in individual 

glass beakers. The amount of chemical needed per cylinder 

was calculated as 0.1, 0.5, and 1.0% of the bulk density for 

each individual soil. This amount of chemical was added to 

the soil in the beakers and mixed dry. The soil chemical 

mixture was placed in the cylinders which were then placed 

in pans of water to soak until a constant weight was reached. 

Wet weights of the cylinders were determined to the nearest 

0.1 g. Next, the cylinders were placed on paper towels and 

allowed to drain overnight after which they were placed in 

an oven and dried at approximately 40 C for 24 hours. The 

cylinders were removed from the oven and again weighed to 

the nearest 0.1 g. The cylinders were then placed back 

into their original beakers and allowed to reach a constant 
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weight once more. The reason for drying the cylinders was 

to attempt simulation of field conditions, and also to en

hance the effect of FeCl3- As the soil dries FeC^ cements 

the soil particles together, thus restricting water movement 

in the soil. The cylinders were randomly assigned locations 

in the freezing chest which was then placed into the freezer 

and freezing trials were conducted in the same manner as in 

previous experiments. 

During the experiment the cylinders were checked 

every 8 hours to determine the onset of freezing. At the 

conclusion of the experiments, the cylinders were removed 

from the chest and the amount of heaving was determined to 

the nearest millimeter. The depth of soil frozen was also 

measured to the nearest millimeter. 

When the experiment using soil from TP was begun, 

it was discovered that there was not enough soil from the 

2.5 to 7.6 cm depth available. Weather conditions and a 

heavy snow cover in the field made it impossible to collect 

additional soil. As a result, a mixture of 2300 g from the 

2.5 to 7.6 cm depth and 1500 g from the 7.6 to 15.2 cm 

depth was used. 

The data from both experiments were analyzed by 

analysis of variance (Appendix C, Tables C.9, C.10). 

Several chemical rates reduced heaving significantly for 

both soils (.01 level) (Figure 7). For the BF soil the 

greatest amount of heaving was 23.8 mm for the 0.5% rate of 
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Figure 7. Soil from the 2.5 to 7.6 cm depth at Beaverhead 
Flat treated with chemical additives to reduce 
frost heaving — From the left the treatments are 
control; X-77, 0.5%; Ferric Chloride, 0.1%. 
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X-77, and the least amount was for the 0.1% rate of CaCl2 

and FeCl3 which had a mean total heave of 3.5 and 4.0 mm, 

respectively (Table 13). According to Tukey's test, only 

the 0.1 and 0.5% rates of X-77 and the 0.1 and 1.0% rates 

of CaSC>4 did not significantly reduce heaving. Why the 

0.5% rate of CaSO^j did reduce heaving is not known. 

The time required for onset of freezing (Table 14) 

for each sample was also analyzed by analysis of variance. 

Over 180 hours elapsed before CaClo and FeCl_ began freezing. 
^ 3 

The differences between these two treatments and the other 

treatments were significant (.01 level). 

The results from TP are similar to those from BF. 

The 0.1% level of FeCl3 and CaCl2 again reduced heaving 

(Table 15) but the differences were not as great, although 

significant (.01 level). The two soils cannot be compared 

directly, however, since different amounts of chemicals were 

used in each. The greatest total heaving again was observed 

with samples receiving 0.5% of X-77. In addition to CaCl2 

and FeC^, the sodium compounds at the 0.5% level, as well 

as the 1.0% rate of CaSO^, also reduced heaving signifi

cantly. These results are also similar to those from BF. 

Differences in time required for onset of freezing 

were not as great as those at BF although significance was 

still at the .01 level (Table 16). CaCl2 and FeCl-j at the 

0.1% rate took 82 hours to begin freezing which was 



70 

Table 13. Effect of Various Chemicals on Heaving of Soil 
from Beaverhead Flat, Arizona 

Summary of Data 

Replication 

Treatment I II III IV Total Mean Rani 

Total Heaving (mm) 

Sod Tet 0.1 14 13 13 14 54 13.5 9 
Sod Tet 0.5 8 10 3 9 30 7.5 3 
CaCl2 0.1 4 2 5 3 14 3.5 1 
Tripoly 0.1 7 15 15 9 46 11.5 6 
Tripoly 0.5 10 8 8 15 41 10.2 5 
FeCl3 0.1 1 3 5 7 16 4.0 2 
CaSO^ 0.1 24 16 22 24 86 21.5 12 
CaSO ̂ 0.5 16 10 12 8 46 11.5 7 
CaS04 1.0 14 10 19 14 57 14.2 10 
X-77 0.1 24 18 20 22 84 21.0 11 
X-77 0.5 20 25 22 28 95 23.8 14 
Calgon 0.1 9 16 10 13 48 12.0 8 
Calgon 0.5 7 10 9 5 31 7.8 4 
Control 22 23 19 22 86 21.5 13 

Total 180 179 182 193 734 
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Table 14. Effect of Various Chemicals on Time to Initiate 
Freezing for Soil from Beaverhead Flat, Arizona 

Summary of Data 

Replication 

Treatment I II III IV Total Mean Rank 

Hours to Freeze 

Sod Tet 0.1 40 40 64 40 184 46 9 
Sod Tet 0.5 36 64 64 72 236 59 5 
CaCl 2 0.1 152 208 168 216 744 186 1 
Tripoly 0.1 48 64 40 40 192 48 8 
Tripoly 0.5 48 120 136 48 352 88 3 
FeCl3 0.1 240 232 112 144 728 182 2 
CaSC>4 0.1 40 40 40 40 160 40 14 
CaSO^ 0.5 40 48 40 40 168 42 13 
CaSC>4 1.0 40 48 40 48 176 44 10 
X-77 0.1 40 48 40 40 168 42 12 
X-77 0.5 40 40 40 48 168 42 11 
Calgon 0.1 40 40 56 64 200 50 6 
Calgon 0.5 40 136 40 136 352 88 4 
Control 64 40 40 48 192 48 7 

Total 908 1168 920 1024 4020 
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Table 15. Effect of Various Chemicals on Heaving of Soil 
from Tie Park, Arizona 

Summary of Data 

Replication 

Treatment I II III IV Total Mean Rani 

Total Heaving (mm) 

Sod Tet 0.1 8 14 11 9 42 10.5 6 
Sod Tet 0.5 8 8 4 6 26 6.5 13 
CaCl2 0.1 7 4 6 5 22 5.5 14 
Tripoly 0.1 13 13 10 14 50 12.5 4 
Tripoly 0.5 7 7 6 11 31 7.8 9 
FeC13 0.1 6 7 6 7 26 6.5 12 
CaSC>4 0.1 9 10 14 11 44 11.0 5 
CaSC>4 0.5 10 9 8 6 33 8.2 8 
CaSO^ 1.0 8 9 5 6 28 7.0 11 
X-77 0.1 13 10 16 13 52 13.0 2 
X-77 0.5 16 17 18 14 65 16.2 1 
Calgon 0.1 11 8 12 9 40 10.0 7 
Calgon 0.5 9 9 6 5 29 7.2 10 
Control 14 14 11 12 51 12.8 3 

Total 139 139 133 128 
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Table 16. Effect of Various Chemicals on Time to Initiate 
Freezing for Soil from Tie Park, Arizona 

Summary of Data 

Replication 

Treatment I II III IV Total Mean Rank 

Hours to Freeze 

Sod Tet 0.1 32 64 72 40 208 52 11 
Sod Tet 0.5 64 72 56 64 256 64 3 
CaCl2 0.1 . 104 80 80 64 328 82 1 
Tripoly 0.1 64 48 56 56 224 56 9 
Tripoly 0.5 80 64 64 40 248 67 4 
FeC13 0.1 104 104 64 56 328 82 2 
CaS04 0.1 48 56 40 40 184 46 14 
CaSC>4 0.5 48 64 64 64 240 60 6 
CaS04 1.0 64 64 64 56 248 62 5 
X-77 0.1 64 48 48 32 192 48 13 
X-77 0.5 64 72 40 64 240 60 7 
Calgon 0.1 56 48 64 64 232 58 8 
Calgon 0.5 56 56 64 40 216 54 10 
Control 40 48 40 64 192 48 12 

Total 888 888 816 744 3336 
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significantly different from only three treatments: 

control; X-77/ 0.1%; and CaSO^, 0.1%. 

Since the total amount of chemicals applied to the 

BF soil was greater than the amount applied to soil from TP, 

it is assumed that this was responsible for the greater 

differences found in the BF experiment. 

Field Experiments. An exploratory field experiment 

was conducted in the fall of 1971 before the literature 

review. The main objective of the experiment was to obtain 

preliminary information on possible methods for controlling 

frost heaving of "Ontario" tubes and wooden dowels. The 

area chosen for study is at Unit S-3 of the Fort Valley 

Experimental Forest. Succeeding experiments were based on 

the results of the laboratory chemical experiments and the 

preliminary field observations. All of the field experi

ments were conducted at S-3. 

' The preliminary experiment tested several methods of 

controlling frost heaving. The methods tested included 

coatings applied to the soil surface to alter the radiation 

balance, reducing water flow, and lubricating tubes. 

Preliminary Field Experiments, 1971: 

The experiment consisted of four replications of 

plots, 2.75 m by 1.52 m. Within each plot were eight rows. 

Each of the eight rows was randomly assigned one of the 

following treatments: 
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1. Hardwood dowels 20 cm long and 0.64 cm in diameter 

planted 10 cm deep in the soil. 

2. Dowels planted as in number one above but with 

white paint sprayed on the soil surface in a circle 

around the dowel. The circle diameter was 15 cm. 

3. Similar to number two but with black paint sprayed 

on the surface of the soil. 

4. "Ontario" tubes 7.6 cm long and 1.3 cm in diameter 

filled with "Perlite" and planted level with the 

soil surface. 

5. Tubes planted with a gap of 1.25 cm between the tube 

and the soil which was filled with number 16 

(coarse) sand. 

6. Tubes planted as in number four but with a layer of 

coarse sand approximately 1.25 cm thick and 15 cm in 

diameter placed on the soil surface around the tube. 

7. Tubes planted as in number four. The tubes were 

sprayed with silicone before planting. 

8. Ponderosa pine transplants, 2-0, which were planted 

to the root collar. 

The dowels were "planted" by pushing them into the 

soil to a depth of 10 cm. The tubes were planted by pushing 

a hardwood dowel approximately 1.3 cm in diameter into the 

soil to a depth equal to that of the tube and then placing 

the tube in the hole. To create a gap for the sand 
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treatment the dowel was rotated against the edge of the hole 

at the surface so that the resultant hole resembled a 

truncated cone approximately 3.8 cm in diameter at the soil 

surface and 1.3 cm in diameter at the bottom of the hole. 

The tube was placed in the center of the hole and the gap 

around it filled with sand. 

Each row consisted of five dowels, trees, or tubes 

planted 30 cm apart. There was a 30 cm border between the 

plots. Before the plots were established, all of the 

vegetation had been removed by hand scalping. 

Each week the amount of heaving of each tube, dowel, 

or tree was measured to the nearest millimeter. 

The total heaving per treatment was analyzed by 

analysis of variance (Appendix C, Table C.ll). The tubes 

with sand in the holes heaved the least (7.6 mm per tube) 

compared to the dowels with black paint sprayed on the soil 

surface (38 mm per dowel) (Table 17). Most of the heaving 

of the tubes with sand in the holes was concentrated in two 

tubes in replication one, which heaved over 50 mm. Differ

ences in heaving were significant (.01 level). However, 

Tukey1s multiple range test only showed significance between 

the dowels with black paint sprayed on the soil surface and 

tubes with sand in holes (Appendix C, Table C.ll). Taber 

(1929) recommended using a layer of sand in the soil to 

stop segregation of soil water. 
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Table 17. Effect of Various Treatments on the Heaving of 
Tubes, Dowels and Seedlings at S-3 in 1971 

Planting 
Treatment 

Replication 
Planting 
Treatment I II III IV Total Mean Rank 

Total Heaving per Row (mm) 

Seedlings 125 50 65 40 280 70 5 

Tubes Check 323 10 226 30 589 147 2 

Tube Sand Hole 106 0 21 26 153 38 8 

Tube Sand Top 136 44 76 4 260 65 7 

Tube Silicone 135 0 104 43 282 70 6 

Dowel White 133 34 198 59 424 106 4 

Dowel Black 366 109 230 54 759 190 1 

Dowel Check 164 83 210 90 547 137 3 

Total 1488 330 1130 346 3294 
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A significant finding on the study was differences 

in replications (.01 level). Replications one and three 

which contained most of the heaving were located on the west 

half of the experimental area and replications two and four, 

which had little heaving, were located on the east half. 

The distance between these replications was only 30 cm. 

Observations of the plots did not reveal any apparent dif

ferences except that the plots on the west appeared to be 

more moist. Because of these large differences in heaving, 

subsequent laboratory experiments (those described earlier 

in the paper) included samples from each of these areas. 

Field Testing Chemical 
Control Methods, 1972: 

The laboratory pot tests of 1972 indicated that 

several chemical additives did not suppress germination or 

growth of ponderosa pine. These chemicals were to have been 

tested in the laboratory freezing chest to determine if they 

had any effect on heaving of Arizona soils. Unfortunately, 

the mechanics for conducting the freezing experiments were 

not developed before the 1972 field season began. It was 

necessary therefore to install the field plots without the 

desirable background information. 

The study was initiated on July 7, 1972, within the 

rodent proof exclosure at S-3. The experimental design was 

a split plot with five replications. Each block contained 

seven plots. The following treatments were randomly 
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assigned to the plots 

Chemical Additive Rate 

Sod Tet 0.5% 

Calgon 0.5% 

Tripoly 0.5% 

CaCl2 

FeCl3 

CaSO^ 

0.1% 

0.1% 

1.0% 

Control No chemical 

The rates were based on the bulk density of the 0 

to 2.5 cm depth of soil as described previously. The rates 

used were the highest which did not adversely affect 

germination or height growth in the pot experiments. 

The chemicals were mixed in approximately 7.6 liters 

of water and applied to the plots. After a drying period 

the plots were cultivated with small hand rakes to mix the 

chemicals into the top 2.5 cm of soil. After application of 

the chemicals, the plots were split into two rectangular 

sub-plots. One sub-plot was randomly chosen to be "planted" 

with one row of hardwood dowels, 0.32 cm by 20 cm; the other 

row was planted with 10 "Ontario" tubes containing ponderosa 

pine seedlings several weeks old (Appendix B). Seedlings 

raised in tubes are referred to as tubelings. 

The heaving of tubelings and dowels was measured to 

the nearest millimeter periodically during the fall of 1972, 
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with a final measurement made in the spring of 1973. The 

mean heaving by treatment was analyzed by analysis of 

variance (Appendix C, Table C.12). 

There were no significant differences in frost 

heaving due to treatment (Table 18; Appendix C, Table C.12). 

There were significant (.01 levels) differences between 

blocks. Two plots in two different blocks were located in 

an area where they received somewhat more shade during the 

day. These plots were the only ones in the experiment in 

which no tubes heaved completely out of the ground. In 

addition, these plots were the only ones in which most of 

the seedlings were still alive. Most of the seedlings in 

the other plots died before the heaving season had begun. 

One of the reasons for the lack of significance 

among chemical treatments may have been the unusually heavy 

precipitation which occurred in October, 197 2. Possibly 

the chemicals or portions thereof washed away, since they 

were only applied to the top 2.5 cm of soil. Precipitation 

data are given below. However, it should be pointed out that 

October, 1972, was the wettest month in history on the Fort 

Valley Experimental Forest. 

One of the most interesting findings of this experi

ment was that tubes which had silted over did not heave. 

There were 4 8 tubes which had been covered with from 3 to 15 

mm of silt. It appeared that none of the tubes which had 

been silted over heaved. 



