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(ABSTRACT) 

The objective of this research was to design and test devices for addition 

to log trucks that removed mud from the dual-tires before the trucks entered the 

public road. The four devices built were simple, inexpensive, and could be built 

by a logging or trucking contractor. The "bar and scraper" and "mud flap" 

removed 85% and 84% of the mud, respectively, that adhered to the dual-tires 

during the test. The "bar" and "rope" removed 78% and 40% of the mud, 

respectively.
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INTRODUCTION 

The transfer of mud from muddy logging roads to the public roads by log 

trucks is an operational problem for loggers and the forest industry as a whole. 

Public pressure is turning this operational problem into a legal problem. Mud on 

public roads in not only unsightly, but poses a serious threat to the safety of 

motorists. Automobile accidents, injuries, and even deaths result when mud is 

unexpectedly encountered. Several civil lawsuits have resulted from accidents 

caused by mud from logging operations. Many county supervisors or road 

commissioners obtain court injunctions to halt logging if they become aware of 

the problem or receive complaints from citizens. Expensive fines or halted 

logging operations are sometimes the result. 

The transfer of mud from logging operations occurs during the winter and 

early spring months when weather conditions are such that logging roads remain 

muddy most of the time. Even the frequent summer afternoon thunderstorm can 

cause the problem. As log trucks travel slowly over the muddy haul roads, mud 

from the road packs into the space between the dual-tires and sticks to the tire 

tread and sidewalls. When the wheels of the non-driven trailer axles sink in the 

mud to a depth approximately one quarter of their radius, the rolling resistance 

increases to the point where the tires slide rather than turn. This causes mud to 
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pack more forcefully into the dual-tire space. As the trucks enter the public road 

and begin to accelerate, the mud is thrown from the dual-tire space, tread, and 

sidewalls by the increasing centrifugal force. The flexing of the tire sidewalls as 

they turn also loosens the mud packed into the dual-tire space. The larger 

chunks of mud are expelled at low speeds near the entrance to the road and as 

the trucks’ speed increase the smaller and more cohesive particles are expelled. 

Mud transfer can be eliminated in several ways. The most obvious method 

is to halt the logging operation. This is not a viable solution for most logging 

contractors in light of the high fixed expenses of some logging contractors and 

the production-based pay system used by the forest industry. Improved logging 

road location, formation, and the use of pavements can eliminate much of the 

mud transfer. 

Location of roads on less cohesive and better draining soils will reduce 

some of the mud transfer. Improved formation of the road during construction to 

provide a more stable, better draining, faster drying road can reduce the amount 

of muddy roads trucks must travel. Compaction of the subgrade with a sheeps- 

foot roller during formation of a raised, crowned, or out-sloped road surface 

improves the road’s strength and drainage qualities. The use of permanent and 

temporary pavements also reduces the contact between log trucks and muddy 

roads. Useful permanent pavements include crushed stone, alone and in 

combination with geotextiles, wood chips, sand, soil cement, and soil-hydrated 

lime mixtures. Temporary pavements include wooden, metal, and rubber mats. 
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Much of the timber harvested in the South is on private tracts of land of 

less than 100 acres. The economics of harvesting these small tracts eliminates all 

but the least expensive of these construction methods. Increased road building 

costs increase harvesting costs and reduce stumpage payments to private 

landowners. Therefore, only low cost temporary roads are constructed and 

retired after harvest. These are no more than a single lane road "brushed out" 

with a small dozer shortly before logging is to begin. Wooden mats or crushed 

stone may be used on these temporary roads. Road construction methods 

beyond this to improve access require significant lead times. Lead times reduce 

harvesting flexibility, require longer range planning, and further tie up a logger’s 

capital. 

When the mud transfer can not be eliminated easily or economically 

through road construction methods, loggers make an effort to clean the mud off 

the public road. Some use shovels and others scrape the mud from the road with 

a skidder. Some even rent or lease portable high-pressure water sprayers to 

wash the mud off the road. 

In 1987, members of the Industrial Forestry Operations Research 

Cooperative at Virginia Tech identified "mud on the roads" as one of the major 

operational problems affecting the forest industry in the South. Four cooperators, 

Bowater Inc., Cheasapeake Corporation, Inland-Rome, Inc., and Procter and 

Gamble Cellulose provided funding for a thesis project to address this problem. 

The study began with a broad approach, including a literature review and several 

field trips to observe’ possible solutions to the problem. 

