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Science in Geography presented October 25, 1976. 

Title: A Methodology for Determining Mass Movement Susceptibility for Land-

Use Planning. 

APPROVED BY MEMBERS OF THE THESIS COMMITTEE: 

 
D. Richard Lycan 

 
Land-use planning takes into consideration geologic hazards in order to 

protect both life and property. One type of geologic hazard is mass movement. 

Mass movement is a collective term for the downslope movement of mass units of 

debris~ e.g. r. bedrock, soil, and subsurface material, resulting from the influence 
,[ 

of gravity and involving transporting media such as ice, snow, water, and ~ir. 

As population increases, further pressures are placed on existin9 land use. Many 

areas once considered unsuitable for development due to ste~p slope or other 

physical characteristics are now experiencing problems. These areas, due to 

\.. 
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their physical characteristics, can be susceptible to mass movement. The prob­

lem is, information related to the areal distribution of susceptibility is most often 

not available for input to the land-use planning process. This thesis is proposing 

a methodology to provide general-level mass movement susceptibility maps. 

The methodology is a computer application utilizing the Harvard 

l.M.G.R. l.D. (IMGRID) System. IMGRID is a system using grid cells as the 

basic units of data storage, analysis, retrieval, and display. Basically, the 

methodology consists of three maior.components or phases: (1) providing the com­

puter with data acceptable to the machine and computer programs (input); 

(2) manipulation of the data and storage of map results within the machine's 

memory (processing); and (3) the retrieval and display of results (output). 

The processing of the data is organized around susceptibility models which 

generate computer maps identifying areas susceptible to mass movements. Areas 

susceptible to moss movements are defined as portions of the landscape character­

ized by a set of natural characteristics existing in a stable state which will yield 

a failure of the material if acted upon by an external or internal triggering event 

either natural or man-induced. 

The methodology was applied to a smal I area in Southwest Washington as 

a demonstration of how one mechanically fol lows it from beginning to end. Nine 

mass movement models were constructed based on the Varnes' classification system 

and applied to a data bank containing eleven data variables. The susceptibility 

mops generated were analyzed to determine the significant mapping classes using 

the statistical output from IMGRID. 
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CHAPTER I 

INTRODUCTION 

Mass movements or landslides as they are more popularly termed (land­

slides are only one of many types of mass movements) can be disastrous, often 

resulting in loss of life and damage to existing buildings and homes. Population 

increase with corresponding pressure on land use, has yielded an increasing 

shortage of suitable building sites in many areas. Sites once considered mar­

ginal because of slope gradient or other physical characteristics are"now being 

developed. Proper control must be exercised to avoid disasters caused by land­

slides, but in order to accomplish this, mass movement susceptibility information 

must be available. In most cases it is not. The problem is: How does a ~mall 

planning office, with a minimum of staff and smarl financial base, gather ade­

quate mass movement susceptibility information from which to base general level 

decisions related to proper control for their planning unit to avoid mass movement 

disasters? This thesis is an investigation of a possible solution to that problem. 

The morphology or form of the earth's surface is the result of interaction 

of internal and external energy. Internally generated energy is responsible for 

,the lifting, fracturing, and wrinkling of the earth's surface. External energy 

from the sun and atmosphere, i.e., wind and rain aided by the force of gravity, 

is responsible for the breakdown, .erosion, and transport of exposed earth 
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materials. These interactions contribute to the formation and evolution of the 

earth's landforms and are termed geomorphic processes. The concern here is with 

the transport portion of this system, erosion. Slowly, and usually imperceptible 

except through long term observations, the action of wind, water, ice, and 

gravity are wearing down the earth's surface and transporting debris to the oceans. 

One of the more observable erosional processes is that of mass movements. 

Mass movement is a collective term for gravity induced movement of 

weathered materials, i.e., soil and rock debris, that move as a ·coherent body 

in which neighboring particles remain close together during movement (Carson 

and Kirkby, 1972, p. 99). Mass transport is a process that normally accompanies 

mass movement. After the dislocation of material due to gravitational force 

overcoming resistance, a transporting media such as air, ice, snow, water or a 

combination of media, directly carries the material downward {Hutchinson, 

1968, p. 688). Technically, mass movement and mass transport are two processes 

merging or working together to "move" the material. In reality, both processes 

occur simultaneously. Throughout this thesis mass movement is considered to be 

a collective term for the downslope movement of mass units of debris, e.g., 

bedrock; soil, and subsurface material, resulting from the influence of gravity 

and irJvolving transporting media such as ice, snow, water, and air. 

Confusion exists in the literature as to the relationship between mass 

·wasting and mass movements. Mass was-ting is defined by the American Geologi­

cal Institute (1962, p. 309} as "A general term for a variety of processes by 

which large masses of earth material are moved by gravity either slowly or 
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quickly from one place to another. 11 It would thus appear that mass movements 

are one of the processes referred to in this definition. 