Table 18. Results of Experiment Testing Effect of Chemicals on Heaving of Tubes 
and Dowels at S-3, 1972 

Replication 

I II III IV V Total 

Treatment Tube Dowel Tot Tube Dowel Tot Tube Dowel Tot Tube Dowel Tot Tube Dowel Tot Tube Dowel Chem 

Tripoly 37 38 95 18 32 

Mean Heavinq per 

50 44 68 

Row 

112 

(mm) 

15 7 22 9 13 22 123 178 301 

Sod Tet 52 38 90 20 26 46 42 93 135 28 16 44 19 7 26 161 180 341 

CaIgon 28 22 50 22 19 41 37 56 93 42 26 68 27 16 43 156 139 295 

CaCl2 26 34 60 37 17 54 27 50 77 12 11 23 15 2 17 117 114 231 

Feci 3 33 40 73 33 21 54 27 38 65 8 14 22 14 33 47 115 146 261 

Gypsum 44 27 71 22 14 36 14 25 39 21 21 42 11 6 17 112 93 205 

Control 24 32 56 33 68 101 20 34 54 37 32 69 14 5 19 128 171 299 

Planting 

Method 
Totals 244 251 185 197 211 364 163 127 109 82 912 1021 1933 

Block 

Totals 495 382 575 290 191 

Chemical 

Planting Method Tripoly Sod Tet Calgon CaCl2 Feci 3 Gypsum Control Plant Totals 

Tube 123 161 156 117 115 112 128 912 

Dowel 178 180 139 114 146 93 171 1021 

Chem totals 301 341 295 231 . 261 205 299 1933 
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Since the results of the experiment indicated that 

some of the chemicals (FeCl3, CaC^, and CaSO^) had some 

effect on reducing heaving, and since results from the 

laboratory experiment conducted later showed that heaving 

was significantly reduced by several chemicals, another 

experiment was conducted in 1973. 

Field Testing Chemical 
Control Methods, 1973; 

The 1973 experiment testing chemical additives was 

installed at S-3. The experimental design was a split-plot. 

The study consisted of eight blocks of six plots 0.6 m by 

0.9 m. There was an isolation strip of 0.6 m between blocks 

and plots. Each of the plots in a block was randomly 

assigned one of the following treatments: 

Treatment Rate 

FeCl^ and plowing 0.1% chemical 

CaCl2 and plowing 0.1% chemical 

Sod Tet and plowing 0.5% chemical 

CaS04 and plowing 1.0% chemical 

Control, no chemical or plowing 

Around each plot on the plot border, a piece of 

sheet metal 10 cm high was pounded into the soil to a depth 

of approximately 5 cm in an effort to prevent washing of 

chemicals from the plots. The chemical rates were again 

based on the bulk density of the soil. This time, however, 
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the chemicals were applied to the top 7.6 cm of soil 

instead of the surface 2.5 cm, because the laboratory 

experiments were based on cylinders of this depth. The 

plowing treatment was based on the results from the bulk 

density experiments which indicated that heaving was 

directly related to the bulk density of the soil. Loosening 

the soil lowers the bulk density which may reduce the amount 

of heaving. 

All of the chemicals except FeCl3 were applied to 

the plots dry. A mixture of chemical and soil was made by 

using about 1/2 1 of dry powdery surface soil from each 

plot. The chemical-soil mixture was then sprinkled on the 

plots as uniformly as possible. After application, the 

chemical was mixed into the top 7.6 cm by cultivating the 

plots with small hand rakes. The plowing treatment was done 

in the same manner except that no chemical was used. Ferric 

chloride was applied by first dissolving the chemical in one 

1 of water and then sprinkling the solution on the plot 

surface. After allowing the surface of the plot to dry for 

a period of time, the plot was cultivated in the same manner 

as the other plots. All of the treatments were applied on 

July 24, 1973. The late date was unavoidable because of 

minimal summer precipitation. 

Each plot contained three rows which were randomly 

assigned to be planted with tubelings, dowel, or plug 

seedlings. Ponderosa pine plug seedlings are raised in 



84 

styrofoam blocks 11 cm thick which contain rows of holes 2.5 

cm in diameter on the top and 1 cm in diameter on the 

bottom. The plug, however, is not cone shaped by torpedo 

shaped. The holes are filled with a planting mixture or 

soil and then seeded. When the trees are approximately 6 

months old they can be pulled out of the blocks with the 

accompanying mass of soil. 

There were five plugs, tubelings, or dowels in each 

row. Planting was done at the end of July. Plugs and 

tubelings were planted using hardwood dowels as previously 

described. The dowels were pushing into the soil to a depth 

of 10 cm. After the trees and dowels were planted, 

extremely dry conditions prevailed the rest of the summer 

and fall and it became necessary to hand water the plots to 

insure survival of trees. 

There is a tendency for tubes and dowels to work 

their way out of the soil without frost heaving. Therefore, 

on September 19, before heaving conditions prevailed, all 

of the tubelings, dowels, and plugs were measured to deter

mine a reference point for heaving measurements later on. 

The heights of seedlings were measured to the terminal buds. 

The dowels were measured by determining the amout that each 

dowel projected above the soil surface. The measurements 

taken on September 19 were subtracted from measurements 

later on to determine the amount of heaving. 
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After the initial measurements, the plots were fre

quently checked to determine the onset of heaving. The 

heaving data were analyzed by analysis of variance. 

The late summer and fall of 1973 were dry (Figure 

8). It was necessary to water the plots not only to insure 

there would be seedlings alive for observation, but to pro

vide moisture for frost heaving. For frost heaving to occur 

the soil must be close to pore saturation. Soil moisture 

samples collected from the study area after repeated 

watering indicated that soil moisture content ranged from 30 

to 50% on an oven-dry weight basis. At these moisture 

contents some heaving was occurring but not at rates which 

could be expected (Larson, 1961). Observations of heaving 

were made on all plots on November 7, 1973. The following 

few days little heaving was noted. On November 18, over 30 

cm of snow fell on the study area and it was not possible to 

measure heaving again until spring, 1974. 

The data analyzed here are from the measurements 

taken on November 7. The mean heaving per row by major 

treatments is listed in Table 19. The survival of plugs and 

tubelings is listed in Table 20. The data were analyzed by 

analysis of variance (Appendix C, Table C.13). 

The main findings are summarized as follows: 

1. The heaving on control plots was greater than for 

all other treatments. 
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Table 19. Effect of Chemicals on Heaving of Dowels, Plugs, 
and Tubes at S-3 in 1973 

Treatment 
Plant-
ing Repli- Sod Tet Gypsum .CaCl2..FeCl3 
method cation- 0.5% 1.0% Plow 0.1% 0.1% Control 

Mean Heaving per Row (mm) 

Dowel 1 0.8 0.2 2.4 0.8 1.8 3.2 
2 2.0 5.2 7.2 1.2 5.8 1.2 
3 2.8 3.6 0.6 0.8 0.0 0.8 
4 3.4 3.4 7.2 4.2 1.8 4.4 
5 0.6 1.2 1.2 11.4 0.8 1.2 
6 4.2 2.8 8.6 2.0 3.2 15.6 
7 3.2 0.0 1.8 1.8 0.0 1.6 

• 8 "0.0 1.4 4.2 4.2 0.0 1.8 

Total 17.0 17.8 33.2 26.4 13.4 29.8 
Mean 2.1 2.2 4.2 3.3 1.7 3.7 

Plug 1 1.0 0.4 3.8 3.0 5.6 3.0 
2 5.0 2.2 4.0 2.8 1.4 4.6 
3 3.8 0.8 2.0 1.8 4.2 2.0 
4 2.2 5.4 6.6 3.2 1.6 5.0 
5 0.4 1.0 5.4 4.8 1.2 0.0 
6 2.0 4.4 5.2 0.2 0.4 9.2 
7 2.4 1.4 2.2 1.0 2.0 6.8 
8 4.0 3.2 4.2 0.0 5.0 4.8 

Total 20.8 18.8 33.4 16.8 21.4 35.4 
Mean 2.6 2.4 4.2 2.1 2.7 4.4 

Tube 1 7.0 0.8 2.6 11.2 9.0 12.6 
2 7.0 7.6 3.8 7.6 7.0 20.6 
3 4.8 1.8 3.6 3.0 3.4 9.6 
4 3.0 3.6 11.8 9.2 10.4 8.6 
5 3.4 2.2 7.2 10.4 0.0 1.2 
6 9.4 5.2 8.8 7.0 0.6 11.0 
7 3.0 2.0 1.4 0.6 3.0 6.6 
8 9.2 2.8 5.2 1.4 9.6 4.8 

Total 47.0 26.0 44.4 50.4 43.0 75.0 
Mean 5.9 3.2 5.5 6.3 5.4 9.4 
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Table 20. Survival of Plug and Tube Seedlings Planted on 
Plots Treated with Various Chemicals in 1973 

Total 

Per 
Replication Cent 

Type : Sur-
Treatment Seedling I II III IV V VI VIIVIII No. vival 

Survival 

CaSO, Plug 5 5 2 4 4 4 4 2 30 75.. ,0 
Tube 5 5 4 4 4 1 5 5 33 82. ,5 

Plow Plug 4 5 1 0 2 2 4 2 20 50. ,0 
Tube 3 3 2 3 2 1 1 3 18 45. ,0 

Sod Tat Plug 5 3 4 3 0 2 3 2 22 55. .0 
Tube 4 2 0 1 0 2 5 2 16 40. ,0 

FeCl3 Plug 3 5 3 2 1 4 0 4 22 55. .0 
Tube 3 2 5 3 2 2 5 4 26 65. .0 

CaCl2 Plug 3 5 5 4 5 3 4 2 31 77. .5 
Tube 4 3 3 5 4 2 2 5 28 72. ,5 

Control Plug 2 4 3 3 5 2 0 3 22 55. .0 
Tube 4 5 4 5 5 4 4 2 33 82, .5 

Total Plug 22 27 18 16 17 17 15 15 147 61, .2 
Tube 23 20 18 21 17 12 22 21 154 64, .6 

All treatments with chemicals include plowing. 



89 

2. Heaving on plots treated with chemicals and plowed 

was not different from heaving on plots which were 

only plowed. 

3. There were no differences in heaving between the 

chemical-plowing treatments. 

4. On a studywide basis, the heaving of dowels, plugs, 

and tubelings are all significantly different from 

each other. The dowels heaved the least, followed 

by plugs and tubelings. 

The survival data indicated the following: 

1. The survival on control plots was not significantly 

different from the other treatments. 

2. The survival was greater for chemical-plowing 

treatments than for plowing alone. 

3. Survival on plots treated with CaCl2 is higher than 

plots treated with FeCl^. 

4. Survival of plots treated with Sod Tet and plowing 

and plowing alone is significantly less than the 

other treatments. 

5. There was no difference in survival between plugs 

and tubelings. 

To summarize, chemicals with plowing and plowing 

alone significantly reduced frost heaving when compared with 

controls. Survival on chemical and plowed plots was higher 
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than on plowed plots. There were no significant differences 

in survival between plugs and tubelings. 

The survival figures are not indicative of natural 

conditions since the trees were watered. There is an indi

cation that calcium has a positive effect on survival since 

both calcium compounds gave a higher survival than the 

control. None of the chemicals except Sod Tet had an 

adverse effect on survival. The amount of chemical used was 

three times as high as that used in the pot tests. Why the 

plowing treatment had an adverse effect on tree survival is 

not apparent. 

Testing Coarse Sand, 1972: 

The preliminary field experiment in 1971 indicated 

that planting "Ontario" tubes in coarse sand reduced heaving 

significantly. This was believed to be due to the fact that 

water in sand does not segregate as pointed out by Taber 

(1929). 

Another experiment testing coarse sand as a method 

of controlling frost heaving of "Ontario" tubes was in

stalled in 1972. 

In this experiment, the following three treatments 

were tested: 

1. Tubelings planted with a small amount of coarse 

sand placed in the hole around the tube. 
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2. Tubelings with a mulch of coarse sand approximately 

1.25 cm deep and 15 cm in diameter placed on the 

soil surface around the tubeling. 

3. Control. Tubelings planted flush with the soil 

surface without sand treatment. 

The experimental design used was a randomized block 

with five replications. In each replication three rows of 

10 tubelings were planted 46 cm apart. Each row was 

randomly chosen to be planted by one of the above methods. 

The planting was again done with dowels. The tubelings were 

checked during the fall for heaving by measuring the amount 

of uplift of the tube to the nearest millimeter, since the 

survival of trees was minimal. A final measurement was made 

in the spring of 1973. The mean heaving per treatment was 

analyzed by analysis of variance. 

There were no significant differences between treat

ments (Table 21) although the control tubelings heaved less 

than the other two treatments. The tubelings with sand on 

the surface heaved the most. These results are contra

dictory to the results of the exploratory study conducted 

the previous year. As in the chemical experiment conducted 

in 1972, there were few seedlings alive (17%). Thirteen 

per cent of all tubes had been silted over and did not 

heave. 
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Table 21, Results and Analysis of Experiment Testing Coarse 
Sand as a Method of Controlling Heaving of 
Ontario Tubes at S-3 in 1972 

Replication 

Treatment I II III IV V Tot. 

Mean Heaving per Row (mm) 

Sand in hole 40 33 26 30 27 156 

Sand on top 45 40 23 34 48 190 

Control 50 29 17 10 16 122 

Total 135 102 66 74 91 468 

Analysis of Variance 

Source df SS MS F 

Treatment 2 462 .4 231.2 3. 36 n. 

Blocks 4 979 .1 244.8 3. 55 n. 

Error 8 550 .9 6 '8.8 6 

Total 14 1992 .4 
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Because of the contradictory results from the 1971 

and 1972 experiments, it was decided to conduct another 

experiment using sand in 1973. 

Testing Coarse Sand and Other 
Control Methods, 1973; 

In 1973, another experiment testing coarse sand as a 

method of reducing heaving of tubelings was tried. In addi

tion, tubelings and plugs were planted below the soil sur

face in an attempt to simulate silting which occurred in 

1972. 

The experiment consisted of eight plots approxi

mately 1.0 m by 0.9 m. Within each replication the follow

ing treatments were tested: 

1. Tubelings planted level with the soil surface with 

coarse sand placed into the planting hole as in 

preceding studies. 

2. Tubelings planted without sand. 

3. Tubelings planted 1.5 cm below the soil surface with 

the resultant hole filled with soil. 

4. Tubelings planted as in number three but without 

filling the hole with soil. 

5. Plug seedlings planted level with the soil surface. 

6. Plug seedlings planted 1.5 cm below the soil surface 

with the resultant hole being filled with soil as in 

number three. 
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Planting was done using dowels as before. Within 

the plots the tubelings and plugs were planted at a spacing 

of 15 cm. The plots were hand watered periodically after 

planting because of drought conditions. On September 19, 

the heights of the seedlings were measured to the nearest 

millimeter to get a reference point for heaving measurements 

later on. 

The heaving and survival data as determined on 

November 7, 1973, are listed in Table 22. The data were 

analyzed by analysis of variance (Appendix C, Table C.14). 

The main findings of the experiment with regard to heaving 

are as follows: 

1. The heaving of tubelings was greater than that of 

plugs. 

2. There was no difference in heaving between buried 

plugs and plugs not buried. 

3. Tubelings planted with sand and tubelings planted 

level with the soil surface gave the greatest amount 

of heaving. 

4. Buried tubelings heaved less than tubelings not 

buried. 

The principal findings relating to survival are: 

1. Tubelings with sand in the hole had significantly 

greater survival than tubelings without sand. 