INTRODUCTION 3



Logging road construction and maintenance techniques as well as other 

innovative ideas were examined. 

Ultimately, the study team narrowed the focus to designing and testing 

devices that, when attached to a log truck, would effectively remove the mud from 

the dual tires prior to entering the public road. Such a device, to be successfully 

adopted by logging contractors, must work well, be simple in design, easy to use, 

inexpensive to construct and mount, durable, and be built by a logger himself. 

An experimental study was designed to test such devices under conditions 

simulating actual logging operations. The objective of the study was to evaluate 

the effectiveness of such devices in eliminating the mud transfer. Other — 

evaluations included the ease and expense of construction and attachment to the 

truck and the ease of activating the devices for mud removal. 
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LITERATURE REVIEW 

This literature review will cover permanent and temporary pavements, tire 

and wheel modification, and any other methods found in the literature that provide 

a possible solution to the problem of mud on public roads. Some topics have 

more relevance than others to the specific problem, but all are worth 

consideration. 

Permanent Pavements 

Crushed stone. 

One of the most common pavement types used on logging roads is #3 or 

#1 crushed stone, (2 to 5 inches in diameter), spread at the intersection of the 

logging road and the public road (Figure 1). It is spread for a distance of 50 to 

100 feet into a logging road to give the log trucks a firm, solid area to enter and 

exit the logging road and prevent damage to the public road. Stone is also used 

to improve areas of the logging road that contain a weak subgrade, thus 

increasing the bearing capacity of the subgrade. 
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Figure 1. Crushed stone spread at the entrance to a logging road. 
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Crushed stone helps prevent "mud on the roads" in two ways. When used 

in "muddy" or wet areas, it prevents the trucks from contacting and picking up 

large quantities of the mud. If the stone is spread for 500 or more feet into the 

logging road , it may allow the truck to obtain speeds generating enough 

centrifugal forces to force the mud out of the dual-tires before entering the public 

road. 

Geotextiles. 

"Geotextiles are synthetic, polymerbased engineered fabrics used in 

various applications such as: asphalt overlays, stabilization of subgrades, 

impermeable liner protection and many more” (Anonymous, 1988). Using 

reinforcement materials for roads dates back to ancient civilizations where straw 

and fiber mats were used to strengthen soil used in road construction (Sequerth, 

1987). The oldest recorded use of a fabric in road construction in the U.S. dates 

back to 1926 when the South Carolina Highway Department placed a cotton 

fabric between an earth base course and a layer of asphalt (Schmidt, 1985). 

Petromat, introduced by Phillips Fiber Corp. in 1966, was the first commercially 

manufactured geotextile fabric (Anon., 1979). Presently, over 30 different 

companies manufacture 300 different types of fabrics to supply the North 

American market (Sequerth, 1987). 

The most common fabrics available today are made from one of three 

types of raw materials - wood pulp, petroleum, or silica (Schmidt, 1985). 

Polypropylene, a petroleum based fabric, is the most popular choice because of 
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its strength and handling ease (Thomas, 1985). Nonwoven fabrics as well as 

fabrics woven from monofilament and multifilament fibers are available (Schmidt, 

1985). 

Geotextile fabrics have been used in high standard public road 

construction for many years, but their use on low standard, temporary forest 

roads has begun only recently. When used in temporary road construction, the 

fabrics serve three main functions. They separate the aggregate layer from the 

subgrade soil preventing their mixing, filter soil particles from water passing 

through the fabric, and reinforce the road system by distributing vertical loads 

over larger surface areas while confining the aggregate layer through the tension 

forces developed in the fabric (Berden, 1978; Schmidt, 1985). The most 

important of the three functions are separation and filtration; while doubts exist 

concerning the reinforcement function of the fabrics when used on forest roads. 

Fabrics are used in logging road construction to provide separation 

between the weak subgrade and the aggregate surface (Peddie, 1987). The 

subgrade soils of most concern are the saturated fine-grained silt and silty clay 

soils which usually have low load carrying capacities when wet (Bender, 1978). 

On roads without geotextiles, traffic weight presses the aggregate into the weak 

subgrade and causes the subgrade soil to rise to the surface. As a result of this 

mixing effect, the subgrade soil fills the pore space in the aggregate layer thus 

reducing its drainage and load bearing characteristics (Bender, 1978). More 

aggregate material is usually necessary as a result of this mixing. 
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The filtration function of the fabric is important to their use on forest roads. 