Mass movements are much more complex than this definition, however. 

Sharpe (1938, p. 20) divides moss movements into four basic groups: slow flow-

age, rapid flowage, sliding, and subsidence. His criteria were primarily on the 

basis of the kind of movement involved. The mass movement classification de-

veloped by Sharpe was modified in 1958 by Varnes (1958, p. 20-47). The 

Varnes classification system is discussed later during the model construction 

phase of the application of the proposed methodology in Chaptf?~ Ill • 

. __ Mn55 movement susceptibility~ is not easy to defin~.· W~bst~r's New 

Collegiate Dictionary (third edition, 1974) defines susceptible as follows: 

11 1. Capable of submitting to an action or process or operation. 2. Open, 

subiect, or unresistant to some stimulus. 3. Impressionable or responsive." 

Based upon the above definition, the author is defining mass movement suscepti-

bility in the following manner: 

1. Those portions of the landscape characterized by a set of natural 
characteristics existing in a stable state which wi II yield a failure of the 
material if acted upon by an external or internal triggering event either 
natura I or man-induced. 

There are many examples of disastrous mass movements. A disastrous 

moss movement can be said to have occurred if it tokes place or affects an area 

where man lives or works. These types of events draw public attention and are 

very costly both in terms of damage and control. The list of mass movements 

which have caused damage is long and forever increasing. 

. i 
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Cooke and Doornkamp (197 4, p. 128) suggest that one reason for the 

occurrence of new slides is that man's power to alter a hillside has increased 

with technological developments, e.g., excavations into the earth are able to 

go deeper and man-made sfriictures are getting larger. In addition, areas once 

considered marginal for civil engineering sites are now being developed. 

In California, level land is being expended for public facilities and 

private housing. The result is a shortage of suitable land around cities, forcing 

consideration for development of sloping land or areas of greater relief with 

many consequent problems. One of the most serious of these problems is the 

possibility of landslides. Consequently, interest in landslides has greatly in-

creased. Morton and Streitz (1967, p. 124) underline this interest by conclud-

ing that "either natural or man-induced landslides can occur in areas where de-

velopment is not properly controlled. 11 

The problem is how to acquire mass movement susceptibility data for 

"proper control. 11 One way would be to contract a consulting firm to complete 

a detailed mass movement susceptibility or slope instability survey for the plan-

ning unit. This is usually not financially feasible. Another method is to attempt 

to handle the job in-house. This method would most likely be used in small 

planning offices in areas adiacent to major population centers. Present popula-

tion within the planning unit may be relatively small, but with increased out-

- migration from cities, the peripheral areas experience population expansions 

necessitating ''-proper control" for urban development. 

I ,. 
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My goal is to suggest a methodology for the land-use planner in the 

situation where, due to the landscape characteristics and the population trend 

within the planning area, general-level mass movement susceptibility informa-

ti on is needed for input to the planning process. Also, because of budget re-

sfrictions or manpower limitations, it is ·not possibf·e to employ specialists to 

gather these data. Map form information will allow landscape areas to be iden-

tified which have various levels of susceptibility to specific types of mass move-

ments. By being aware of these areas, certain constraints or restrictions can be 

placed upon the potential land developer which must be satisfied prior to devel-

opment. These constraints or restrictions could requir~-·the dev~loper to complete 

a detailed site analysis related to slope stability3 ·<~-they_ c;:o:.~l~ require certain 

correction procedures to be followed in order to avoid damagelrom a specific 

type of failure. These maps could also be used in coniunction with other data 

:·_ · .. ,. as a tool for developing zoning maps. They may have application in road con-

struction by flagging potential hazardous areas at the planning stage. These are 

but a few potential applications. 

The methodology is a computer application. Computers are an increas-

ingly important tool in solving land-use problems. Massey (1968, p. i) poi.nts 

out that the problem of the human mind is (1) it cannot remember everything re-

quired; and (2) the human memory produces no visible .record of its content. 

Without some type of artificial aids, society would be limited by human ability 

to remember transactions.and their. wi I lingness....to.-trust each other's. honesty and 

memories. 

I 
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Men and machines must work together. The computer-man relationship 

is aptly described by the following quote: 

••• symbiotic relationship, a relationship in wryich each can perform the 
kind of activity for which it is best suited. Man is quite good at inventing 
and organizing patterns and stripping away irrelevant detail; he is creative, 
unpredictable, sometimes capricious, sensitive to human values. The com­
puter is almost exactly what man is not. It is capable of paying undivided 
attention to unlimited detail; it is immune to distraction, precise and re­
liable; it can carry out the most intricate and lengthy calculation with ease, 
without a flaw and in much less than a millionth of the time that would be 
required by its human counterpart. It is emotionless, or so we suppose. It 
suffers from neither boredom nor fatigue. It needs to be told only once; 
thereafter it remembers perfectly until it is told to forget, whereupon it for­
gets instantly and absolutely ••• (Miller and Nieman, Jr., 1972, p. 4). 