2. The survival of tubelings is greater than plugs. 



Table 22. Heaving and Survival of Tube and Plug Seedlings Planted by Different 
Methods at S-3 in 1973 

Replication 

I II III IV V VI . VII VIII E X 

Mean Heaving per Row (mm) 

Plug, regular 2.4 0.0 0.6 1.0 1.4 1.8 6.4 1.6 15.2 1.9 
Plug, buried 1.8 0.0 1.6 0.4 0.0 0.0 1.4 5.2 10.4 1.3 
Tube, regular 9.0 9.6 17.0 10.2 9.8 7.4 12.6 6.4 82.0 10.2 
Tube, sand 5.6 7.8 6.6 12.4 9.8 11.4 10.4 5.0 69.0 8.6 
Tube, buried 2.2 6.2 4.6 2.8 4.0 4.4 8.8 0.6 33.6 4.2 
Tube, counter-
sunk 0.4 5.8 1.0 5.0 0.0 1.2 1.4 8.4 23.2 2.9 

Survival Per 
No. of Trees per Row Cent 

Plug, regular 5 0 0 2 1 1 0 0 9 22.5 
Plug, buried 2 1 1 2 3 1 2 3 15 37.5 
Tube, regular 4 1 1 0 1 1 1 2 11 27.5 
Tube, sand 5 5 5 3 4 5 4 4 35 87.5 
Tube, buried 2 3 4 2 3 1 0 2 17 42.5 
Tube, counter-
sunk 5 5 5 4 3 4 3 • 2 31 77.5 

Total 23 15 16 13 15 13 10 13 118 49.2 
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3. There is no difference in survival between buried 

plugs and plugs planted at normal depth. 

4. The survival of tubelings planted deep with the hole 

left unfilled is greater than for tubelings planted 

deep with the hole filled. 

Instrumentation. A number of instruments were 

maintained on the study area at S-3 to record climatological 

data. 

A continuous record of air temperature and humidity 

10 cm above the soil surface was obtained with a Lambrecht 

hygrothermograph. The instrument was kept within a standard 

U. S. Weather Bureau shelter from which the legs had been 

removed. A maximum and minimum thermometer was also located 

within the shelter. Temperatures 15 and 2.5 cm above the 

soil surface as well as at the surface and 2.5 cm below the 

surface were measured periodically with copper-constantan 

thermocouples. 

The net radiation was monitored continuously during 

the frost heaving period of 1973 with a Kahlsico radiation 

probe which was connected to an Esterline Angus spring wound 

strip chart recorder. Since this particular recorder has a 

scale from 0 to 100 millivolts (mv) and the radiation probe 

only puts out 5.73 mv per ly it is necessary to amplify the 

signal. This was done by using an amplifier which magnified 

the signal by a factor of 10. The probe was mounted on a 



ring stand at a height of approximately 30 cm above a 

control plot in the chemical experiment. The recorder was 

housed in an instrument shelter identical to the one 

containing the hygrothermograph. Two six volt batteries 

which were needed to run the amplifier were placed in an 

insulated box. 

The precipitation was measured over a two-year 

period beginning in the fall of 1971. A standard U. S. 

Weather Bureau rain can was used. The can was charged with 

permanent type anti-freeze and transformer oil to bring it 

to a weight of 8 pounds (2.986 kg). Each Monday morning, 

except when heavy snow prevented it, the weight of the can 

was checked using a spring scale. When the can was approxi

mately 3/4 full it was emptied and recharged. 

In order to more closely observe and record the 

heaving phenomenon, time lapse motion pictures were taken 

during the frost heaving season in 1973. 

The camera used was a Minolta D-4 Autopak super 

8 mm with flash synchronization. A separate electronic 

timer was built to regulate the time interval for taking 

pictures. The interval can be varied from one second to 60 

minutes. In order to take pictures at night a source of 

light is required. In this study a Honeywell electronic 

flash was used. Providing a source of power for the flash 

proved to be an obstacle. After much experimentation it 

was decided that the easiest method of providing power was 
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to use a power inverter. The inverter converts 12 volts 

from a battery to 110 volts. The storage battery had to be 

recharged every two days. The.storage battery and a six volt 

battery for running the camera were kept in a styrofoam box. 

The pictures were taken at an interval of approxi

mately 3 minutes using high-speed Ektachrome film (ASA 160). 

The original purpose for collecting climatological 

data in this study was to relate this information to frost 

heaving events. This relationship was not developed because 

the field seasons of 1972 and 1973 were not conducive to 

studying frost heaving. Little observation of frost heaving 

was made in 1972 before heavy snows closed the area. By the 

time that the snow disappeared from the plots it was almost 

May, 197 3, and the nighttime temperatures were too high for 

heaving to occur. In the fall of 1973 it was too dry for 

heaving. A heavy snow on November 18, 1973, closed the area 

to further observation with the exception of a few plots in 

the 1972 study area. These plots were observed for about 

one week in early December, 1973. The data collected are 

discussed below. 

The temperature data collected indicated that the 

fall of 1973 was above the mean (Schubert, 197 4). Warmer 

temperatures and drought conditions made frost heaving an 

unlikely occurrence. The mean maximum temperature for the 

last 24 days of September, 1973, was 25 C (77 F) while the 

minimum was -1.7 C (29 F). In November the maximum 
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temperature still averaged 12.2 C (54 F) while the minimum 

was -4.1 C (26 F). 

Temperature data were taken from the hygrothermo-

graph charts. Numerous new maximum and minimum thermometers 

were utilized but they did not provide accurate information. 

The net radiometer and recorder performed well. 

Radiation data were collected from September 20, 1973, to 

mid-December. Since it was too dry for heaving to occur 

this information was not applicable. In December radiation 

measurements were collected during a one-week period when 

heaving conditions were ideal. This information is dis

cussed below. 

The total precipitation received in 1972 was 71 cm. 

Between January 1, 1973, and December 1, 1973, over 76 cm 

was received. No long term precipitation records for the 

S-3 area exist; however, the records which are available 

indicate that the pattern and amount of precipitation are 

similar to those at Fort Valley, which is approximately 6 

miles to the east. At Fort Valley the mean precipitation 

per year is 57 cm. 

Although the total precipitation for each of the two 

years studied is greater than the mean, the distribuion is 

unique (Figure 7). During the first four months of 1972, 

only 3.5 cm of precipitation, in the form of snow, fell on 

the study area compared to the 20 cm which could be 

expected. This was the driest four months ever recorded. 
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Precipitation in July was close to the mean, but in 

August only about half the normal precipitation was re

ceived. The month of October, however, was the wettest of 

any month in recorded history. In October, 26.5 cm of 

precipitation was received, mainly in the form of snow. 

This was almost seven times the mean and three and one-half 

times the greatest previous amount. The precipitation re

ceived in October was primarily responsible for the yearly 

total being above average. 

In 1973 the conditions were almost the reverse of 

1972. During the first four months of the year, 4 9 cm of 

precipitation was received in the form of snow. This amount 

was 16 times that received the preceding year. Although 

precipitation was above normal in July and near normal the 

first half of August, from August 13 to nearly mid-October 

only 0.3 5 cm of rain fell on the study area. This was a 

serious drought period and it was necessary to haul water to 

the plots. 

Field Observations. An attempt was made to make 

observations in the field during the days and nights of the 

heaving season. Since the climatic events were generally 

unfavorable, few observations were possible. 

During one night in 1972 (October 10) measurements 

were made to determine when heaving began. Temperature 

measurements were taken until midnight. A snowstorm which 



101 

began in the early morning (October 11) made further ob

servations difficult. The storm was the first of many and 

made additional observation of the area impossible until the 

spring of 1973. 

On the night of October 10, the temperature 10 cm 

above the surface of the soil never dropped below 1.1 C 

(34 F) but the surface temperature reached -1.1 C (30 F). 

The soil surface began to freeze when the surface tempera

ture reached -0.55 C (31 F). Freezing began at about 9:20 

p.m. The night was partially cloudy and windy. No deter

mination of heaving the following morning was possible 

because of the snow. 

On October 10, 1973, observations were again made at 

night after 1.2 cm of precipitation in the form of snow had 

occurred. The night was clear, without wind. When the air 

temperature 10 cm above the soil surface reached -2.2 C 

(28 F) the surface temperature was -1.1 C (30 F) and the 

soil began to freeze. The net radiation at the onset of 

freezing was -.14 ly per minute. Almost no heaving was 

noted the following morning. Samples taken from the surface 

2.5 cm of soil had a mean moisture content of 24%. Since 

temperatures were ideal for frost heaving to occur but 

moisture was deficient, more water was applied by hand. 

After several applications of water the moisture content of 

the surface 2.5 cm of soil ranged from 30 to 50%. Some 

heaving occurred but not what could be expected (Larson, 
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1961). A heavy snowfall deposited 3.6 cm of precipitation 

on the plots on November 19. This was followed by pre

cipitation amounts of 1.6 cm on November 23, 0.9 cm on 

November 30, and 0.6 cm on December 4. By this time, the 

1973 plots were covered with a depth of over 30 cm of snow. 

No observations on these plots were possible until spring, 

1974. 

A mild period in early December resulted in melting 

of the snow on several plots in the 197 2 study area which 

was located adjacent to the 1973 study. The plots in the 

1972 study received more sunshine because of their location 

than the 1973 plots. As a result the heaving of tubes was 

observed from December 12 to December 19. The time lapse 

camera was set up to take pictures of one row of tubes 

which had partially heaved out of the ground. The radiom

eter was set up near the plot, and maximum and minimum 

temperatures were recorded every day. The moisture content 

of the top 2.5 and 15 cm of soil was determined twice during 

the period. The results of these observations are contained 

in Table 23. 

One of the important findings was that the moisture 

content of the top 2.5 cm of soil was over 50% at the 

beginning of the period. The moisture content of the top 

15 cm was 40%. Three days later the moisture content had 

dropped approximately 2% at each depth. The minimum temper

ature averaged 6.7 C (20 F), The net radiation was 



Table 23. Summary of Field Observations Made December 12 to December 19, 197 3 at 
S-3 

Soil Moisture 
Net Temperature (Per Cent) 

Radiation Number Total Mean 
(Langleys Max Min of Heave Heave 0-2.5 0-15.2 

Date per Day) C C Tubes (mm) (mm) Depth Depth 

12/12 -195.09 
12/13 -59.10 + 8.3 -5.6 50.7 40.7 
12/14 -72.98 +8.9 -8.9 8 18 3.5 
12/15 -86.55 +10.0 -5.6 8 49 6.1 
12/16 -31.19 +12.8 -3.3 8 49 6.1 48.1 39.0 
12/17 -64.87 +12.8 -4.4 8 29 3.6 
12/18 -245.77 +5.0 -5.0 7 40 5.7 
12/19 + 10.0 -12.2 4 19 4.8 

Total -755.55 + 67.8 -45.0 214 
Mean -107.94 +9.7 -6.4 5 
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negative throughout the period, ranging from -31 ly per day 

to -246 ly per day. The eight tubes heaved an average of 

27 mm during the period with a mean heave of 4.8 mm per 

night. The soil was checked every afternoon to determine 

if there was permanent frost present. Such was not the 

case until December 20. On some mornings the needle ice 

layer was 2.5 cm thick. In several areas needle ice was 

located at the surface without a cap of soil which only 

occurs under exceptionally wet conditions (Figure 9) 

(Outcalt, 1969). During the observation period, four of 

the eight tubes heaved completely out of the ground. 
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Figure 9. Ice layer approximately 2.5 cm thick composed of 
needle ice — In the foreground note that needle 
ice has formed at the surface indicating that 
the soil is very wet. 



DISCUSSION AND CONCLUSIONS 

The results of the various experiments in this study 

indicate that the susceptibility of forest soils to frost 

heaving may be predictable and that heaving may be prevented. 

The regression equation using the bulk density and sand 

variables requires further testing to determine its relia

bility for predicting heaving. If the equation is reliable, 

then perhaps an index of heaving susceptibility can be 

derived similar to the one proposed by Haley (1953). In 

his system a mean heaving of 0 to 0.5 mm per day is regarded 

as negligible, 2.0 to 4.0 mm is intermediate and over 8 mm 

per day is high. None of the soils in the present study 

approached Haley's high rate, at least not in the laboratory 

experiments. Soil at S-3 heaved almost 5 mm per night when 

the moisture content was approximately 50%. A laboratory 

heaving rate of 3 to 4 mm per day based on the results of 

the present study would seem to indicate a high suscepti

bility to frost heaving. 

The two parameters used in the regression equation 

are bulk density and sand content or bulk density and mont-

morillonite content. Published reports indicate that a 

silty soil is most susceptible to frost heaving. Silt soils 

heave because the pores are small enough for a negative 

pressure to develop but at the same time are large enough 

1 0 6  
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for water movement to occur. Soils with high silt contents 

thus tend to be ideally suited for segregation of soil water 

and ice lens formation. A heavy clay soil has limited per

meability because of small pores, even though the water is 

under tension. A sandy soil is permeable, but water is 

under little tension because of the larger pores. 

When the six soils in the study were compacted 

heaving increased. It seems logical to assume that com

pacting the soil should reduce the rate of water flow. When 

the soil samples were placed in pans of water it was noted 

that water reached the surface of samples packed at the 

minimum bulk density in a matter of minutes. It took 

several hours, in most instances, for water to reach the 

surfaces of maximum density samples. The total amount of 

water, by weight, in the bulk density samples after constant 

weight was attained, was essentially the same for the three 

density levels. Since the lowest density samples contained 

the same amount of water as the highest density samples it 

is likely that there are more unsaturated pores at the lower 

density. 

Compacting the soil decreases the pore size and 

probably increases capillary flow. The soils studied do 

not contain a large percentage of clay but do have high silt 

contents. It is assumed that because of the relatively low 

clay content they cannot be compacted enough to restrict 

water flow. However, the high silt content suggests that 
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compaction could lead to higher rates of water movement. 

Small particles can be packed into a denser configuration 

than larger particles. Thus, compacting a soil composed 

primarily of clay-sized particles will restrict water move

ment . 

Probst (1965) suggested that frost heaving is 

correlated with pore size distribution. A pore size of less 

than 0.1 micron resulted in significantly less heaving of 

soils in Illinois. Pore size was not investigated in this 

study. 

The size of the clay particles alone does not limit 

frost heaving. The type of clay minerals is also important. 

Exploratory tests conducted with montmorillonite and 

kaolinite revealed that montmorillonite did not heave during 

a 7-day freezing period while kaolinite heaved as much as 

200% (Figure 1). The differences in heaving characteristics 

of clay minerals are explained by Grim (1952). According 

to Grim the type of adsorbed ion determines to a large 

extent the thickness of water layers adsorbed on the clay 

particles. Montmorillonite with sodium as the adsorbed ion 

is capable of holding large amounts of water between the 

particles. This water does not segregate. Montmorillonite 

with calcium, magnesium, or hydrogen as the adsorbed ion 

holds little water between the clay particles (Grim, 1952). 

Frost heaving in this study was positively correlated with 

montmorillonite content. The six soils studied generally 
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contained greater amounts of both exchangeable calcium and 

magnesium than exchangeable sodium (Table 3). The reason 

that montmorillonite is correlated with heaving of these 

soils is possibly because of adsorbed calcium and magnesium 

which results in more water being available for segregation. 

The other variables studied do not appear to be 

strongly correlated with frost heaving. This finding tends 

to substantiate the theory that frost heaving is directly 

related to the flow of water to the freezing front and that 

soil texture and permeability which affect the rate of flow 

are of primary importance. 

Compacted samples began to freeze before uncompacted 

samples which may be because of greater conductivity of heat 

to the surface when the soil particles are in close 

proximity. The effect of bulk density on freezing rates of 

soil has been studied by Thorud and Anderson (1969) and 

Wang and Roderick (1971). 

Penner (1972) suggested that studies which attempt 

to determine susceptibility to frost heaving by using rate 

of heaving as a criterion should be conducted using dif

ferent rates of heat extraction for each soil. He found 

that a sandy soil heaved a a maximum rate of 1 cm per day 

at a frost penetration rate of 8 inches per day, and the 

rate for silt and clay soils was much less. Some of the 

results of this study support Penner's view. Kaolinite 

samples did not freeze for several days when placed in the 
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freezer at the same ambient temperature as used for other 

soil samples. When the temperature was reduced about 2 C, 

the samples heaved at a rate of 20 mm per day. 

Chemicals which did not damage young ponderosa pine 

seedlings or hinder germination reduced heaving signifi

cantly in the laboratory and the field. Calcium sulfate 

was the only chemical tested that did not reduce growth or 

germination at all rates. 