The fabric must be porous enough to allow water to pass through yet filter the soil 

particles from the passing water. Water flowing from a saturated subgrade into 

the aggregate layer, reduces the internal pore pressure, increases the bearing 

capacity, and increases the bulk density of the subgrade soil, thus creating a 

firmer base for the aggregate and fabric (Bender, 1978). 

The extent of the fabric’s reinforcement function is not as agreed upon as 

its separation function. H. L. Thomas (1985) writes that the fabric converts the 

compression load applied by traffic into a tensile stress in the fabric. Friction 

between the fabric and aggregate surface and soil subgrade prevents the fabric 

from slipping and collapsing into the subgrade under the compression load of the 

tires. In other words, the fabric behaves like a trampoline to support the traffic 

load. 

The aggregate materials have little or no tensile strength themselves, but 

when placed over a subgrade, the friction between the two layers prevents one 

from slipping along the other. A geotextile fabric increases the friction forces 

between the two layers, thus increasing the load bearing capacity of the road 

(Bender, 1978). The fabric also reduces the horizontal strain forces at the 

interface of the aggregate layer and the subgrade by confining the aggregate and 

subgrade and preventing the depression of the aggregate and the "upheaval" of 

the subgrade (Bender, 1978). 
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Douglas and Addo (1986) disagree with the theory behind the 

reinforcement function when fabrics are used in construction of forest roads. The 

surface layer of the forest road above the geotextile is usually too thin to develop 

enough friction between the fabric, soil subgrade, and surface aggregate to 

create the tensile force required for reinforcement. 

Douglas (1986) explains that few tensile forces are generated in forest road 

applications because sufficient anchorage of the fabric is not present. The fabrics 

used in forest road construction are usually 10 to 15 feet wide, leaving 2 to 8 feet 

extending beyond the wheel tracks. Insufficient amounts of aggregate are spread 

outside the wheel tracks to anchor the edges of the fabric and create tensile 

forces in the fabric. 

Geotextile fabrics can be economically used when the cost of the fabric is 

less than cost of the eliminated surface aggregate, the difference being a direct 

savings during initial road construction. Should more aggregate be necessary 

during use of the road, the frequency of these applications should be somewhat 

less than usually required. 

Tests, Bender and Barenberg (1978) performed a test on road systems 

with and without geotextiles to determine the effect geotextile fabric properties 

had on the performance of road systems. A three-dimensional test was 

performed in an eight-foot wide test track twenty-five feet in diameter. It was 

determined that before extreme rutting appeared the vertical stress levels applied 

to a road must be six times the subgrade soil shear strength when expressed as 
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its cohesion. Results of a two-dimensional test on a road system showed 

permanent rutting to be greater in the road system without a geotextile fabric. 

Rutting was less severe and stabilized to the point were further loading did not 

cause further rutting on the road system containing the geotextile. 

Douglas and Kelly (1986) performed a test to determine the effect of 

anchoring the geotextile on road performance. Two geotextiles, one with a tensile 

modulus four and a half times the other, and a sheet of polyethylene film were 

used. 

To justify their test, the authors briefly referred to the results of a previous 

test where the same two geotextiles and polyethylene film were used unanchored. 

Although the two geotextiles had different tensile moduli, they increased the 

stiffness of the road section by the same amount, 21 percent. The polyethylene 

film increased the road stiffness by 9 percent. 

Douglas and Kelly noted that the first study left an unanswered question 

concerning whether the poor performance of the high modulus fabric was due to 

its lack of anchorage during the test. To answer that question, Douglas and Kelly 

designed and performed the same test using the same geotextiles and 

polyethylene film in a fully anchored condition. 

The two fabrics and polyethylene film were used in a "road system" that 

consisted of a peat subgrade saturated to a water content of 500 to 800 percent 

and a 150 mm gravel surface. A load was placed on the "road system" by a 250 
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mm wide I-beam in two load cycles. The resultant road stiffness was measured 

as the slope of the curve of the average pressure applied plotted against the 

average vertical displacement of the I-beam. 

The results of the anchored test showed that there was no significant 

difference between the performance of the road sections containing the low 

modulus and high modulus fabrics. The results also showed that the 

polyethylene film performed almost as well as the fabrics, and that neither the 

fabrics nor the polyethylene film greatly improved the stiffness of the subgrade. 