The proposed methodology is an application of the computerized Harvard 

J.M.G.R.l.D. System to provide a land-use planner spatial data depicting land-

scape areas susceptible to mass movements. 



CHAPTER II 

A PROPOSED MASS MOVEMENT SUSCEPTIBILITY 

DETERMINATION METHODOLOGY 

I. INTRODUCTION 

The purpose of this methodology is to generate mass movement suscepti-

bility information in a spatial format for utilization in the land use allocation 

precess. The output will be in map form. As stated by Hopps (1969, p. ii), 

A map is usually the most effective way to transmit information to most per­
sons. Often a map is the best means of presenting interr~lationships vividly 
and dramatically--especially to the intelligent, concerned, non­
mathematically oriented person who needs to know. 

In order to generate this map or set of maps depicting mass movement suscepti-

bility ~or a study area, a computer approach was chosen because of the ease in 

handling, deriving,· manipulating, and displaying large volumes of data. The 

system that meets these requirements and of which this proposed methodology is 

an application, is the Harvard l.M.G.R.l.D. (IMGRID) System. 

The IMGRID System is used for manipulating information in a grid cell 

data file and has been developed by David F. Sinton of the Department of Land-

scape Architecture in the Harvard University Graduate School of Design. Sinton 

provides the following comments concerning the IMGRID System: 



8 

The JMGRID System is designed to provide a link between a small, highly 
structured data base with a distinct set of characteristics and persons wish­
ing to use the data base who have no experience in computer programming. 
The IMGRID System is intended for use by professionals with responsibility 
for the planning and management of natural resources and land use activities 
(Sinton, 1975a, p. 5). 

In summary, IMGRID is an analysis tool that uses the grid cell as the spatial unit 

for the input, storage, retrieval, analysis, and output of geographic information. 

I 
The analysis or data manipulation is accomplished by the application of an over-

lay technique. These aspects of the system are presented in Appendix A. 

Prior to implementing this proposed methodology, the user must determine 

accessibility to the IMGRID System at a computer facility within a reasonable 

distance. In most cases, such a facility would be located in either a federal, 

state1 local government agency, or an institution of higher education. The 

application of the methodology presented in Chapter Ill was accomplished through 

the use of IMGRID on the IBM 360 Computer System at Harvard University. 

When IMGRID is acquired by other organizations which have different hardware 

systems, the softwar~ may require modifications to yield it compatible with vary-

ing hardware configurations. This may result with slightly different techniques 

than will be described for this methodology. 

The user should work closely with the staff responsible for IMGRID in the 

computer facility once an arrangement has been made for them to process the 

data bank and models. The staff will primarily provide technical assistance as 

the user is responsible for implementing the methodology. Technical advice may 

deal with such things as software modifications, coding formats, mop symbOls, etc. 

I 
! 
I 
I 
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I 
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The methodology can be described simply in three phases: (1) providing 

the computer with data acceptable to the machine and software (input); (2) ma-

nipulation of the data and storage of map results within the machine's memory 

(processing); and (3) the retriev.al .. and disp_!_ay of results (output) • 
. . 

The input portion consists of mapped information describing characteristics 

of a specific geographic area. This is often referred to as the data bank. In 

order for these data to be accepted by the computer and in turn displayed as a 

map, they must be available or made available in a form which is compatible 

with the hardware and software with which the processing will be accomplished. 

In addition, every possible location on the surface of the map to be prepared 

must be identified by the computer. The most common approach is to employ an 

X and Y referencing or coordinate system to which the computer can refer when-

ever it must identify the location of any one point in relation to all other points 

on the map (Steinitz et al., 1969, p. 7). The data inventory must translate all 

data which describes the study area into digital form. The translation should re-

cord the basic attributes of the measurement: location, the data element to be 

measured, and the data item. By using a grid as the spatial locator, the location 

of a recorded measurement need not be fully reported as it is implied by its rela-

tive location in a data file. 

Manipulation of the data values can take place once the computer has 

been supplied with valu~s for a given location. The computer is programmed to 

perform a multitude of arithmetic and logical operations upon these data via the 

model structure. Whether the final value mapped is one put into the computer or 

l 
• t 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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one derived by the computer, the resulting map image is constructed by numbers 

or other graphic symbols based on coordinate locations. 

II. THE PROPOSED METHODOLOGY 

More detailed aspects of the methodology wi 11 now be discussed. The -------·· 

proposed methodology is illustrated graphically by a flow chart (Figure 1 ). 

Phase One 

Assessment of Need. The need of mass movement susceptibility informa-

tion must be established and documented prior to embarking on a program to 

generate such data. There.are many possible situations which woul~ iustify this 

need. 

In Chapter f of this thesis it was pointed out that one iustification can be 

directly related to population increases due to proximity of maior urban centers. 