Three experiments were conducted with "Ontario" 

tubes planted in coarse sand. In the first experiment 

heaving of tubes was significantly reduced and in the other 

two experiments it was not. The first experiment was not 

installed until late in the fall. The second and third 

experiments were both begun in the summer, allowing a period 

of 8 to 10 weeks during which fine soil material could be 

washed into the sand by precipitation. Casagrande (1931) 

stated that a small amount of fine material, as little as 

1 to 3%, mixed in a coarse soil such as a gravel, will 

result in segregation of water. Possibly enough fine 

particles were mixed with the sand in the summer plantings, 

because of precipitation and watering, for segregation of 

water to occur when heaving conditions became suitable. 

Tubelings planted in coarse sand had a higher 

survival percentage than the other treatments. The higher 

survival may be due to the fact that moisture p netrates the 

coarse sand easily and reaches the base of the tube where 
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the tree roots are. Even small amounts of moisture may 

reach this zone. With the other planting treatments, 

moisture must penetrate 7.6 cm of fine soil before reaching 

the root zone. In drought periods such as occurred in 1973 

this can be a significant factor. 

A significant finding of the study was that tubes 

covered by a layer of soil do not heave. This information, 

along with observations of dowels in previous years, indi

cates that heaving is a surface phenomenon. The same con

clusion was reached by Fahey (1973) after studying frost 

heave cycles at different soil depths. 

The results from the tubeling experiments indicate 

that planting tubes below the soil surface in coarse sand 

would tend to increase survival and reduce heaving. The 

plug seedlings do not appear to heave regardless of planting 

method, possibly because they are older trees (6 months) and 

have a more rigid stem. The plugs are thus capable of pro

ducing a gap around the stem at the ground line as reported 

by Schramm (1958). Gaps between the soil surface and plug 

stems were noted in 1973. 

Chemical treatments appeared to reduce heaving in 

the field studies although observations were limited in 1973 

by climatic factors. Survival of seedlings in the field was 

not seriously affected by chemicals even though the rates 

used were three times as high as those used in the labora

tory. Survival of seedlings on plowed plots was low but 
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heaving was substantially reduced. Why plowing should 

result in lower survival is not clear. 

Field observations substantiated that frost heaving 

is a phenomenon which requires wet soils. It was not 

possible by hand watering to initiate significant heaving. 

When sufficient precipitation fell to raise the moisture 

content of the surface 2.5 cm of soil to 50%, heaving at a 

high rate was observed. 

Observations in the field indicate that differences 

in frost heaving on plots are related to soil moisture 

content. Soil moisture in the top 2.5 cm of soil varied by 

as much as 13% in samples collected within 15 cm of each 

other. Tubes or dowels this distance apart often heaved at 

greatly different rates. It was common to observe two tubes 

heaved completely out of the ground while a tube between 

them had heaved only a few millimeters. The differences 

in heaving are believed to be due entirely to soil moisture 

content. 

As a result of the several experiments conducted in 

the study, several conclusions may be reached. 

Chemicals at rates which are not toxic to ponderosa 

pine seedlings reduced heaving of forest soils in Arizona. 

Frost heaving was closely correlated with bulk density of 

the soil. The greater the density the greater the heaving. 

Plowing or other methods of loosening the soil reduces bulk 

density and may reduce frost heaving. Frost heaving is a 
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surface phenomenon which does not occur until the soil is 

close to pore saturation. . Frost heaving of forest soils 

in Arizona may be predicable using the variables bulk 

density and sand content, or bulk density and montmoril-

lonite content. The type of clay minerals present in the 

soil is important in determining if a soil will heave. 

Silt content was not closely correlated with frost heaving 

in this study, perhaps because most of the soils tested had 

a similar silt content. 



APPENDIX A 

CONSTRUCTION OF THE FREEZING CHEST 

The freezing chest is constructed of plywood 1.9 cm 

(3/4 inch) thick (Figure A.1) . The inside dimensions are 

76.2 cm (30 inches), 45.7 cm (18 inches) wide, 25.4 cm (10 

inches) deep. The inside of the chest is lined with white 

styrofoam sheet 5.1 cm (2 inches) thick. A heating tape is 

countersunk in the styrofoam on the bottom of the chest 

(Figure A.l). The tape has a thermostat which is set to 

come on when the temperature drops below 3.3 C (38 F). The 

tape is placed slightly to the inside of the styrofoam 

lining the sides of the chest. A 2.5 cm (1 inch) thick 

piece of styrofoam with a lattice of 3.3 cm (1-5/16 inch) 

holes 12.7 (5 inches) apart was placed on top of the bottom 

piece of styrofoam which contained the heating tape to allow 

more heat to flow to the water in the pan. 

A pan 66 cm (26 inches) long, 35.6 (14 inches) wide, 

and 10.2 cm (4 inches) deep was constructed of sheet metal 

to hold the soil samples (Figure A.2). On the inside of the 

pan at each end there is a ledge which is 1.3 cm (1/2 inch) 

wide and runs the width of the pan. The ledge is located 

5.1 cm from the top of the pan. The bottom of the pan is 

lined with 2.5 cm of number 16 (coarse) sand and this is 

114 
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Figure A.l, Freezing chest for conducting frost heaving 
studies — Top photograph shows plywood box 
lined with styrofoam insulation. Wire at top 
right leads to heating tape set in bottom 
piece of insulation. Bottom photograph shows 
sheet metal pan which is placed into chest. 
Bottom of pan is lined with coarse sand. 
Water covers sand to a depth of approximately 
1.5 cm. 
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Figure A.2. Sheet metal pan with soil cylinders, top and 
completely assembled chest, bottom. 
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covered with approximately 1.3 cm of water (Figure A.l). A 

piece of styrofoam 5.1 cm thick, 66 cm long, and 35.6 cm 

wide is set into the pan and rests on the ledge at the ends. 

The top of the styrofoam is flush with the top of the pan. 

The styrofoam block contains 72 holes 3.3 cm in diameter 

on 5.1 cm centers (Figure A.2). The holes are made with a 

piece of PVC plastic pipe which has been sharpened on the 

inside to make a punch. The holes are easily punched out 

using the sharpened piece of pipe. 

The pan is placed into the freezing chest and the 

chest is placed into a freezer. 

Conducting the Freezing Tests 

The freezing tests are conducted using small 

cylinders made of PVC pipe the same diameter as the punch 

used for making holes in the styrofoam. The cylinders are 

7.6 cm (3 inches) long with an inside diameter of 1.2 cm 

(1-3/16 inches). The cylinders are filled with oven-dried 

soil from which all of the material over 2 mm in size had 

been removed by screening. To prevent the soil from coming 

out the bottom of the cylinders one end was covered with 

several layers of cheesecloth held in place by a rubber 

band. The cloth and rubber band were coated with rubber 

cement to make them adhere to the cylinders. The inside of 

each cylinder was coated with silicone applied as an aerosol 

spray. 



118 

It was discovered that heaving was closely related 

to bulk density or how much soil was packed into the 

cylinders. It was necessary, therefore, to determine the 

bulk densities desired for each soil and depth before con

ducting the freezing tests. To determine the amount of 

oven-dry soil needed in the cylinders the volume of the 

cylinder was calculated. Since the bulk density = mass/ 

volume it can be seen that the mass or weight of soil needed 

per cylinder equals the bulk density times the volume which 

is approximately 50 cc. 

At the lowest bulk density the soil was packed into 

the cylinders dry. At the higher bulk densities it was 

necessary to moisten the soil. The packing was done by 

adding a small increment of soil at a time to the cylinder 

and then hand packing it with a hardwood dowel slightly 

smaller in diameter than the cylinder. When no more dry 

soil could be added to the cylinders they were placed into a 

pan of water to soak. After soaking the packing was 

finished by adding the remaining soil to the cylinders. All 

soil samples at all bulk densities for every freezing test 

conducted were soaked before the tests were begun. 

After soaking the cylinders were removed from the 

water and in most instances allowed to drain for a few 

minutes on paper towels to remove excess moisture.after 

which they were weighed to the nearest 0.1 g. 
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After weighing, the cylinders were inserted in the 

styrofoara block. The cylinders had to be put into the block 

top first since the bottoms were larger than the holes be

cause of the cheesecloth and rubber band. The surface of 

each cylinder was positioned so that it was flush with the 

styrofoam. After the block was loaded with cylinders it was 

placed into the sheet metal pan. With this arrangement just 

the surface of each cylinder was exposed to the ambient 

temperature in the freezer. The bottom of each cylinder 

rested on the coarse sand in the pan and in approximately 

1.3 cm of water. 

During the first two or three trials the cylinders 

fit snugly in the holes in the block. On subsequent trials 

the holes became slightly enlarged and some of the cylinders 

would slide out of the holes when attempting to place the 

block into the pan. This problem was solved by wrapping a 

piece of paper around the cylinder before inserting it into 

the hole. 

After freezing had begun and the soil had heaved a 

short distance out of the top of the cylinder it would tend 

to dry out and crumble. This was because the vapor pressure 

gradient was from the soil to the freezer where the humidity 

ran between 80 and 90 per cent. To prevent drying of the 

soil after the onset of freezing the soil surfaces were 

given a fine mist spray of water at least once a day. 
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Upon completion of the heaving experiments, the 

amount that each soil had heaved out of the tops of the 

cylinders was measured to the nearest millimeter. When the 

cylinders were removed from the block it was discovered that 

the soil had also pushed out of the bottom of some 

cylinders. The amount of heaving on the bottom was measured 

and added to the amount of heaving on top to get a total 

heaving figure. After heaving measurements the soil was 

pushed out of the cylinders and the depth of freezing was 

measured. 

During all freezing experiments the air temperature 

2.5 cm above the surface of the block was monitored using a 

copper-constantan thermocouple. The water temperature was 

also monitored using a thermocouple as well as a mercury 

thermometer. In addition, a Taylor indoor-outdoor 

thermometer was placed into the freezer so that a rough 

check of the temperature could be easily obtained. 

The ambient temperature 2.5 cm above the soil 

surfaces was maintained at approximately -3 C while the 

water temperature was kept at about +2 C. 



Table A.l. Weight of Oven-Dry Soil Needed in Soil Cylinders 
to Duplicate Field Bulk Densities for Six Soils 
in Northern Arizona 

Soil Bulk Weight of Oven-
Location Depth Density Dry Soil Needed' 

(cm) (g)  

W-14 0 -2.5 1.04 52.1 
2.5- 7.6 1.24 62.1 
7.6-15.2 1.32 66.1 

BF 0 - 2.5 1.56 78.2 
2.5- 7.6 1.79 89.7 
7.6-15.2 1.75 87.7 

Kelly 0 - 2.5 1.08 54.1 
2.5- 7.6 1.34 67.1 
7.6-15.2 1.50 75.2 

TP 0 - 2.5 1.21 60.6 
2.5- 7.6 1.08 54.1 
7.6-15.2 1.27 63.6 

S-3E 0 - 2.5 1.14 57.1 
2.5- 7.6 1.09 54.6 
7..6-15.2 1.20 60.1 

S-3W 0 - 2.5 0.93 46.6 
2.5- 7.6 0.97 48.6 
7.6-15.2 1.07 53.6 

Wt = B.D.X. volume of cylinder which is 50.1 cc. 
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Table A.2. Weight of Oven-Dry Soil Needed in Soil Cylinders 
to Duplicate Minimum, Mean, and Maximum Bulk 
Densities for Six Soils in Northern Arizona 

Weight of Soil 
Soil Bulk Needed per 

Location Depth Density Cylinder 

(g)  

W-14 0 - 2.5 0.82 41.3 
1.00 50.2 
1.18 59.0 

2.5- 7.6 0.85 42.5 
1.03 51.6 
1.21 60.6 

7.6-15.2 0.88 44.1 
1.06 52.9 
1.23 61.7 

B F  0 - 2 . 5  1.48 74.1 
1.61 80.8 
1.75 87.5 

2.5- 7.6 1.34 67.2 
1.48 74.4 
1.63 81.5 

7.6-15.2 1.28 63.9 
1.42 71.3 
1.57 78.7 

Kelly 0 - 2.5 1.18 59.3 
1.32 66.0 
1.45 72.6 

2.5- 7.6 1.16 58.3 
1.29 64.7 
1.42 71.1 

7.6-15.2 1.09 54.7 
1.31 65.6 
1.53 76.5 

T P  0 - 2 , 5  0.96 48.3 
1.12 56.1 
1.28 63.9 

2.5- 7.6 0.88 46.1 
1.09 54.6 
1.26 63.0 

7.6-15.2 0.90 45.3 
1.06 52.9 
1.21 60.5 
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Table A.2.—Continued 

Weight of Soil 
Soil Bulk Needed per 

Location Depth Density Cylinder 

(g)  

S-3E 0 - 2.5 0.89 44.8 
1.04 52.0 
1.18 59.1 

2.5- 7.6 0.88 44.2 
1.08 54.2 
1.28 64.1 

7.6-15.2 0.96 48.3 
1.15 57.8 
1.34 67.3 

S-3W 0 - 2.5 0.83 41.4 
0.97 48.4 
1.11 55.4 

2.5- 7.6 0.85 42.8 
1.01 50.8 
1.17 58.7 

7.6-15.2 0.91 45.8 
1.10 55.3 
1.29 64.8 



APPENDIX B 

RAISING TUBELINGS 

Tubed seedlings (tubelings) are raised in a growth 

chamber or greenhouse. The tubes are commonly called 

"Ontario" tubes and are made of plastic. The tubes are 1.3 

cm in diameter and 7.6 cm long. They-are filled to within 

approximately 1 cm from the top with Perlite or vermiculite. 

Two ponderosa pine seeds which have been soaked in water to 

separate filled from unfilled seeds and treated with 

hydrogen peroxide as previously described are placed into 

the tube and covered with about 0.5 cm (1/2 inch) of the 

material filling the rest of the tube. The filled tubes are 

placed into flats which have a layer of Perlite or vermicu

lite on the bottom. The tubes are watered regularly from 

either the top or bottom. 

After germination the tubelings are grown in a growth 

chamber for five or six weeks. Approximately one week 

before field planting the tubelings are placed out of doors 

to harden them off before planting. The tubelings are only 

planted during the summer rainy season so there is little 

danger of their being damaged by frost during the hardening 

off process. 
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The tubelings are planted by using a pointed hard

wood dowel of about the same diameter. The dowel is pushed 

into the soil at least 7.6 cm and then removed. The 

tubeling is placed into the resultant hole so that the top 

of the tube is level with the soil surface. When planting 

tubelings which will have coarse sand placed into the hole, 

the hole must be made larger at the surface, i.e., the 

planting hole must resemble the frustrum of a cone which 

has a bottom diameter of 1.3 cm and a top diameter of about 

3.2 cm (1-1/4 inches). To make a hole with this shape a 

hardwood dowel was shaped to the desired dimensions. 



APPENDIX C 

STATISTICAL ANALYSIS OF EXPERIMENTS 
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Table C.l. Covariance Analysis of Frost Heaving Related to Bulk Density 
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Table C.l.—Continued Covariance Analysis of Frost Heaving Related to Bulk Density 
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Table C.l.—Continued Covariance Analysis of Frost Heaving Related to Bulk Density 
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CA .6] I 
•̂ 23 

.817 
1.560 

2.085 
.72? 

• 665 
• 969 

'7*7 
1 " 4?2 

1.793 
1.047 

.471 
1.245 

.797 
1 • 808_ 

1.222 • 967 

at 1.012 
1.254 

1. li « 
1.215 

1.387 
• 815 

i.055 
.991 

• 9? 7 
l«3l' 

1.223 
1.594 

.B04 
1.268 

.639 
1.237 

1>047 • 961 

CO • 71B 
.S»5« 

• 7q] 
1.564 

1.921 • 70? l»n?7 1.663 • 790 .935 1.4*6 .782 

ao .*7-3 
.918 

1.0S5. 
1.1*1 

1.33? 1.017 1*1 ?B 1.247 .971 1.001 1.199 1.199 

An 1. 18» 
.982 
.•JOB 

1.1*9 
1.6?1 
1.161 

• 800 
1*309 

~ 1«227 

1.24? 
1.121 
1.38V 

1'039 1.346 
1.136 

1.2*0 
_ «902 

1.024 
1.117 

.854 
• 958 

1  .061 
j9S9 

H1 
ro 
vo 



Table C.2. Stepwise Regression Analysis, All Soil Depths 

C O R R E L A T I O N  M A T R I X  

-VAA-{4SL£ 
NO-BE* 

1 2 . .  