The stiffness of the peat subgrade was improved 45%, 52%, and 31% by the 

anchored woven fabric, nonwoven fabric, and the polyethylene film respectively. 

The difference between the results of the anchored and unanchored tests were 

very small. Anchoring the high modulus fabric increased the road stiffness by 

only 7% over the unanchored stiffness. The increase was only 2% for the low 

modulus fabric and only 3% for the polyethylene film. 

Designs. Several articles reviewed design methods for construction of 

unpaved roads on poor load bearing soils using geotextiles. 

A representative of Phillips Fiber Corporation notes three essential 

elements necessary to follow the design procedure for their Supac N line of 

geotextiles (Anon., 1984). The strength of the saturated subgrade soil six to 

fifteen inches deep measured using a cone penetrometer, vane shear, or a 

California Bearing Ratio (CBR) device is needed as well as the traffic type and 
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tolerable rutting. A series of charts developed by Phillips can then be referenced 

to determine the required aggregate depth and fabric type. 

Giroud and Noiray (1981) describe in detail the process for constructing 

tables and graphs necessary to determine the aggregate thickness and fabric 

type. The soil strength and vehicle load are needed for the design. Individual 

charts are developed for different vehicle loads, allowable rut depths, and tire 

inflation pressures. By choosing a chart, the recommended aggregate thickness 

can be determined for a specific CBR value of saturated soil, geotextile modulus, 

and probable number of vehicle passes. 

A design method requiring soil strength and vehicle load information uses 

formulas and a graph to determine aggregate thickness (Bender and Barenberg, 

1978). Several graphs to determine the aggregate thickness have been 

developed for specific wheel loads and soil strength values using the Mirafi-140 

fabric. 

The optimum-depth method is one of the simplest design methods for a 

geotextile-reinforced unsurfaced road (Haliburton and Barron, 1983). The design 

method for determining the aggregate thickness is independent of the subgrade 

strength and the wheel load. The aggregate thickness is only dependent on the 

vehicle tire size or contact area. 

The optimum aggregate thickness can be determined using the simple 

formula, (0.33 x load area width). This method will give satisfactory results if the 
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predicted stress at the depth of (0.33 x load area width) is less than the allowable 

stress of the subgrade. The predicted stress can be calculated by applying the 

Boussinesq’s formula; knowing the maximum load on the wheel, the width of the 

tire print, the length of the loaded tire print; and applying the 50 percent Burmister 

stress reduction received from this type of reinforcement (Haliburton and Barron, 

1983). 

Forest industry use. Two examples of forest industry’ use of geotextile 

fabrics and one use of paper machine wire were demonstrated. The first example 

is the use of the geotextile Mylar by Bowater Woodlands (Ramage, 1988). The 

fabric was used on a road through a section of silty-loam creek bottom, where the 

subgrade was weak and wet almost year round (Figure 2). The fabric was used 

in conjunction with a six inch variable-sized crushed stone surface. 

The fabric kept the road passable during a two month period in the fall of 

the year without additional applications of stone. The fabric kept the stone 

separated from the silty subgrade soil and the only problem developed when the 

larger surface stones punctured the fabric under the weight of the trucks. 

Potholes formed in the road where the punctured fabric allowed the surface 

stone to push down into the subgrade and soil from the subgrade to rise up onto 

the surface. 
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Figure 2. Mylar used on a forest road by Bowater Inc., Calhoun, Tennessee. 
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The second industry use of a geotextile fabric on a logging road is by 

Proctor and Gamble Cellulose (Starling, 1988). Supac, a Philips Petroleum 

product, was used in areas of a heavily traveled road where it crossed small 

drainages, as the road was needed for year-round travel. 

The fabric was placed over fill dirt where culverts were installed at the 

drainages (Figure 3). Fifty to seventy-five feet of the road was covered with the 

fabric on each side of the culvert. A six to ten inch surface layer of crushed "lime 

rock" was placed over the fabric. This combination of fabric and "lime rock" 

created a very compact road surface that withstood heavy travel in wet weather 

with little or no damage to the road. 

The third industry example employed paper machine wire discarded from 

use during the paper making process (Ramage, 1988). 

The machine wire was used as a geotextile on a road that contained a low 

poorly drained area containing a weak subgrade. The wire was placed directly 

over the subgrade and was covered with about two inches of gravel (Figure 4). 

The wire exhibited the two important properties of a commercial geotextile fabric - 

separation and filtration. The machine wire performed as well as the Mylar fabric 

mentioned earlier with the added advantage of being obtained at no cost. 