If developed, areas may experience construction activity involving new road 

building, increased vehicle traffic, vegetation removal, etc. The existing 

drainage system may be disrupted. Slopes will be exposed to new geomorphic 

and anthropomorphic processes. Road cuts could result with the possible upset 

of slope stability, and so on. 

, The above comments relate to the effects of development from a non-land 
1 

I 
j use planner. They are offered as potential considerations in iustifying the acqui-
J l sition of mass movement susceptibility information. Several key questions might 
I 

l be asked. How much suitable land for development remains in the planning 
l 
I 
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unit? What are the population trends? What are the trends for industrial de­

velopment? 

Once an initial decision has been made as to whether lands evaluated 

12 

as unsuitable for building sites ·are going to be considered for development or are 

already being developed, the planner may desire to collect further evidence to 

support implementation of this methodology. This evidence could be directly re­

lated to mass movements in areas within the planning unit which have experienced 

logging or highway construction resulting in slope failures. 

Phase Two 

.·· -..., ·.·Definition of Study Area. The study area needs to be delineated for which 

the methodology will be applied. Ideally, boundaries must be placed around the 

smallest area which encloses all the data categories and systems which influence 

the geographical area and natural phenomena being studied. Once this has been 

done, it is assumed that most data and systems influencing the subiect under study 

are within the area. Political and physiographic boundaries will usually not be 

as satisfactory as a somewhat arbitrary, larger border (Steinitz et al., 1969, 

p. 21). Invariably, the need for an all-inclusive geographical boundary must 

be weighed against the resources available for the study. 

Preliminary Base Map Preparation. Once the task of identifying and de­

lineating a study area has been completed it is necessary to select and prepare a 

preliminary base map. The base map will serve three functions. The most impor­

tant is as a coordinating framework for data collection. The information which 
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will go into the data bank will in many cases be available at different scales and 

forms. As wil I be discussed in Phase Six of this methodology, this may necessitate 

the transfer of mapped information at various scales onto a common base map as 

a step towards grid cell coding. The base map will provide the physical ~se 

upon which the study area will be delineated. It is also quite possible that the 

base map will be used in graphic displays to convey to other members of the plan-

ning team and the public, the process that has been followed to generate mass 

movement susceptibility information. The third function of the base map is to 

relate information to known features within the study area, such as. the transpor-

tation system, residential areas, steep slope, etc. Obviously, if these functions 

are to be fulfilled, the selection of a map base is very important. 

A base map will usually be prepared from existing published or unpub-

lished maps. Mops that may be used include County Highway Maps, plat maps, 

U.S. Geological Survey (USGS) maps, etc. Probably the most useful existing 

maps for this purpose are the USGS quadrangle maps, 1:24,000 or 1:62,500 scale. 

An advantage of using quadrangles as the base map for the study area is the 

amount and kind of primary data which may be extracted directly from them such 

as slope and hydrology. A second advantage is the large amount of data con-

tained which can se.rve as control points if information needs to be transferred 

from other map sources. In addition, geographic coordinates in latitude and 

longitude, Universal Transverse Mercator (UTM) coordinates, and Township/ 

Range/Section information are depicted. Thus, these coordinate systems would 

be available as an .X and Y referencing system f~ geographic location if desired. 
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The desirability of being able to use these various geographic referencing systems 

could be to interface the data bank with one already existing built by the local 

planning organization or some other organization having some responsibility for 

the planning unit. 

It is not necessary to do anything ·to this map once the study area has 

been delineated since it is primarily for use as a work map. 

Phase Three 

Preliminary Model Construction. Two phases of the methodology are de-

pendent upon input from specialists outside of the planning office. These are 

:· .. ·,the phases involved with the construction of the mass movement susceptibility 

models, this phase and Phase Five. It is at this point that at least two experts 

in the phenomena of mass movements must be consulted. These specialists shou,ld 

fulfill. three requirements: (1) they must be knowledgeable of the geomorphic 

processes that produce mass movements; (2) they must be somewhat familiar with 

the physical characteristics of the planning area; and (3) they must be willing to 

provide assistance. 

The models are to be bui It based on the coincidenta I occurrence of physi-

cal characteristics that if acted upon by a triggering event may cause a failure. 

They are not intended to determine the probability of a triggering event or of a 

mass movement but rather to determine the spatial distribution of areas that are 

susceptible to mass movements based on physical characteristics. 
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One of the ~irst decisions that must be made is: How many models should 

be esta~lished? If the purpose has been defined as acquiring information related 

to areas susceptible to mass movements as compared to areas susceptible to spe­

cific kinds of mass movements, then less time will be involved in constructing 

one general mass movement model. But, the results will be correspondingly 

general. If the purpose is to acquire information related to areas susceptible to 

specific types of mass movements, more time will be required but the results will 

have wider application. This would allow for the development of different "con­

trol" or 11preventive 11 requirements for land use based on the expected type of 

failure. Preventive measures for a slump mass movement will differ from those 

for an earthflow. Secondly, the latter approach stil I allows the user to aggre­

gate the results. This means that once each model has been applied to the data 

bank, the models can be combined to produce one map which delineates the spa­

tial distribution of areas susceptible to mass movements in general. It is suggested 

that this latter approach be used because the results will al low for better planning 

decisions. Also, the results will better correspond with the am'ount of time in­

'/t~it::d in building the data bank. 