.5.11 

3 

_T1«1 

* 

.211 

5 

-.*42 

o 

-.099 .001 .296 -.12* 

1 

—  . 2 4 4  

2 
3 

1.000 -.817 
1 . 0 0 ?  

.293 
-.395 
1.000 

-.707 
,6t* 
-.263 

.100 
-.168 
-.353 

-.22* 
.302 
.220 

.199 
-.161 
.572 

.386 
-.169 
-.355 

-.1U 
.289 
1-.540 

5 
ft 

1.000 -.032 
1.000 

.092 
-.972 
1.000 

-.116 
-.658 
.71* 

-.190 
.389 
-.323 

.200 
-.129 
.169 

8 
* 

If 

1.000 -.447 
1.000 

• Oi f 
.37b 

l.OOU 

VARIABLE i i 12 13 14 IS 

1 
? 

.01" 
- x 1 •> 1 

.20* 
-.04(1 

.2S5 

.311 
-.092 
-.236 

.612 
.665-

3 
4 
* 

>299 
.099 
. 1 4 7 

• 283 
.0*5 
.07s 

-.330 
.86? 
-.174 

.2U2 
• J*3 
.232 

-.53* 
- . m  
-.*90 

6 
7 
P  

- . 8 6 4  
.67* 
. * 7 1  

-.771 
.809 
.634 

-.670 
.510 
.Be* 

-.653 
.824 
.7*6 

,60,; 
-.6SS 
-.351 

q  

10 
11 

-.2*2 
• *15 
l.ann 

• •084 
.3*1 
.95* 

-.*32 
-.275 
.431 

-.418 
.*63 
.910 

.**0 -
-.13!) 
- .561! 

12 
13 
u  

1 . 0 0 0  .327 
1.000 

.7*3 

.*9* 
1 . 0 0 0  

••*0«! 
-.250 
-.69(1 

15 1 . 0 0 0  

oj 
o 



Table C.2.—Continued Stepwise Regression Analysis, All Soil Depths 

SUE-BKOduEM NLfHER 1 
C E P E N U E M - W A O I A H I . E '  »  H E A V E  

K A X I M L K  N U M E E P  O F  S T E P S  3 0  

F - V A | _ I J £  F O P  J S C L U S I C N  •  0  1 0 0  

^-»Afc(,E FOR iJUlSO 
TOLERANCE LEVEL >0010 

• £S 1 : KULT]PLE_R »£-12L 
V A R I A B L E  E N T E R E D  1 5  B L K D E N  M U L T I P L E  R  S U U A R E O  . 3 7 4 6  

D E P E N D E N T  V A R I A B L E  I  H E A V E  S T C «  E R R O R  O F  T S ] •  . 7 X 1 6  

A N A L Y S I S  O F  V A R I A N C E  

RCF DF  SU*  O F  SQUARES CEAN S Q U A R E  F  P A T I O  P ( F  G T  C O M P  F )  

REGRESSION 1 4 .85J94 
RF5IDUAL 16 8.10226 
IQTM 17 12.<Ss620 

4.85i94 
.50639 

<>.58530 .006* 4  

I / A R T < E L F «  J W  F O I M T I T N .  VARIABLES N O T  I N  E Q U A T I O N  

V A H  I  A B L E  C O E F F I C I E N T  S T D .  E R R O R  F  T O  R E M O V E  V A R I A B L E  C O N T R O L  S T A T U S  P A R T I A L  C O R R .  T O L E R A N C E  r T O  E N T E N  

C O N S T A N T  -1.2?S1793360E*00 1  
RLKCEN 1* ?.l?<i63fllE*0D 6.978ft?36E-01 9.585* M T  2 F R E E  .2l37e .5567 .7183 

M I  

V M  

K  

3 
4  

5 

F R E E  

F R E E  

FREt 

*.08145 
.35654 

-.206H 

,7149" 
,9B67 
.7n04 

. 10 0 3 
2.2128 

.6657 

SANO 
S I L T  

CLAY 

6 
7 
e 

F R E E  

FREt 
F R E E  

-.74043 
.6 7794 
.68982 

.6376 

.5672 

.8767 

I F E . c O j b  

12.7573 
13.6177 

CA 
MG 

CEC 

9 
10 
11 

FREt 
FREt 
FREt 

-.SS34S 
-.20622 

.66047 

1 ,8«67 
.9818 
,6fl*3 

6.6 W 
.6662 

11.6061 
ExCA 
E*NA 
ExM6 

12 
13 
!• 

FREt 
FREt 
F R E E  

.02138 

.58570 

.59139 

.638' 
,9-i75 
.5132 

V.4J44 
7.8325 
8.0677 



Table C.2.—Continued Stepwise Regression Analysis, All Soil Depths 

• ••STEP MiMfiee 2 MULTIPLE " .8*70 
variable emeren h sand kull  iple.  _r.i5>uare.[> , .j17>_ 
OfPE^UENT VASIAHLE 1 HEAVE STD? ERROR OF EST. .*9*0 

A N A L r S I S  OF V A R I A N C E  
SOlflCE DF SUK OF SQUARES CEAN SQUARE F RATIO P(F 6T CCMP F) 
•RECRESSJCN 2 V, 2yt>93 *. 6 W?6 19.0*760 .00008 
KE«IOUAL 15 3.66027 .2**02 
TOTAc 17 12.95620 

VAMUBLIS IN eoiJATICN • VARIABLES NOT IN EOUATION 

variable COEFFICIENT sTO. ERROR f TO REMOVE . .VARIABLE CONTROL STATUS PARTIAL COHH. "TflLEAANCE -'F TO ENTtfC" 

CONSTANT 
S'NO 6 

-?.5?Ol70U772t«oo > 
-?.6033Z06E-02 6.10169Z9E"03 j.*fc«7o59£»00 S.98su90e-01 

18.203b ! 
37.57*5 . 

• 

mt 
HI 
VH k 

SILT 

2 3 FREE 
FBFt 

-.275*8 
.1J?7S 

,*7*9 
,67«0 

1.1*97 
.  ̂ M niftcen i* 

-?.5?Ol70U772t«oo > 
-?.6033Z06E-02 6.10169Z9E"03 j.*fc«7o59£»00 S.98su90e-01 

18.203b ! 
37.57*5 . 

• 

mt 
HI 
VH k 

SILT 

« 5 7 
FREt free free 

.1*877 

.11650 
-.15975 

.8*02 

.6517 

.0*72 

ijlti* 
.is** 
.3667 

• 
• 

Clay ca mg 
8 9 

1 u 

free free f rft 
• 1*629 

-.6*277 
-.37*22 

.2207 

.7826 

.9782 

.ju62 
9.8561 
2.27*9 

• 
• 

CEC 
ExCA 
txNA 

11 12 13 
FREE free. 
FREE 

.17*18 

.13358 

.17727 

.2t>03 

.3087 • 5"** 
.* ioO ,*8s3 
,*S*2 

• exm6 1* free .0697* .2188 .wee-

M 
to 
to 



Table C.2.—Continued Stepwise Regression Analysis, All Soil Depths 

•t«STEP MMtiER J MULTIPLE-B r?13^ 
VASIA8LE ENTERED 9 CA MULTIPLE R S8UARE0 .83*2 
crPEKOE'.T VARIABLE 1 MEAVE STO? ERROR OF EST. .3917 

ANALYSIS OF VARIANCE 
irt lit suk of suuarts fean square f ratio p(f ot comp f) 

regrfssicn 3 10.86816 217*809* 7wtoi 
fEe Inijau 1* 2.1*b0* *153*3 total 17 12.95620 

VAHUIiLf.S IN EOUATICN 
• 
• VAHIAULES not IN CUUATlON 

VARIABLE COEFFICIENT STO. ERROR f TO REMOVE ! 
• 

VApIABLE CONTROL STATUS PARTIAL CORR, TOLERANCE f to enter 

constant sanl a -»,ati)?«56n97E»no i 
-2.31t7767t-0.» *.91?2696E-03 

f 

22.6494 | mt 2 FfiEt -.1*105 ,3q5* .2639 
CA 9 

8L«EN 15 
-®.9«!tn«j2E-01 2.S527H75E-01 «.09s25ke*0(| 4.9389a92e-01 

9.8561 . 
68.687* . 

• 

HI 
VN 

K 

3 
* 
5 

FREt 
FREE 
FREt 

-.063*5 
.12*56 

.6763 

.7o09 

.6509 

.6314 

.0526 

.20*9 
• 
• 
• 

silt 
CLAY 

MG 

7 
8 

10 

FREt 
FfiEt 
FREt 

.1*632 
-.15895 
-.07365 

,03V*' 
.1852 
.7273 

.3370 

.6709 

• 
• 

C EC 
E*CA 
E*NA 

11 
12 
13 

FREt 
FfiEt • 
FREt 

.**520 

.56975 
-.06563 

.2->s» 

.3Z98 .*517 
j.2135 6.2*8* .0562 

• fcXHS 1* FREt .0j562 .zl'v .0165 

UJ 
U) 



Table C.2.—Continued Stepwise Regression Analysis, All Soil Depths 

*IKIL RttiRESSICS E01i*TI0N 
t-hHCtiS- APEfcAfr BLLUM HEflHFSSlQf. CPEF* ICUNTSI 

5.36722 • *( Si » -l.*?H0ll (I •) • -.2Utl*3 *( 5) • -.UB6«)3 M 6) 
(  .71PIM) I 1.50167) 1 .3»30B) |  .25837) 

- .09156 xi 7) •  - .10*18 x( 8) •  - .3*655 x< 9) •  -2.3s137 x(10) 
.  jsgqqi ( .28808) i  .5*168) i  1.85167) 

. 0 7 2 1 ) 5  xlll)  * 9.00260 <(13) » ».71631 x(h> 
.031011 I IBTIISQ*) 1 .'"S*?? - : 



Table C.2.—Continued Stepwise Regression Analysis, All Soil Depths 

SUVHABY TABLE K0. \ 

STEP 
MJMBER 

VARIABLE 
ENTERED REHOVEO 

CONTKOL 
STATUS 

MULTIPLE 
R RSQ 

INCREASE 
IN RSQ 

F VALUE TO 
ENTER OR REMOVE 

NUMBER OF INUTPT^DENY 
VARIABLES INCLUOED 

1 ELKCEN IS FREE 
f  CFt  

.61208 

.BI>70<; 
.37464 
. 7174*  

.37464 " 
. 342 i5  

9,58536 
18-20349  

1 
?. 

3 
4  
f  

C» 
EXCA 

MFT 

9 
1? 
1  n  

P 
..FREE, 
FREE 
FREE 

.91335 
^9*235* 
.9*727 

.S34?L 
7SS60J 
.8973J 

.11672 

.05382 

.009^0 

9,85606 
6 .24840  
1.08694 

3 
4 
5 

6 
7  
«  

SILT 
MT 
MU 

7 
? 
4 

FREE 
FREE 
FREE 

.9*A82 
. 95331  
.95371 

.90027 ' 

.90880 

.90957 

. 00294  

.00853  

.0 ,0077  

.324*3 
. 93575  
.07632 

6 
7 
8 

9 
10 
11 

EXNA 
K 

Q iv  

13 
5 
A 

FREE 
FREE 
FBEF 

.95568 

.95791 

.95872 

.91371 

.9175« 

.91915 

.00414 

.00387 

.00157 

.38427 

.32875 

.11642 

9 
10 
N " . 

12 
13 

CEC 11 
EXCA 12 

FREE 
FREE 

.95934 

.95934 
.92034 
.92033 

.00118 
-.00000 

.07432 

.00027 
\i 

N 



Table C.3. Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth Omitted 

<Ttn = a - S T E ShI S E  REGRESSION -  VERSION OF NOV. ,  19721 originally BMD02R 
COLCBtOC ST4TE ';MvE»s1Ty STATISTICAL laboratory 
F O C O L E *  C O D E  FHSTHV 
Miwi ro  r .F  nu |CI"» i  v«nI*nLES 11  

LF v ta lAuLE^-AtHl tO 0 -t0t*l m-fber zf variables is mihe* cf slr-p«cblems 1 
VACUfiLt  F O KmjT  is 

(*X.F* .< ,7F* .n ,2F* .2 ,2F« . ) ,F* .2 .F* . l<F* .2 l  

*€ASUi iE5  OF OISaEBglON AND C FNT RAL  TENDENCY 

standard coefficient sttndaho error 
KiWlibUt - - J1EAN VtClANCF UEVISTIIIN Of., VARIATION OF Thfc. MEAN 
^EAvt  1  1 .71667  .81302  .90H.8  52 .52*97  . ?6U?9  

HT ?  2 ,63333  1 .96*70  1 ,*03<>6 *9 .5338*  .*0S>1*  
_  Mi  . 3  2 .50333  . .26515  ,51*93  19 .93*72  .1*865  

y» * 1.16667 .15152 .389i'S 33.36*2* .lic37 
« 5 2.50000 •*5*S5 .67*i'0 26.96799 .19*62  6 22,^ 1667 =9*^08333 2a.373h2 l06j35b51 7.02612 

5I L J  7  63 .75U00 312 .75000  17 .68*7*  32 .9018*  5 .1031*  
TlAT 6  23 .16667  67 .2*2*2  6 .2001b  35 .39632  2 .36718  __ * c* 9 .**333 i .03695 i192,-!3 *3.35965 *j5^ 

MS 10 , 27500  •017*6  .13215  *8 .05*56  .0J&15 
CEC 11  31 .16667  76 .02606  8 .7192V 27 .9763*  2 .517r*  

ExC* _L2  21  ,6 f lS33  :  J i j  37 .356  5 j60121  25 .92153  1  •  61  6 .9  3  
E <S» 13  .11917  .0101*  .10068  6* .  *831*  .02 '»C6  

.  E«M(j  1*  9 .**167  13 .37720  3 .657*9  38 .73771  1 .05Sb2  
c i  f rFN n  1 -30167  .068*9  .26170  20 .1051*  .07555  



Table C.3.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth 
Omitted 

C0BKEL*TI0N MATRIX 

7 * * 5  6  7  8  9  10  

MjMfiCr*  

1  1 .000  
2  
3  
*  -

- 7tiff - •121  - .577  .1»3  - .2S2  .107  .312  - . ? l - i  1  1 .000  
2  
3  
*  -

1 .000  - .73*  
1 .00?  

.380  
- .529  
1 .000  

- .769  
.655  

- .346  

.  186 
- .336  
- .*30  

- .306  
•  *67  
.271  

.137  
- .025  

.703  

.13*  

.25*  
- .725  

- .392  
.635  

- .533  

" ,974  - .860  .299  - .097  
1 .000  .72"  - .217  

1 .000  - .*10  - .C53  
I .000  .430  

1.000 

vOMttJ l l  11  12  1*  15  

1 -,ofco .11? .1»* - .311  .720 
-3Jl -.3118 .699 

3 • 5?3 • «49 -.323 .560 -.595 
4  • 201 •  00A .932 .205 -.226 

2°1 .170 .*33 -.551 
6 • .901  -.79* -.6*5 - . "11  .736 
7  .930 • 839 .*el .915 -.766 
a  *75 .e<;o . 729  - .*65  

9  .074  .211 -.596 -.131 • *ao 
10 .356 . 263  -.340 .*53 • -.105 
11 1  4ooo •  95A -391 .903 -.618 
12 1 .000  .2e? . 7*2  -.•51 
| 3  1 .00?  . •63  - .339  

f * 
1 .00?  