Whenever scrap machine wire can be obtained, it is an excellent tool for reducing 

road building cost. 
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Figure 3. Supac N used on a forest road by Procter and Gamble Cellulose, 

Oglethorpe, Georgia. 
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Figure 4. Scrap paper machine wire used as a geotextile by Bowater Inc., 

Calhoun, Tennessee. 
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�i�m�p�r�o�v�e�m�e�n�t� �i�s� �o�n�e� �m�e�t�h�o�d� �s�t�a�r�t�i�n�g� �t�o� �a�p�p�e�a�r� �o�n� �f�o�r�e�s�t� �r�o�a�d�s�.� 

�S�u�b�g�r�a�d�e� �s�o�i�l� �s�t�a�b�i�l�i�z�a�t�i�o�n� �m�a�y� �b�e� �a�n�o�t�h�e�r� �c�o�n�s�t�r�u�c�t�i�o�n� �t�e�c�h�n�i�q�u�e� �t�h�a�t� �i�s� 

�a�p�p�r�o�p�r�i�a�t�e� �i�n� �f�o�r�e�s�t� �r�o�a�d� �c�o�n�s�t�r�u�c�t�i�o�n�.� �"�S�o�i�l� �s�t�a�b�i�l�i�z�a�t�i�o�n� �i�n�c�l�u�d�e�s� �a�n�y� �t�r�e�a�t�m�e�n�t� 

�o�f� �s�o�i�l� �w�h�e�r�e�b�y� �i�t� �i�s� �m�a�d�e� �m�o�r�e� �s�t�a�b�l�e�"� �(�K�r�e�b�s� �a�n�d� �W�a�l�k�e�r�,� �1�9�7�1�)�.� �E�x�a�m�p�l�e�s� �o�f� 

�s�u�c�h� �s�t�a�b�i�l�i�z�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s� �i�n�c�l�u�d�e� �t�h�e� �u�s�e� �o�f� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �a�n�d� �h�y�d�r�a�t�e�d� 

�l�i�m�e�.� 

�P�a�t�e�n�t�s� �i�s�s�u�e�d� �f�o�r� �m�i�x�t�u�r�e�s� �o�f� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �d�a�t�e� �b�a�c�k� �t�o� �1�9�1�7�,� �b�u�t� �t�h�e� 

�u�s�e� �o�f� �l�i�m�e� �s�t�a�b�i�l�i�z�a�t�i�o�n� �i�s� �e�v�i�d�e�n�c�e�d� �b�y� �l�i�m�e�/�c�l�a�y� �m�i�x�t�u�r�e�s� �u�s�e�d� �b�y� �t�h�e� �R�o�m�a�n� 
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�C�i�v�i�l�i�z�a�t�i�o�n�s� �o�v�e�r� �5�0�0�0� �y�e�a�r�s� �a�g�o� �(�K�r�e�b�s� �a�n�d� �W�a�l�k�e�r�,� �1�9�7�1�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �f�i�r�s�t� 

�r�e�c�o�r�d�e�d� �u�s�e� �o�f� �l�i�m�e� �s�t�a�b�i�l�i�z�a�t�i�o�n� �i�n� �t�h�e� �U�.�S�.� �d�a�t�e�s� �b�a�c�k� �t�o� �1�9�2�0�.� 

�S�o�i�l� �c�e�m�e�n�t� �s�t�a�b�i�l�i�z�a�t�i�o�n�.� 

�S�o�i�l� �c�e�m�e�n�t�,� �d�e�f�i�n�e�d� �a�s� �a� �m�i�x�t�u�r�e� �o�f� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �a�n�d� �n�a�t�u�r�a�l� �s�o�i�l� 

�(�K�r�e�b�s� �a�n�d� �W�a�l�k�e�r�,� �1�9�7�1�)�,� �i�s� �t�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �c�h�e�m�i�c�a�l� �m�i�x�t�u�r�e� �t�o� 

�i�n�c�r�e�a�s�e� �s�o�i�l� �s�t�a�b�i�l�i�t�y� �(�L�i�l�l�e�y�,� �1�9�7�3�)�.� �I�t� �i�s� �p�r�i�m�a�r�i�l�y� �u�s�e�d� �a�s� �a� �b�a�s�e� �a�n�d� �s�u�b�b�a�s�e� 