The first step is to determine which mass movements are most likely to 

occur in the study area. This is best accomplished by consulting one of the several 

maior classification systems (e.g., Ladd, 1935; Sharpe, 1939; Ward, 1945; Savage, 

. 1951; Varnes, 1958; Jones et al., 1961; and Hutchinson, 1968) and reviewing the 

general criteria for each failure included in the classification. The classification 

systems that have been suggested have been variously based on the kind of 
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material, type of movement, causes, and other factors. Terzaghi {1950, p. 88) 

has commented on c lossification systems as fol lows: 

A phenomenon involving such a multitude of combinations between materials 
and disturbing agents opens uni im i ted vistas for the classification enthusiast. 
The result of the classification depends quite obviously on the classifier's 
opinion regarding the relative importance of the many different aspects of 
the classified phenomena. 

According to Ward (1945, p. 172), 

A classification of the types of failure is necessary to the engineer to enable 
him to distinguish and recognize the different phenomena for purposes of de­
sign and also to enable him to take the appropriate remedial or safety mea­
sures where necessary. The geographer and geologist need a classification 
so that they may interpret the past and predict trends of topography as re­
vealed by their observations. 

Once one of these classification systems is selected and reviewed it might be 

found, for example, that the mass movement called rockfall requires areas of 

exposed bedrock with 55%+ slopes. Knowing that this characteristic never occurs 

in the study area eliminates the need for building such a model. Once the various 

potential types of mass movement have been identified, it is most efficient to fol-

low a consistent format so that when the methodology is completed, each model 

wil I have a unique booklet to document the process. 

The preliminary model construction should establish the intent of each 

model. For slumping, the intent might be: 

• to evaluate every grid cell within the study area for its susceptibility 
to slumping. A slump failure is a sub-category of the movements termed 
slides. A slide is a movement caused by finite shear failure afong one or 
several surfaces which are visible or whose presence may be reasonably in­
ferred. A slump type slide consists of material in motion which is not greatly 
deformed. The moving mass may consist of one or a few units. The maximum 
dimension of units is greater than displacement between units. Movement 
may be controlled by surfaces of weakness such as faults, bedding planes or 

r 
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ioints. In a slump, movement is only along internal slip surfaces, which are 
usually concave upward. Backward tilting of units is common. The evalua-· 
tion is to be accomplished by considering the coincidental occurrence of 
specific physical characteristics that have been identified by researchers as 
characteristic of areas experiencing slump type mass movements. 

Data Variable List. The next step is to identify the data variables for 

which information is needed. The IMGRJD System allows for up to twenty vari-

ables to be used in each model. This maximum number can be increased in cer-

tain situations. The data variables are the physical characteristics the specialists 

have identified as being important for an area which would experience a mass 

movement if a triggering event were to occur. Continuing with the example for 

slump.given above: The variables identified as important to this mass movement 

type are slope, subsoil consistency, precipitation, and profile depth. 

In Phase Five, these variables will be further broken down into data 

items. The preliminary models are completed when this process has been followed 

for each. The result is a verbal description_ based on a recognized, classification 

system and a list of data variables that have been identified by experts as impor-

tant for that mass movement type. The lists of data variables must now be com-

bined into one comprehensive list. This inventory provides the input to the data 

collection. 

Data Collection. Data collection involves the acquisition of data in map 

form or data which are transformable to map form that provide information for the 

variables. The data should be at a scale that is acceptable for the level of results 

desired based on the purpose of the study. The sources will vary depending on 

i-
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the location of the planning area. The primary data sources will be state and 

federal agencies. The result of the data collection should be a map or set of 

maps or tabular data related to the data variables. A more detailed approach 

can be taken in Phase Five. The approach taken in this phase might be termed 

a reconnaissance level collection effort. 

Phase Four 

Grid Cell Requirements. Prior to construction of the final base map, a 

grid cell system must be selected. As indicated at the beginning of this chapter, 

a grid cell system is a format used to stor.e, retrieve, manipulate, analyze, and 

display data by the use of uniform modular cells. These modular cells can be of 

any uniform shape; however, the square or rectangular shaped grid cell is most 

c~monly used. The IMGRID System works best with a square grid cell. 