1 .000  - .766  

*15 1 .000  

00 



Table C.3.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth 
Omitted 

Sue-PfiOcLEM MfflEH 1 

C£C£*,C«W-WJlol-A4k€ 1 HEAVF 
• A»1«L>« NLWBES OF STEPS 3(1 
F-V»LLE fCR INCLUSICM .0100 

fCB 0EL<-TI<1N .SOSO 
tcleranie level .0010 

a»«ST£9 -NLKBEC—1 fcUlJLIPLE_R .J8D.4 
VASI*8LE FM?Pen  2  MJ MULTIPLE R SUUAREO .6090  
OFPEMiENI  VARIABLE 1  HEAVE STC;  ERRUR OF EST.  . 59 | J  

_D£ 
ANALYSIS  OF VARIANCE 

F  RATIO P(F  ST COUP F)  

REC-BESSJCN 1  5 . 4 4 6 7 1  
RESIDUAL K* 3.49656 

11 8 . 9 4 3 2 7  

5.44671 
.34*66 

15.57734 .00274 

viRlaBLI - S  T M  F G I I A T I C N  VARIABLES NOT IN EQUATION 

VARIABLE COEFFICIENT STO. ERROR r TO REMOVE 
» 

VARIABLE CONTROL STATUS PARTIAL CORR. TOLERANCE f  TO ENTER 

CONSTANT 
« T  j  

A.9N0T^2308E-01 ) 
K,0PBI6?F-01 L ,P7N«9BF-01 H.5773 MI 3 FREE . 0 4 5 2 1  . 4 * 1 5  .0184 

V *  
K  

SAND 

4 
5 
6 

FREt  
FREt  
FRE& 

- .31611  
.05648  
.01362  

.B i92  

.4092 

.9656 

. 9 9 9 ^  1 1  

, 0 2 o 8  
. 0 0 1 7  

SILT 
CLAt 

CA 

1 
a 
9 

FREt  
FREt  
FREt  

- .0*159  
• . O O O 4 A  

. 33522  

,vuo5 
.9O 13 
.9821 

.0042 
. 000 .0  

1.139* 

• 
MS 

etc 
ExCA 

1 0  

1 1  

1 2  

FREt  
FREE 
FREE 

. 16209  

.16232 

. 2 6 1 1 1  

,B4« < I  

. 9 5 8 4  
, 9 Q 5 7  

,!»!9 
.2436 
. 6585 

ExNA 
tXMO 

BLKnEN 

1 3  
14 
is 

FREt  
FREt 
FREE 

-.17972 
-.01462 
.36967 

.6972 

.8493 

.5117 

. JW04 
.0019 
1.^113 

U> 
CO 



Table C.3.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth 
Omitted 

•  ••1TFP Mjxore  f  MULTIPLE B .81Tb  
imlAHLF uTtPFn  IS  BLKnFN MULTIPLE R SOUARtp  i »6 | i  
DEPENDENT VAOIAOlE 1 HEAVE STC? ERROR OF EST. .57*0 

ANALYSIS  OF VARIANCE 
c . |  c^F  OF SU* OF SQUARES MEAN SOUARE F  RATIO p | F  OT COMP F)  
HE Ch  ESS tCW i  lS  £ t?8»f l2  ? .070*1  .00696  
RE ' IOUA) .  9  2 .96662  .32951  
TCtAI .  11  8 .9*327  

VARIABLES IN EQIIATIC n  
• 
• 
• 

VARIABLES NOT IN EQUATION 

r TO tNT£H— 
VARIABLE COEFFICIENT STO.  ERROR F TO REMOVE .  

• 

VARlABLt  PAR 11AL TOLEKANCE r TO tNT£H— 

CONSTANT 
"T  7. 

-7 .9«2<>29l l33 t -n i  1  
3 ,*P*5230E-01  1 .72*0565E"0 l  
1  l ?1 A ? 4 < , F* D n  Q  T*C70A0F"D1 

* .08*9  !  
1.6113  .  

MI 
VM 

3  
*  

FREt  
FREE 

.12223  
. .03650  

.*48*  

.3656  
.1213  
.0107  

. . K 
SaNO 
SILT 

5  
6  
7  

FREt  free 
FREt  

.07449  
-.69312 

,6133e 

. 4038  
, ?46*  
.2659  

.0446  
7 .3971  
* .8252  

. CLAT 
CA 
MG 

8  
9  

10  

FREt  
FREt  
FREt  

.5*636  

. lb<305  

.06992  

.3*72  

.6903  
,7o07  

3 .40» i  
.2076  
.0393  

• 

CEC 
ExCA 
EXNA 

11  
12  
»3 

FREE free 
FREt  

.63078  

.63628  

.26238  

.5171  

.67*7  

.2765  

S .1063  
5.*»21 

.6932 

• tXMG 1* FREE .4S706  .370*  2.11CO 

H* 
U> 
VO 



Table C.3.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth 
Omitted 

BtGHfc 'SSIC* PORTION 
4ST*h(.A>0 APPfcAH bLLOM-BtOH£ttION Ct)fFr ICILNTSI 

*< 1IHAT • -3.55685 • -.5372* XI 2) • t*6913 *t 3) • 6.32*68 X< *> • -,12f<37 X( 6) 
(  _0Z£ .3U I  . 05355)  |  .36669)  J  .00*66)  

.  X (  71  •  -* .9359*  *110)  •  .3BBB2 x l l l )  •  - .0V55S X112)  
,  , nn* l )  i  . 31832)  < . 02562)  (  . 02***)  

• -26.135^7 x (13) •  6.556*6 xu5i 
i 1 ,?*|73) i  .203q5j 



Table C.3.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth 
Omitted 

suffer table no. i 

S.UV UAtt lABLt  CCdlBf lL  MULTIPLE F  VALUE TO NUMBER OF INDEPENDENT 
E\TEPED REMOVED STATES B RSQ IN RSO ENTER CR REMOVE VARIABLES INCLUDED 

* 
<y 
h 
7 
a 

MT 2  
ELKCEN 15  
SAND &_ 

MR 10  
CEC 11  

V M A 
Ml  3  

SILT 7  
CXNA 13  

TREE 
FREE 
_Efi££_ 

FREE 
FR^E 
FHLE 
FRlE  
FREE 

_Ci l££  

,780*0  .60903  .60903  
,81755  .668*0  .05917  
,9097s  .82771  •159T1 
,92*10  .86321  .0J5S2  
,9*583  .89*59  .03117  
,9 '1*7  •  s i**T J  •Obni3  

,976*9  .9535*  .00681  
,97793  .95635  .002S2  
.0992(1  .998*0  •0*2n5  
,99995  .99990  •00150  

15 .5773*  
1.61128 
7_ .3S707_  
l . e i7S7  
1 .7A58*  

* A.Sa-Ji* 
. 75827  
.19371  

S2.53435, 
10 EXCA 12  FREE 15 .28687  1 0  



Table C.4. Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth, 
Montmorillonite and Mineral Variables Omitted 

SI^P-oiiOcLf.4" 1 
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AitSTcP-^uiiilri: _J KilLllf Lt H i 
Jb*  J»e f -  HvT l°Er>  lb  t lLIDEN KUL' IHLt  K , b l7<  
CrcE ' "*CL ' .T  MA-HAULF 1  «K*VF STC« FHWoR 0^  ES ' •  .6 f6 ' J  

ANALYSIS  OF VARIANCE 
-S^VRc*  L£  CI IX  1 )1= < ;UUAPES tEA^ ' iGUASE f  RATH;  P iF  6T-  CqmP F)  

TCh i  4, 63161  * .63161  1^ .74206  .C0BJ2  
14.31166 . 43M7 

Ir.lA ̂  Li  ;  

VAh T AHLf S T PI innf tT l rN 
• 

VARIABLES NOT IN EWOATInN 

VA"IAHLK COEFFICl t ' ^T  < ; in .  LMPW F TO HLMOVE 
• 

VMRlABLt  CONLHOL STATUS PARTIAL CORH. TOLERANCE r TO EUTEH 

^1  KLLN 1  5  
-  1 .*>1  Jf.  •on  |  
».47«49<! l t  »UJ  T .« ,o r i lT47E-Ul  

t 

10 .7421  Ml  c DELtTtD .53074 .5117 4 .0649  

• 

• 

• 

Mi 
VK 
K 

3 

4 

b  

fHEE 
FREE 
F REE 

- .z£<t, H 
.»19?6 

- . J1157  

•  b46^  
.<1489  
.6961  

.4  IQb 
1 .9194  

,967b  

• 

• 

t  .  • 

SANU 

bILT 

CtAt 

6  
7  
8 

r  R t t  
FPEE 
FREE 

•  a eU I 41 

.7J23e 

. f1745  

.4b79  

.3B19  

.7839  

16 . i j ?7  
10 .M2S 

9 .b4o9  

• 

• 

• 

C* 

HO 
CkC 

y 

10  
11 

FUfc t  
OELETtO 
OELt l tO 

- .Ua ihJ  
- .1*831  

.71)449  

.  /69T 
.9089  
,6 i  8*  

.  J6B4 
e .Bso i  

• 

• 

• 

t  yCA 
L y N A  
t*HG 

l i f  
13 
1* 

DEUTLo 
DELETED 
UELETtO 

./0414 

.5*419 
,S>j816 

,7V6» 
. 66*8  
.4T28  

8.6b06 
4.9116 
3 .6692  

H" 
•U 
1SJ 



Table C.4.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth, 
Montmorillonite and Mineral Variables Omitted 

»<T£P M,» ecs 5 
,vn-l-SLt EM-:BEn •> s»no 

I vt'.jahl* I IlLAVl 
CUL'IPLE * -909/ 
KU|1lPLK P SUOAPtO __ .HiT5 
SIC- tHHOt. Of tSf. .«U0 

Af.4l.YSIS OF VASlANCE 
Uf SU!» Of S^UrtPtb KtAN bOltAQE F HAl 10 P(F CT COMP f > 

•^fiScSSTCv -? 7.*(WW0 3.700411 ?J.S»10b .OOOJ7 
« I :«^Ai * l.ii4*.'*»7 .1/1V 

roTAt 11 B.9»J27 

VA^IAhLtS IN EOMATIC'1 
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(B—*>56»»irTt«>"»—7.<itBfcaSUH-Ul 
16.1S77 
>1 .SW 

.0083 UELtTtO 
LZb* 

0J?1« . u<;c . 6936  .7977 
5615 

.0*02 

FPfct 
t PEt 
FRtt 

•lollS 
0 / 6 0 2  -.13?s6 

. 04ea  
.1*31 

. J98» 

.7633 
98a 1 

FSEt 
FKtt 
UELfc-Ttn 

.U«275 .306* .21.65 1.270a . J ? 1 MG 10 
«0O»O UELtTtC 

UELtTtO 
OF.LtTtO 

.uov51 C*C 11 
txCA 12 
t»HA 13 

.»2aa • 3222 22535 
.206?e 
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Table C.4.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth, 
Montmorillonite and Mineral Variables Omitted 

EULTIHLE R *^140_ 
VA>«I*ttLli EM'DF" t C» fUL'I^Lt R sulMRtO .S355 

Cl-*E*0ENt V»«IAPLE I "EAVF STC • F RWUR OF EST. ,»2eV 

ANALYSIS OF VARIANCE cmj.-c i;f c i l v  OF ShUhPLS *£AN SRJUARE F RATIO P(F GT COMP F) 
*r*crr,rjrtK 4  7 .47 IH7  
k i  t  I  JI -4L  4 1  ,471*0  

I I  M.94J27  

? .491 '62  
.16392  

IS .54153  .OOlbH 

— 

y«» |  «M (•< :  |u f  n i l «T  I f  f t  VAPIAHLFS NOT IN EQUATION 

v*"It"LF COff'FlCUuT <;Tn. E^RUH h To HtMOVt VARlABLt CONTHCL STATUS PARTIAL CORA. TOLERANCE F TO tNTER 

CUi 'SUM -  j .S lh t  14o t )7 t>« t«UU 1  sanu f. -i rnA *H4 lS I - -0< !  7.fl7Tn?n5E -03  15 .37J5  HT 2  DELtTEO -,UV<,8« •  1995  .0663 

CA •> -«.7fl»li>lbt-01 7.a<WU87E-01 .3B6» 

RIKyti* 1= 4.7<i«96bb£ *01) 7.975)SObE"01 3*.t>97<» 

ML 
VK 
K 

3 
4  
S 

FPEt 

FREt  
FREt  

.0/534 

. 00549  

.1^377 

.A»BI 

.2182 

.4536 

.IHOO 
. 0002  
.27JJ  

S-ILl 

CLAY 
MC 

7 

8 

11) 

FREt  
FPEt 

OELtTtn 

.U  0643  
-.07191 

-.3J517 

.0234 

.1178 

.3709 

• UOOS 
,0364 

.6859 

CEC 

txCA 

t  <NA 

11 

12 

13 

OELtTtD 

OELtTtn 

UfcLtTtO 

.S*6U 

.A^E'SS 

.07106 

.4*71 
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.2416 

i,97»o 

3.9160 

.0J5S 
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Table C.4.—Continued Stepwise Regression Analysis with 0 to 2.5 Centimeter Depth, 
Montmorillonite and Mineral Variables Omitted 

F*srB<;  apcFaS HLLU«I  aFr , . j r  CSIOK COLFUCIENTS* 

«i Di-»r » -1.41 sn<> * .52013 XI 3) 

».093J3 K< Bl * 
, mssai !_ 
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l ) 

.SU*J»  X(  •  
(_ 

•  . 06*0(1  XI  f t  I  
. 03874)  
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1 .es*3?) 
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3.?7B9T) 
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.*7570 -.04735 -.14981 
9 

-2 .23« .59  
lb 

.11026 
4 c. 
(i 

n-WliW, 
.4/570 
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1 •.-iOl 
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1.9q4(>5 
- mnu 
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.Idltli 
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.01301 
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.01J»1 
.03e03 
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t5 
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4 
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MT 
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FPtE 
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Table C.5. Analysis of Variance of Factorial Experiments, 
Experiment A, Effect of Chemicals on Germina
tion and Growth of Ponderosa Pine 

Treatment Means 

Main Effect Means Field 1 Field 2 Field 3 

1 Calgon .41333 3.63400 39.54323 
2 Tripoly .34677 2.44667 30.78594 
3 CaCl 2 
CaSC>4 

Excludes .32000 ** 2.56533 ** 28.01306 
4 
CaCl 2 
CaSC>4 0 Level .58667 4.83200 50.14188 

5 FeCl2 .19333 1.63200 16.53826 FeCl2 
1 .56400 4.70720 48.69297 
2 All 

Levels 

.55200 4.91240 47.99551 
3 All 

Levels .39600 ** 2.86000 ** 35.04866 
4 

All 
Levels .16800 1.29360 15.96926 

1 1 .48000 5.16400 43.32355 
1 2 .50000 3.99400 45.17548 
1 3 .26000 1.74400 30.13067 
2 1 .46000 4.89200 42.69261 
2 2 .58000 2.44800 49.66521 
2 3 .00000 0.00000 0.00000 

3 1 .68000 4.83400 55.71002 
3 2 .28000 2.86200 28.32917 
3 3 Excludes .00000 0.00000 0.00000 

4 1 0 Level .56000 4.77600 48.63656 
4 2 .62000 4.99600 52.07345 
4 3 .58000 4.72400 49.71564 
5 1 .58000 4.89600 49.61478 
5 2 .00000 0.00000 0.00000 

5 3 .00000 0.00000 0.00000 

Three Way Interaction Means 

Grand Mean .37200 3.02200 33.00448 

Height Multiple Range 
Chemicals 4.83200 3.63400 2.56533 2.44667 1.63200 
Levels 4.91240 4.70720 2.86000 1.29360 

Survival 
Chemicals 50.14188 39.54323 30.78594 28.01306 16.53826 
Levels 48.69297 47.99551 35.04866 15.96929 

Treatment all different except (2) and (3) same; zero level 
same as C4). Levels including 0 level B-^ and B2 same. 
Field 1 = Per cent survival; Field 2 = Height (cm); Field 
3 = Arcsin per cent survival; Replications = 5; A = 5 
(Chem treatment); B = 3 (Levels of treatment). 
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Table C.5.—Continued Analysis of Variance of Factorial 
Experiments, Experiment A, Effect of Chemicals 
on Germination and Growth of Ponderosa Pine 

Data Field 2 
Sign 

Source of Variation df SS MS F Level 

Replicates 4 2.1097 
Main Effect 
(Without 0 level) 4 91.8345 22.9586 82. 11 .0000 
Main Effect B 4 217.9287 72.6429 259. 80 .0000 
AXB 8 64.5518 8.0690 28. 86 .0000 

Dummy 4 0.7319 0.1830 n.s • 
Residual (Error) 76 21.2477 0.2796 

Field 2, Height; R = 5; A = 5 (chem treatment), B = 3 
(level of treatment). 