�m�a�t�e�r�i�a�l� �f�o�r� �s�e�c�o�n�d�a�r�y� �r�o�a�d� �c�o�n�s�t�r�u�c�t�i�o�n� �(�Y�o�d�e�r� �a�n�d� �W�i�t�c�z�a�k�,� �1�9�7�5�)�,� �b�u�t� �i�t� �i�s� �a�l�s�o� 

�u�s�e�d� �t�o� �u�p�g�r�a�d�e� �a� �w�e�a�k� �c�l�a�y� �s�u�b�g�r�a�d�e� �t�o� �p�r�e�v�e�n�t� �m�i�x�i�n�g� �w�i�t�h� �s�t�o�n�e� �b�a�s�e� �m�a�t�e�r�i�a�l� 

�(�L�i�l�l�e�y�,� �1�9�7�3�)�.� 

�'� �T�h�e� �a�b�i�l�i�t�y� �t�o� �s�t�a�b�i�l�i�z�e� �n�a�t�i�v�e� �s�o�i�l�s� �o�n� �s�i�t�e� �t�h�r�o�u�g�h� �m�i�x�i�n�g� �w�i�t�h� �p�o�r�t�l�a�n�d� 

�c�e�m�e�n�t� �o�f�f�e�r�s� �a� �s�u�b�s�t�a�n�t�i�a�l� �c�o�s�t� �s�a�v�i�n�g�s� �d�u�r�i�n�g� �c�o�n�s�t�r�u�c�t�i�o�n� �(�L�i�l�l�e�y�,� �1�9�7�3�)�.� 

�P�o�r�t�l�a�n�d� �c�e�m�e�n�t� �c�a�n� �b�e� �u�s�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �w�i�t�h� �g�r�a�n�u�l�a�r�,� �s�i�l�t�y�,� �a�n�d� �c�l�a�y�e�y� �s�o�i�l�s� 

�p�r�o�v�i�d�e�d� �v�e�r�y� �l�i�t�t�l�e� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l� �e�x�i�s�t�s� �(�Y�o�d�e�r� �a�n�d� �W�i�t�c�z�a�k�,� �1�9�7�5�)�.� �T�o� �r�e�c�e�i�v�e� 

�e�q�u�a�l� �s�t�r�e�n�g�t�h�s�,� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �c�e�m�e�n�t� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �f�i�n�e�r� �t�e�x�t�u�r�e�d� �s�o�i�l�s� �t�h�a�n� 

�a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �c�o�a�r�s�e�r� �t�e�x�t�u�r�e�d� �s�o�i�l�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�a�r�g�e�r� �p�a�r�t�i�c�l�e� �s�u�r�f�a�c�e� �a�r�e�a� 

�t�o� �v�o�l�u�m�e� �r�a�t�i�o�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �f�i�n�e� �g�r�a�i�n�e�d� �s�o�i�l�s� �(�K�r�e�b�s� �a�n�d� �W�a�l�k�e�r�,� �1�9�7�1�)�.� 

�S�o�i�l�s� �w�i�t�h� �k�a�o�l�i�n�i�t�e� �c�l�a�y�s� �r�e�q�u�i�r�e� �l�e�s�s� �c�e�m�e�n�t� �t�h�a�n� �s�o�i�l�s� �w�i�t�h� �m�o�n�t�m�o�r�i�l�l�o�n�i�t�e� �c�l�a�y�s� 

�(�S�t�e�w�a�r�t�,� �1�9�7�1�)�.� 

�D�u�r�i�n�g� �c�u�r�i�n�g� �o�f� �t�h�e� �c�o�m�p�a�c�t�e�d� �w�e�t� �s�o�i�l� �c�e�m�e�n�t� �m�i�x�t�u�r�e�,� �t�w�o� �r�e�a�c�t�i�o�n�s� 

�o�c�c�u�r� �g�i�v�i�n�g� �t�h�e� �m�i�x�t�u�r�e� �s�t�r�e�n�g�t�h� �(�K�r�e�b�s� �a�n�d� �W�a�l�k�e�r�,� �1�9�7�1�)�.� �H�y�d�r�a�t�i�o�n� �o�f� �t�h�e� 

�c�e�m�e�n�t� �a�n�d� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �s�t�r�o�n�g� �b�o�n�d�s� �b�e�t�w�e�e�n� �t�h�e� �s�o�i�l� �p�a�r�t�i�c�l�e�s� �g�i�v�e�s� �t�h�e� 
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