The grid system is basically a row-column geographic reference system 

covering the entire study area. Often, a system based on geographic latitude 

and longitude or UTM coordinates is used. It should be noted that if a cell 

system based on latitude and longitude increments is implemented the cell wil I 

be trapazoidal in shape varying in size in a north and south direction, whereas, 

using the UTM system the cell will be square and of constant size. The system 

selected may be one that will allow interface of the data bank with that of some 

other agencies already in existence. It is not necessary to use any existing 

recognized coordinate system as the basis for the grid system. An arbitrary one 



can be set up if desired. Whatever system is used, the study area boundaries 

may require adjustment so they coincide with the grid cell system boundaries. 
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Having selected .a grid coordinate system for geographic referencing, the 

next decision is the size of the grid cell. The three important factors in this de­

termination are the size and ·scale of the available data,· the scale requirements 

of the analysis to which the data are to be applied, and the time and energy 

which can be allocated for coding. 

In order to determine the appropriate cell size that should be used, the 

rule of "least common denominator" is often employed. According to this rule, 

the best cell si_ze would be that which most adequately captures the scale and 

texture of the individual data sources while losing the least amount of necessary 

detail in the process. 

The scale of the decisions required of the analysis is directly related to 

the choice of the grid cell size. For example, if the results are directed toward 

location of land use al locations of five acres in size, it would be advantageous 

to have the data for site analysis at that scale or finer. This consideration, how­

ever, is one which varies according to various analysis tasks. 

The cell size is then evaluated for its practical efficiency in data hand­

ling. There is a necessary compromise in choosing between a small or large data 

unit. When the data unit is small, the "natural" borders of larger data bound­

-cries can be more closely approximated. 
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Time is also a cor:isideration. The smaller the cell size the greater the 

number of cells that will constitute an area and the greater the amount of time 

spent during the coding phase. 

ln summary, there are no .set rules for selecting a grid cell size. Modi­

fications must be made and flexibility is required to select a grid cell size ap­

propriate for the purpose of the study and the amount of data1 time and energy 

available. Sacrifices will probably have to be made. The end result must be 

logical and, in fact, be a "least common denominator" for the three considera­

tions discussed above-. 

Once the grid coordinate and eel I size dee is ions have been made and de­

termined to be reasonable, the grid eel~ system must be placed on the base map • 

. The grid eel Is need not be numbered to be interpreted by the IMGRJD System. 

The coding format to be discussed later will make this clear. For purposes of 

organizing the various stages, interpreting and analyzing the results, it is con­

venient to establish an X and Yreferencing number system. Probably the most 

logical and convenient to use is a reference system based on row/Column position. 

If the study area was rectangular, as in the application. in Chapter Ill, the cell 

in the southwest corner would be row one, column one. The adiacent cell to 

the east would be row one, column two, and so on. If the study area is irregular 

shaped, the longest row and longest column must be identified. The reference 

system would still begin as in a rectangular shaped study area with the maximum 

X and Y values corresponding to the maximum row and column lengths. But only 



i.: .. 

:: ,,-~ 

21 

cells within the irregul~r shaped study area would be considered. Cells outside 

of the area are reiected using an IMGRID keyword command. 

Final Base Map Preparation. The final map is the base map selected in 

Phase Two with the grid system placed upon it with any boundary adiustments 

already made. It is important to decide whether the base map is to be reproduc­

ible. Many factors will contribute to this decision. If a large number of data 

sources is going to be used at varying scales, they somehow have to be organized 

according to the grid cell syst~m. 

This can be handled in two ways. One method would be to transfer all 

sets of data onto copies o~ the base map containing the grid cell system. The 

second procedure would be to produce ~irJ-geH:~~c; loys at the various scales of 

the sources of data. The coding would be accon:ipHshed by laying the appropriate 

scale overlay on the source map and coding directly. The method used will de­

pend upon the availability of accurate techniques for transferring data from one 

scale to another, source mops variability and the cost involved for developing a 

reproducible base map with the grid eel I system on it. This cost wil I vary accord­

ing to the size of the selected base map. Another consideration is the grid eel I 

size. They should not be so small at the various scales that the information cannot 

be coded accurately· (see Phase Seven). The second method may appear to be a 

viable alternative. Certain characteristics of the source maps must be considered 

with that approach. For example, are the map proiections compatible? That is, 

will unacceptable error be-introduced if the-grid cell ·system-cannot be translated 

into a coordinate system on the source map? And, as previously mentioned, will 
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the grid cell size at small scales be practical? The most important consideration 

in whatever approach is chosen, is for the grid eel Is on one map to correspond 

exactly with grid cells on another source map. 

The best approach would be a reproducible base map as this would make 

the coding in Phase Seven much easier and create less ·problems. 

Phase Five 

Final Model Construction. Phase Five involves reviewing the prelimi-

nary models and data, identifying specific data items within the VQriables as 

relevant to the mass movement type, assigning relative weighting factors, mak-

ing modifications, and any additional data col lee ti on. 