Data Field 3 

Source of Sign 
Variation df SS MS F Level 

Mean Effect 1 81697.1580 
Total 99 45605.6969 n.s. 
Replicates 4 816.8722 204.2180 2 .4438 
Main Effect A 
(Excluding 0 
Level) 4 9561.2766 2390.3192 28 .60 .0000 

Dummy 4 362.6820 90,6705 1 .09 n.s. 
Main Effect B 3 17592.6200 5864.2067 70 .1751 .0000 
AXB 8 10921.2700 1365.1587 16 .3364 .0000 
Error 76 6350.9701 83.5654 



Table C.5.—Continued Analysis of Variance of Factorial Experiments, Experiment 
A, Effect of Chemicals on Germination and Growth of Ponderosa Pine 

e^n/V - xclII^LE UiTs - VFRS10N OF J*NUART 
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Table C.5.—Continued Analysis of Variance of Factorial Experiments, Experiment 
A, Effect of Chemicals on Germination and Growth of Ponderosa Pine 

S A N ' j E  C A M U S  S E T  1  

Tt-£BE «Kt  5  HCCbEf- toVS SunSFTS (SUBSETS OF tLEMENTS.  NO H»IR oF  f r l JcH OIFtEK BY KO^E THAN Th£  bhOSTEST SIGNIFICANT RAN&t  
fra i «t  a  <• c  T (.f Thfi T S  lzt) »UICH API-  L lbTED »»S FOLLOWS ; 

1  f tCL .  CACL i f  iH lp  3  « FFCL c ) 
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Table C.5.—Continued Analysis of Variance of Factorial Experiments, Experiment 
A, Effect of Chemicals on Germination and Growth of Ponderosa Pine 

Kt  ANS IN OQtb lNeL C«utR 

•«  
•  «  TWEATI" tNT MtAMS IN RANKED OHvEr t  

Tbt h f  STA' lUAkP NU*0tR UF 

««  

•«  NUMBER OF Tf i tATMtNT 

L a£EL MLAN DEVIATION REPLICATIONS RANK *• RA<*K LAEEL KEAN HTPCICATJONI MJMCC.K 

VL 4  •  7 ( ,  4 o  .M79 5 9  • •  1 FECL 3 o .onou  i  10 

i  *3. . 37  *f - 5 16  • •  C CACL 3 o .CnuO S 14  
i  4  , c  v ,  C 5 13  . .  j  ro r f  1  u .  OoUU & 13 

i .  i  S  U  • •  » FECL ? O.U0UJ  5  11 
c  c*»sc  4 .77*0  •  7 \Pb  s  11  • •  S CLRN 3 1 .7440  * 1* 
t  FtCt  i  * .b*6C •  5?M 5  1*  • •  b  TRIP  2  2 .44BU 5  d  

7 CLGN ? . 3Sr , l  e .  6  • •  7  CAffL  ? 2 .£*£U « % 

t TH JC . 2*73  5  6  • •  O CLGN ? 3.S9-0 d  7  
<v 3 ;  •  1  . 7S? i  5  7  • •  » LE VL n  * .7o '*U,  & 1  
J  C"SC_ ? 4 .SV&0 .4013  5  15  • •  iu  ease  3  4 .7?»U b 15  

11  F tCL 2  Q.OuOU 0-0000  5  * •• 11  CtSC 1  4 .77 t>0  & 9  

c cisk 3  1  .74*6  5  5  • •  u cacl 1  4 .e3- .u  & 4  

I J r*  i f  % t*. 'y n o e; 3  •«  u tsip 1  b  3  

14  cacc  3  O.OdOO 0*0000  5  2  • •  i» fecl 1  4 .69bU s 6 
je c*sc  3 4 .  72*0 •  .S*?3  s 10  • •  ib  a sc  2 * .SSbU 5  10  
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Table C.5.—Continued Analysis of Variance of Factorial Experiments, Experiment 
A, Effect of Chemicals on Germination and Growth of Ponderosa Pine 

ftMUim - MULTIPLE SANOE TESTS - VERSION OF JANUARY 29. 1965 
wc.4LTrl sCI€vCES COMMUTING FACILITY! UCLA 

SWUBLtM Coot  SUPV A 
•'ji'it* 'If r«F»TnFUT (•"PUP'S 1* 
Nut 'o tH uf  ViSIAdLt  FOHMAT CARDS 1  
DATA INPUT TAPE 5  

S^TCLAL IMAHSUENERATION 
LODE CONS 1 ANT 

i -a.00000 

ANALYSIS OF VARIANCE 

SUM OF SaUArtES OF MEAN SOUARTE F «ATIO 

HTTNTIN GROUPS 10.5»»9 .7030 31*3561  



Table C.5.—Continued Analysis of Variance of Factorial Experiments, Experiment 
A, Effect of Chemicals on Germination and Growth of Ponderosa Pine 

TREATMENT MEANS IN  ORIGINAL OROER •  •  
•  •  
• •  

TREATMENT means  IN  RANKFO OROER 

TWEAT"ENT STANDARD NUMBER OF • •  * 'UMdER OF rH£ i fMe* r  

NU^HtR LABEL MEAN dev ia t ion  REPLICATIONS RANK • •  
•  •  

Hank  l abe l  MEAN REPLICATIONS NUMUE*  

1  L t»L  0  •  t ibn  LB  .0763  5  11  • *  I  FECL 3  0 .00000  S 1  6  

? O ' iN  1  .  7S* .  14 .  •  30*9  5  B  •  •  2  CACL 3  0 .00000  5  1 *  

3  1  •  7 *5  I  3 .0551  5  7  • •  3  TRIP  3  0 .00000  5  13  

4  C»CL 1  .47232  .0919  5  16  • •  * FECL 2  0 -00000  5  11  

5  COO 1  ,S»8B7 .1910  5  10  • •  S CACL 2  •  t»9* * *  5  9  

6  F£CC.  L  .0 *50  5  12  .  • •  6  CLGN 3  .52508  5  12  

7  CL ' iN  i . 7B»*6  .  t«7s  S  9  • •  7  Tr t IP  1  .7 *513  S  3  

H H IP  ?  ,  Ai jh<il .  Ob' jb  s 13  • •  a CLGN 1  .7561*  5 2  
y  CACL 2  . *4 * * *  .3357  5  5 •• 9  CLGN 2  .788*6  5  7 

10  O i l )  2  .00865  .1127  5  15  • *  10  CASO 1  .8 i8d7  5  5  

11  FECL 2  0 .00000  0 .0000  5 *  • •  11  LEVL 0  . f iSO lB  S  1  

12 CL '>" -  3  .S ibBB .  13«3 5 6  •  »  12 F ECL 1  .B054*  s 6 
13  T - i i e  3  o .nonoo  0 .0  u  ( i  0  5 3  • •  13  l H l M  i  .  UC -f \U t !  5 " 8 
1*  CACL 3  0 .000U0 0 .0000  5  2 • •  1*  CASO 3  .66770  5  15  

CASO 3 .  .96770  .13 -13  5  l » .  • •  IS  CASO 2  .90SB5 S  10  

16  FECL 3  0 .00000  0 .0000  s 1 • •  
• *  

1<> CACL 1  .97232  S 4  

_P^ ' iS t_C 4 , i DS_SEI  1_  

-Jh£H£  A- t t -
FOM A S 'JHSEf  OF THAT S IZE)  d r l lCH AP£ L ISTED AS FOLLOWS 

i>  NO PA IR  OF WHICH DIFFER BT MORE THAN THE SHORTEST SIGNIFICANT HANGS 

(  IKJP 1  •  CLGN I • CLGN 2  ,  CASO. l  t  LEVL 0  •  FECI .  1  •  TRIP  2  •  CASO 3  •  CASO 2  )  

I  CLGN 1  •  CLGN 2  .  CASO I  .  LEVL 0  •  FECI .  1  t  TRIP  2  •  CASO 3  •  CASO 2  •  CACL 1  )  

1  CACL 2  t  CLGN 3  I  

( FECL 3 • CACL 3 « TRIP 3 . FECL 2 ) 
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Table C.6. Analysis of Variance of Factorial Experiments, 
Experiment B, Effect of Chemicals on Survival 
and Growth of One-Month-Old Ponderosa Pine 
Seedlings 

Treatment Means 

Main Effect Means 

1 
2 
3 
4 
5 

1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 
5 

1 
2 
3 
4 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

Excluding 
0 Level 

Includes 
0 Level 

Excluding 
0 Level 

Field 1 

.69333 

.49333 

.96000 

.98667 

.33333 

.98400 

.98400 

.67200 

.42400 
1.00000 
.88000 
. 2 0 0 0 0  

1.00000 
.48000 
. 0 0 0 0 0  
.96000 
1.00000 
.92000 
.96000 
1.00000 
1.00000 
1.00000 

. 0 0 0 0 0  

. 0 0 0 0 0  

Field 2 

4.43000 
3.42000 
5.43800 ** 
5.90400 
1.88000 
5.72200 
5.68720 
4.29640 ** 
2.65960 
5.66400 
5.34600 
2.28000 
5.65600 
4.60400 
0.00000 
5.93200 ** 
5.54800 
4.83400 
5.54400 
5.98400 
6.18400 
5.64000 
0.00000 
0.00000 

Field 3 

62.61543 
45.54201 
84.68699 
88.22900 
30.00000 
87.87480 
87.87480 
60.69334 
38.07592 
90.00000 
78.84069 
21.00562 
90.00000 
46.62602 
0.00000 
84.68699 
90.00000 
79.37398 
34.68699 
90.00000 
90.00000 
90.00000 
0.00000 
0.00000 

Three Way Interaction Means 
Grand Mean 
Multiple Range 
Height 

5.9040 5.4380 
5.7220 5.6872 

Chemicals 
Levels 
Survival 
Chemicals 
Levels 

88.2290 
87.8748 

84.6870 
87.8748 

69333 

4 
4 

62 
60 

4300 
2964 

6154 
6933 

4.21440 

3.4200 
2.6596 

45.5420 
38.0759 

62.21469 

1 . 8 8 0 0  

30.0000 

Field 1 = Per cent survival; Field 2 = Height (cm); Field 
3 = Arcsin per cent survival; Replications = 5; A = 5 (chem 
treatments); B = 3 (levels of treatment). 
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Table C.6.—Continued Analysis of Variance of Factorial 
Experiments, Experiment B, Effect of Chemicals 
on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

Data Field 2 

Sign 
Source of Variation df SS MS F Level 

Mean Effect 1 1332.0880 
Total 99 476.6487 
Replicates 4 1.8531 
Main Effect A 
(Excludes 0 
Level) 4 157.1838 39.2960 76 .45 .0000 

Dummy 4 0.3098 .0774 n. s. 
Main Effect B 3 157.4478 52.4826 102 .11 .0000 
AXB 8 120.7884 15.0986 29 .37 
Error 76 39.0658 .5140 

Field 2, Height; R = 5; A = 5 (chemical treatment) , B = 3 
(level of treatment) • 

Data Field 3 

Source of Sign 
Variation df SS MS F Level 

Mean Effect 1 290300 .0326 
Total 99 120466 .6596 
Replicates 4 492 .8701 
Main Effect A 4 37465 .1042 9366.2760 79.62 .0000 

Dummy 4 169 .3684 42.3421 .36 n. s. 
Main Effect B 3 43431 .6680 14477.2227 123.0711 .0000 
AXB 8 29967 .5381 3745.9423 31.84 .0000 
Error 76 8940 .1109 117.6330 

Field 3, Arcsin per cent survival; R = 5, A = 5 (chemical 
treatment), B = 3 (level of treatment). 



Table C.6.—Continued Analysis of Variance of Factorial Experiments, Experiment 
B, Effect of Chemicals on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

6*C~u7V - r"!(.Tl«LE Itils - VERSION OF J*NUAMY 29f l»65 
scitNtf; coefuiins FACILITY. IJCLA 

Pr -C 'L tc  C 'H . r  r -o rs  M 
CF T>.£ A TVgNT bRjUj-S w },c I FoKMmI CADfiS f 

Ofiid \ 

ANtLYttS OF VARIANCE 

, SUH nF SmmRFS UF WE*N_SOgARE F _  RAT 10 

BE T OUCuES iS 2fr.B97i SS.BVj* 

M I ThI N  GhO L P S  3i. V 4 1 2  4 * .  . * 9 9 1  

ICTAL • 3 3 . J 9 9 1  



Table C.6.—Continued Analysis of Variance of Factorial Experiments, Experiment 
B, Effect of Chemicals on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

TaEATfE^T MEANS IN CBIUINJLL CHDER • « TBEATMCNT MFCANS IN RANKEU ORUEH 

TC£t TKtfiT ST ANUARD NUMBER OF 
• « 

#* NUMFLEK OF TWEATNTNT 

KWvet" LoeEl Mt AN OF.VTATir.N REPLICATIONS RANK •• RANK LABEL MEAN «TPLICATIONS Nu^Dtri 

I Lt /L 5. raxr* ,?47i 5 13 •• 1 FECL 3 0.0000 5 16 
c Lu'jN 1 5.t>o4U .41f3 5 12 •• c TRIP 3 0 . 0 0 0 0 * 1J 

TH je 1 5•fcD60 • 38R2 S 11 •• J feci 2 0.011/U b 11 
4 C*CL_ 1 5.SJ2U .60?) 5 1* •• % CLGN 3 2.CH0U 5 Id 

b r.sc I . 4 7ni 5 a •• t> TRIP 2 K 6 
6 •fcCl 1 5.o»uu 5 10 •• b CACL 3 o.esHU s 1* 
1 ? 5.3.60 .4096 5 7 •• 7 CI.GN ? 5.346U 5 7 
<3 PM* ? » .6U41) .3211 5 5 •« 0 CASC 1 S.E4*U S 9 
9 C*»CL ? 5 «5<*BW • 37?5 5 V •• <i CACL 2 B.5I.DCI S V 

i a ? .49'il S 15 •• 10 FECL 1 S.fciOU 5 6 
M *ECl z U.OuOU 0-00u0 5 3 •• 11 TRIP 1 S.fc560 5 J 

)i CLO'* 3 l.iaoo ?.3i7e 5 * •• U CLGN 1 5.fc6»U 5 i 

I3 Tt* IP 3 (L .OUOU n .nooo 5 2 •« IJ LEVL n S.7?i0 5 1 
1* t*Cl 4.&340 .5*17 5 6 •• 1* CACL l 5.93^0 * l» 
IS C*SC i t .2095 5 16 •• li> CASO 2 9 10 
1* PECL 3 O.OubO n.oouu S 1 •« 16 CASC 3 6.1«*0. S 15 



Table C.6.—Continued Analysis of Variance of Factorial Experiments, Experiment 
B, Effect of Chemicals on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

ttHJPTV - MULTIPLE HANGF. TESTS - VERSION OF JANUARY 2<J. 1965 
H£»LT* SCIENCES COMPUTING FACILITY• UCLA 

P H O H lEm CODE SUPV f t  
. 'Jf T - t A l " E " n _ G ? 0 U P J 3  L A  

• I ' J - r f t - -  « . ! •  V4M1/ . . J I .E  FOHKIAT CAMOS 1  
C A T A I ' .F -Uf  (AHt  s  

SPECIAL TBAmSliENERATION 
COUt CONSTANT 

6  _  . - D . D V O B O  

ANALYSIS OF VAHJANCF 

SUM OF SQUARES UF H£AN SQUARE F RATIO 

PtT«EtN GROUPS 30.7771 IS 2.0518 50.9339 
•ITnlN liRouPS 2.5702 64. .0403 

TOTAL 3J.3552 T?, 

cn 
-j 



Table C.6.—Continued Analysis of Variance of Factorial Experiments, Experiment 
B, Effect of Chemicals on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