Data Item List and ·oata Collection. The specialists should now be con-

suited a second time. They will review the preliminary models and the data 

collected to determine the adequacy of the data s'ources. This can be decided 

once the data variables ore subdivided into specific characteristics or data items 

important to the mass movement model. An example fol lows. 

For slumping it was determined that slope, subsoil consistency, precipi-

tation, and profile depth are important data variables for the susceptibility of an 

area to a slump mass movement. The slope information collected divides slope 

into seven classes. Each of these would become~ data item. The specialists 

would determine whether these slope classes can adequately provide the proper 

information to the model. If the slope data is insufficient, additional data col-

lection is necessary. If the data are still not available, the model will have to 
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be modified, combined with a similar one, or eliminated. Although it may be 

determined that only two slope classes are important for slumps, information 

must be available for the remaining slope classes. The data list may include 

items not used in the models. However, this information should be collected 

and coded as it may be relevant for other applications. 

The models are nearly complete. The data list should be added to the 

preliminary model description in a simi·lar manner as in the case of the data 

variables. 

Assign Identification Numbers. Data items should be assigned identifi-

cation numbers ranging from zero through nineteen. Data item numbers are 

unique within each variable. Thus, percent slope might be variable number 01 

with the following data items: 00 = 0-3%; 01 = 3-8%; 02 = 8-15%; 03 = 15-30%; 

04 = 30-50%; 05 = 50-65%; 06 = 65%+. Precipitation may be variable number 

04 with the following data items: 00 = 00-8011
; 01 = 81-100"; and 02 = 10011+. 

The re~son for assigning identity numbers is that the computer deals with numeric 

or digital data only. Data are being translated into numeric language. 

Assign Weights. The data variables within each model must be weighted 

as to their relative importance to that particular model. If a variable is impor-

tant to several of the models, its relative importan~e may vary from model to 

model. The normal range of these weights is 1.0 through 10.0, although higher 

weights are acceptable. A similar process must be followed for the data items 

for each variable within. the model. These relative weightings must be on a zero 
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to nine scale. The process. should be completed according to the correct format 

(Figure 2). 

You wil I note that, in Figure 2, the variable numbers are on the vertical 

scale. The data item numbers are on the horizontal scale. For this particular 

model, slump, it was determined that slope and precipitation were each twice 

as important as subsoil consistency and profile depth. These weightings are in 

the far right column. Beneath the data item numbers in the columns are the 

relative weightings for each data item on a zero to nine scale. A weighting of 

nine is higher than a weighting of three. -If the particular item is not relevant 

to the model the weighting is zero, the same for nonexistent data items. 

This format sheet should be prepared for each model ond· added to the 

preliminary model sheets. This completes the models. :ther-e.is a feedback loop 

in the methodology from the field check phase that alJows for the weightings to 
·. 

be manipulated for a best fit of known mass movements • 

.,-.·.t.>~ 

Phase Six ;~· .. :· ~-:· 
'"~i-----

Data Mapping and Transfer on to Bose Map. This phase involves prepare-

tion for the data bank step~ The data that are to be used in the models must be 

prepared or transformed into a computer compatible format. The first step is to 

transfer the information from the collected maps onto the base maps which con-

tain the grid cell system. This will result with all the data source maps "con-

verted 11 to the same scale as the base map which contains the grid eel Is. The 

alternative, as mentioned previously, is to build grid cell overlays for th~ 
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various data source maps at their respective scales. This will essentially trans­

form the data to the same sea le via the grid eel I system. The danger is that the 

coding may be inaccurate due to the cells being too small to interpret within or 

errors due to map projection differences. 

Once all the maps have been transferred to the same scale as the base 

map, the coding phase can be started. 

Phase Seven 

Data Bank Construction. The data that have been prepared in the pre­

vious phase must be translated into a format compatible to the computer hardware 

and the IMGRID software. The computer must be able to identify every possible 

location on the surface of the maps in order for it to accept the map for storage, 

retrieval, manipulation, analysis, and for display of the results. As previously 

mentioned, the IMGRID System does this by utilizing the grid-cell system which 

has been placed on the base map in Phase Four. Each cell is a unique geo­

graphic spatial unit for which must be indicated the existence of the data items. 

This is done through coding. 

Data Coding. Coding involves extracting the information on a cell by 

cell basis from the base maps or the original source maps (with grid cell overlays) 

and placing a coded value on a computer keypunch card worksheet. Eventually, 

these values will be recorded on a keypunch card, magnetic tape or disk in a row 

and column position corresponding with the grid cell the phenomena occupy. 
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There are several ways the data maps can be converted or coded into a 

computer compatible format for the IMGRID System. One way would be to use 

a digitizing system. Digitizing hardware allows for the recording of points, 

lines, or areas in an X and Y machine coordinate referencing system onto key-

punch cards, magnetic tape, or disk. In this case, the hardware would record 

the boundaries of various mop units or point phenomena. Computer software 

would transform this digitized information from machine coordinates into geo-

graphic coordinates {or some other X and Y referencing coordinate system} and 

output the data as frequency, linear distance, or area of cell, whichever would 

, .·. . .. be appropriate. 