TREATMENT MEANS IN  OWln lNAL  ORDER TREATMENT MEANS IN RANKEO OROER 

(H I  *  f  " t i l  1 S f  ANI lAH l )  NUHOFR OF 
• 

- MJM8EM OF TKEATMeNT 

NU«1 tK  LABEL MEAN DEVIATION REPLICATIONS RANK RANK . LABEL MEAN REPLICATIONS NUMBER 

1 LE'L 0 1.4*03 .1103 5 10 1 f e c l  3 0.0000 5 16 
2 CLI>N 1 1.570A 0 . 0 0 0 0  5  16 2 T*IP 3 0 . 0 0 0 0  5 13 

_  .  .  3  _  TH 1 l . s r o s - 0 . 0 0 0 u  5  15. 3  f e c l  2 o .oooo  5 11  

4  c/.'-l 1 1 .4781  . a v  i s  S t  4  c l g n  3  •  3 6 b b  5 12  

5  CASO 1  i  .2073 5  a  s  THIP 2 . 8138  5 8  

h  FJE.CL. 1 1 .5  7  a t !  o .oooo  5  1 4  6  c l g m  2  1 . 3 4 1 1  5 7  

T  CLON 2  1.3H1 . 3 2 4 1  5  6 7 c a c l  3  1 . 3 6 5 3  4  14 
X T * I P  2  . 8 1  3 8  .50<>7 5 5 a  c a s o  1  1 .4781  5 5 

-  J - T''-L i .  1.S708 o .ooou  5 13 9  c a c l  1  1 . 4 7 8 1  5 4  

10 C»s0  2 1.S70S 0.0000 5  12 10 LEVL 0 1 . * 9 0 3  5 1  

11 f e c l  2  o .oooo  0.0000 • 5 3 11 CASO 3  1 . 5 7 0 8  S 15 
12  c l ' j "  3 _  . 3 6 b & _  . 34 *TF) 5 4 12 c a s o  2 1 . 5 7 0 8  5 1 0  

1 3  T-1P 3 o . o o u o  o .oooo  5 2  13 c a c l  2  1 . 5 7 0 8  5 9  

1*  c a c l  3 1.3853 . 2 5 4 0  S 7  M  FECL 1 1 . 5 7 0 8  5 6 
1«  RNIO 3 a . 5 i a a _ '  n .oono  s  11 15 TRIP 1 1 . 5 7 0 8  5 3 
16  FECL 3 O.OOUO 0.0000 5  1  16 CLGN 1 1.5708 5 . 2  

£»Nut CAJUS SET 1 

T»c.«fc *HE 2 HOMOGENEOUS SUBSETS ISUBSEtS OF ELEMENTS. NO PAIR OF WHICH 0IFc£R BY HOSE THAN THE SHORTEST SIGNIFICANT RANGE 
FUR A SJISEI OF THAT SUE) HHICH ARE LISTED AS FOLLOWS 

I CUGN 2 • CACL 3 • CASO 1 . CACL 1 « LEVL 0 ' CASO 3 • CASO 2 • CACL 2 • FECL 1 • TRIP 1 < CLGN 1 ) 

F FECL 3 • TRIP 3 . FECL 2 ) 



Table C.6.—Continued Analysis of Variance of Factorial Experiments, Experiment 
B, Effect of Chemicals on Survival and Growth of One-Month-Old 
Ponderosa Pine Seedlings 

R*Kr,E la-OS SET 1 

TWPPE ***r. * 1-OMr.OFNtoOS Slin'.FTS (SGHSFTi of tCfMI.NTki no ^AlH of BY HOPE THAN ThC iwOHTtST SlflNlFlwANT KANbt 
»f« I )yi«••«.! (J» !H«f M/tl WHICH ABF Ll^TtO »S FOLLOWS ' 

~ ( LL-.N < . CA«0 R; CACL 2FTCL'J-. TRIP"I » CTGVTVTEVL 0 I C*£(. J « LA50 2 t CASC J I 

I '-A'i J . CL'iH * « fan 1 » TACL «: > frt-CL I » TH1P 1 » CLflN 1 » LfcVL 0 ) 

I IMP t . CACL 3 « CLGM 2 • CASO 1 • CACL 2 ) 

I ftCL 2  . TRIC 3 • KCl ? 1 

cn 
VD 
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Table C.7. Analysis of Variance: Testing the Effect of 
Sodium Tetraphosphate on Germination and 
Survival of Ponderosa Pine 

Source df SS MS F 

Blocks 4 28.3 7.075 1.96 n.s. 

Treatments 3 1.20 0.40 0.11 n.s. 

Error 12 4 3.3 3.61 

Total 19 72.8 
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Table C.8. Analysis of Variance: Effect of Sodium 
Tetraphosphate on Survival and Height Growth 
of One-Month-Old Ponderosa Pine Seedlings 

Source df SS MS F 

Survival 

Blocks 4 2.30 .575 1 .  87 n.s. 

Treatments 3 20.55 6.85 22. 24** 

Error 12 3.70 .308 

Total 19 26.55 

Heights 

Blocks 4 79.58 19.90 1 .  29 n.s. 

Treatments 3 412.85 137.62 8. 93** 

Error 12 184.90 15.41 

Total 19 677.33 

**Significant at .01 level. 
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Table C.9. Analysis of Variance and Multiple Range Tests: 
Effect of Various Chemicals on Heaving of Soil 
from Beaverhead Plat 

Source df SS MS 

Treatments 

Error 

Total 

13 

42 

55 

Total Heaving 

2271.36 174.72 

368.00 

2639.36 

8.76 

19.95** 

Treatments 

Error 

Total 

Hours to Freeze 

13 130,385 10,030 

42 33,404 295 

55 163,789 

12.62** 

**Significant at .01 level. 



Table C.9.—Continued Analysis of Variance and Multiple Range Tests: Effect of 
Various Chemicals on Heaving of Soil from Beaverhead Flat 

Beaverhead Flat, Total Heaving 
Treatment Mean Mean Minus 

3.5 4.0 7.5 7.0 10.2 11.5 11.5 12. 0 13. 5 14 .2 21. 0 21 .5 21. .5 

X-77, 0.5% 23. 8 20. 3 19.8 16.3 16.0 13.6 12.3 12.3 11. 8 10. 3 9 .6 2. 8 2 .3 2. .3 

Control 21. 5 18.0 17.5 14.0 13.7 11.3 10.0 10.0 9. 5 8. 0 7 .3 0. 5 0 .0 

CaS04, 0.1% 21. 5 18.0 17.5 14.0 13.7 11.3 10.0 10.0 9. 5 8. 0 7 .3 0. 5 

x-77, 0.1% 21. 0 17.5 17.0 13.5 13.2 10.8 9.5 9.5 9. 0 7. 5 6 .8 

CaSO^, 1.0% 14. 2 10.7 10.2 6.7 6.4 4.0 2.7 2.7 2. 2 0. 7 

Sod Tet, 0.1% 13. 5 10.0 9.5 6.0 5.7 4.5 2.0 2.0 1. 5 

Calgon, 0.1% 12. 0 8.5 8.0 4.5 4.2 1.8 0.5 0.5 

CaS04, 0.5% 11. 5 8.0 7.5 4.0 3.7 1.3 0.0 

Tripoly, 0.1% 11. 5 8.0 7.5 4.0 3.7 1.3 

Tripoly, 0.5% 10. 2 6.7 6.2 2.7 2.4 

Calgon, 0.5% 7. 8 4.3 3.8 0.3 

Sod Tet, 0.5% 7. 5 4.0 3.5 

FeCl,, 0.1% 
3 

4 .  0 0.5 

CaCl2, 0.1% ' 3. 5 

D = S x Q = (1, .48) (4 .97) = 7.36 



Table C.9.—Continued Analysis of Variance and Multiple Range Tests: Effect of 
Various Chemicals on Heaving of Soil from Beaverhead Flat 

Treatment Mean 
Beaverhead Flat 

Mean 
, Hours to 
Minus 

Freeze 

40 42 42 42 44 46 48 48 50 59 88 88 182 
CaCl2, 0.1% 186 146 144 144 144 142 140 138 138 136 127 98 98 4 
FeCl3, 0.1% 182 142 140 140 140 138 136 134 134 132 123 94 94 
Tripoly, 0.5% 88 48 46 46 46 44 42 40 40 38 29 0 
Calgon, 0.5% 88 48 46 46 46 44 42 40 40 38 29 
Sod Tet, 0.5% 59 19 17 17 17 15 13 11 11 9 
Calgon, 0.1% 50 10 8 8 8 6 4 2 2 
Control 48 8 6 6 6 4 2 0 
Tripoly, 0.1% 48 8 6 6 6 4 2 
Sod Tet, 0.1% 46 6 4 4 4 2 
""•* - c — ^ ^ > r k 2 2 2 
X-77; 0.5% 42 2 0 0 
X-77, 0.1% 42 2 0 
CaSO^j, 0.5% 42 2 
CaSO^, 0.1% 40 

D = S x Q = (1.41) (4.97) = 7.01 
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Table C.10. Analysis of Variance and Multiple Range Tests: 
Effect of Various Chemicals on Heaving of Soil 
from Tie Park 

Source df SS MS F 

Total Heaving 

Treatments 13 522.37 40.18 11 .19** 

Error 42 150.75 3.59 

Total 51 673.12 

Hours to Freeze 

Treatments 13 6 ,373.71 490.28 2 .82** 

Error 42 7 ,312.00 174.09 

Total 55 13,685.71 

**Significant at .01 level. 



Table C.10.—Continued Analysis of Variance and Multiple Range Tests: Effect of 
Various Chemicals on Heaving of Soil from Tie Park 

Tie Park, Total Heaving 
Treatment Mean Mean Minus 

5. 5 6.5 6.5 7.0 7.2 7.8 8.2 »
-*
 
o
 

o
 

10.5 11.0 12.5 

X-77, 0.5% 16.2 10. 7 9.7 9.7 9.2 9.0 8.4 8.0 6.2 5.7 5.2 3.7 

X-77, 0.1% 13.0 7. 5 6.5 6.5 6.0 5.8 5.2 4.8 3.0 2.5 2.0 0.5 

Control 12.8 7. 3 6.3 6.3 5.8 5.6 5.0 4.6 2.8 2.3 1.8 0.3 

Tripoly, 0.1% 12.5 7. 0 6.0 6.0 5.5 5.3 4.7 4.3 2.5 2.0 1.5 

CaS04, 0.1% 11.0 5. 5 4.5 4.5 4.0 3.8 3.2 2.8 1.0 0.5 

Sod Tet, 0.1% 10.5 5. 0 4.0 4.0 3.5 3.3 2.7 2.3 0.5 

Calgon, 0.1% 10.0 4, 5 3.5 3.5 3.0 2.8 2.2 1.8 

CaS04, 0.5% 8.2 2. 7 1.7 1.7 1.2 1.0 0.4 

Tripoly, 0.5% 7.8 2. 3 1.3 1.3 0.8 0.6 

Calgon, 0.5% 7.2 1. 7 0.7 0.7 0.2 

CaS04, 1.0% 7.0 1. 5 0.5 0.5 

FeCl , 0.1% 6.5 1. 0 0.0 

Sod Tet, 0.5% 6.5 1. 0 • 

CaCl2, 0.1% 5.5 

D = S x Q = (, 947) (4 .97) = 4.71 

o\ 
C\ 



Table C.10.—Continued Analysis of Variance and Multiple Range Tests: Effect of 
Various Chemicals on Heaving of Soil from Tie Park 

Treatment Mean 
Tie Park, Hours to Freeze 

Mean Minus 

46 48 48 52 54 56 58 60 60 62 62 
CaC^, 0.1% 82 36 34 34 30 28 26 24 22 22 20 20 
FeCl3, 0.1% 82 36 34 34 30 28 26 24 22 22 20 20 
Sod Tet, 0.5% 64 18 16 16 12 10 8 6 4 4 2 2 
Tripoly, 0.5% 62 16 14 14 10 8 6 4 2 2 0 
CaSO^, 1.0% 62 16 14 14 10 8 6 4 2 2 
CaS04, 0.5% 60 14 12 12 8 6 4 2 0 
X-77, 0.5% 60 14 12 12 8 6 4 2 
Calgon, 0.1% 58 12 10 10 6 4 2 
Tripoly, 0.1% 56 10 8 8 4 2 
Calgon, 0.5% 54 8 6 6 2 
Sod Tet, 0.1% 52 6 4 4 
Control 48 2 0 
X-77, 0.1% 48 2 
CaS04, 0.1% 46 

D = S x Q = (6.60) (4.97) = 32.80 
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Table C.ll. Analysis of Variance and Multiple Range Test: 
Testing Different Treatments for Controlling 
Frost Heaving of "Ontario" Tubes and Wooden 
Dowels, 1971 

Source df SS MS 

Treatments 7 

Replications 3 

Error 21 

Total 31 

73,654 

125,881 

60,378 

259,913 

10,522 

41,960 

2,875 

3.66** 

14.59** 

**Significant at .01 level 

Total Heaving 
Treatment Mean Minus 

X 38 65 70 70 106 137 

Dowel, black 190 152 125 120 120 84 53 
Tubes, normal 147 109 82 77 77 41 10 
DoweIs, norma1 137 99 72 67 67 31 
Dowel, white 106 68 41 36 36 
Seedlings 70 31 5 0 
Tubes, silicone 70 32 5 
Tubes, sand top 65 27 
Tubes, sand hole 38 

D = S x Q = (4.75) (26.81) = 127.35 

147 

43 



169 

Table C.12. Analysis of Variance of 1972 Field Experiment 

Source of variation df SS MS 

Replications 

Chemical treatments 

Error I 

Planting method 

Chem treat X PM 

Error II 

Total 

4 

6 

24 

1 

6 

28 

69 

6776 

1304 

6094 

170 

515 

3896 

18755 

1694 

217 

254 

170 

86 

139 

6.67** 

0.85 

1.22 

0 . 6 2  



Table C.13. Analysis of Variance of Factorial Experiments: Effect of Various 
Chemicals and Plowing on Heaving and Survival of Plugs, Tubelings, 
and Dowels at S-3 in 1973 

ANALYSIS Of VAOJANCE OF MCTOWIAl FXPEPInENTS 
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Table C.13.—Continued Analysis of Variance of Factorial Experiments: Effect of 
Various Chemicals and Plowing on Heaving and Survival of Plugs, 
Tubelings, and Dowels at S-3 in 1973 

ANALYSTS OF VABtANCC OF FACT OH IAL EXPERIMENTS* 

HEtO E«P 1 
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Table C.13.—Continued Analysis of Variance of Factorial Experiments: Effect of 
Various Chemicals and Plowing on Heaving and Survival of Plugs, 
Tubelings, and Dowels at S-3 in 1973 

ANALYSIS OF VARIANCE "F FAC10HTAL CXPFHIMENTS 
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Table C.13.—Continued Analysis of Variance of Factorial Experiments: Effect of 
Various Chemicals and Plowing on Heaving and Survival of Plugs, 
Tubelings, and Dowels at S-3 in 1973 

ANALYSTS OF V»nI«N.;K OF FACrn»t»L F»PFPTMENTS 
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Table C.14. Analysis of Variance of Factorial Experiments: Effect of Coarse Sand 
and Methods of Planting on Heaving and Survival of Plugs and 
Tubelings at S-3 in 1973 

ANALYSIS OF y«Ql»NCE OF FACTORIAL FXPSBIMSNTS 
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Table C.14.—Continued Analysis of Variance of Factorial Experiments: Effect of 
Coarse Sand and Methods of Planting on Heaving and Survival of Plugs 
and Tubelings at S-3 in 1973 

ANALYSIS OF VAPIANCE OF FACTORIAL EXPERIMENTS 
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Table C.14.—Continued Analysis of Variance of Factorial Experiments: Effect of 
Coarse Sand and Methods of Planting on Heaving and Survival of Plugs 
and Tubelings at S-3 in 1973 
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