Digitizing systems can be broken down lnto two general .types: manual 

and automatic. The manual type requires an operator to guide a free-moving 

cursor over the points or lines to be digitized. Many state and federal agencies 

and some private organizations have a manual digitizing system. An automatic 

system, such as a scanning process, will scan and digitize a map in a matter of 

seconds. This type of system is relatively new in the United States. Both types 

of digitizing systems may be too costly to be feasible for use. It must be remem-

bered that no matter which one of these two is used, software must be available 

to manipulate the digitized data into a format compatible to the IMGRJD programs. 

Therefore, the technique recommended in this methodology is to manually code 

the data without assistance from a mechanical digitizing device. 

r 
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There are several types of coding, each of which has inherent advantages 

and disadvantages. The types are percent or percentile, predominant, "presence 

or absence, 11 frequency, and linear. 

Percentile coding is the percentage of a cell occupied by the particular 

data item of a variable. For example, hypothetical cell number 1015 is spatially 

occupied by 20% of silty loam soil (data item 72), 37% clay loam (data item 77), 

and 43% silty clay soil (data item 70). The total is equal to unity or 100 percent. 

Converting this to its numeric coded form would mean that cell 1015 is occupied 

by 20% 72, 37°A> 77, and 43% 70. Percentile coding has ·the advantage of being 

' 

! ·. detailed for the basic spatial unit of analysis, the grid cell. If needed, the per-
1 

cent can be divided even further to reflect subdivisions of a percent such as 

tenths or hundredths of a percent. In the opposite direction, the percentile cod-

ing can be adiusted to the nearest 5% or 10%. If coding to the nearest 10%, 

the numeric coding for cell 1015 would be as follows:· 20% 72; 40% 77, and 

40% 70. The total is equal to 100 percent. This allows for the "generalness" 

or inexactness of some data to be adiusted or taken into consideration through the 

coding process. 

The disadvantage. of percentile coding is that the spatial unit of resolu-

I tion for the data is the grid cell. Thus, even though the data have been coded 

j 

! 

by percent of cell, the location within the cell of the coded data is not known 

to the computer. All the computer knows is that a certain percent of that cell 

I 

I 
is occupied by the phenomena. Since IMGRID is an overlay technique the map 

units that ·are overlayed on each other may not necessarily coincide resulting 
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with inaccurate products. For example, if a slope class of 55%+ occurs with 

soil type 77, an unstable condition may exist. But since the computer does not 

know if the two phenomena coincide within a cell (coded as two separate vari­

ables, slope and soils) the result of an overlay would be that the smallest percent 

for the two items would be the percent of the cell recorded as unstable. Thus, 

the results can be very ambiguous. This is an important weakness of the grid cell 

·system of analysis. The second disadvantage of this coding technique is the time 

and energy necessary to code the data. This type is the most time consuming. 

Then~ are several considerations in determining whether percent coding 

should be used. If the purpose of the cell is to provide information with a very 

high spatial resolution, nearest percent or finer coding may be utilized providing 

the data sources are at a scale to match the detailed resolution. The grid cell 

should also be of a corresponding size. There would be no purpose in going to a 

fine level if the grid cells are extremely large and the data sources are very gen­

eral. If the data sources ore of a general nature, the boundaries of the data de-

1 ineations are probably not very exact. fn addition, some data are by their na­

ture of a general scale, e.g., vegetation groups. The topographic information 

contained on USGS quadrangles is subiect to certain standards of accuracy. By 

coding beyond the indicated accuracy level you will be investing extra time for 

results that could be obtainable using a ·tess time-consuming coding procedure 

more compatible with the data source. 

The second type of coding is the predominant or dominant type. In the 

dominant coding type, cell 1015 would receive the value of 100 percent soil 
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type 70. The phenomena that occupy the largest percent of the cell are stored 

as 100 percent for the spatial unit. Obviously, this is a generalization of the 

data. The advantage is time. It is much less time-consuming to use this tech-

nique. No longer is the location of the phenomena a problem. Basically, time 

has been saved but the same disadvantage is present whether the percent or domi-

nant coding is used. Data will be lost since other phenomena present will not be 

stored at all for the cell. This is an additional sacrifice. Using time as the de-

ciding factor, dominant coding would be best. The results will be iust as ambig-

uous as with percenti I e coding. 

The third type of coding is "presence or absence. " This is extremely 

general. ff the data item is present a one (1) is stored for the data item; if absent 

a zero (0). This method should only be considered when the data are very general 

or need to be genera Ii zed. 

Frequency coding is directed toward frequency of occurrence per cell of 

point phenomena. The value recorded and stored for a eel I is the summation of 

occurrences of the data item. Linear coding is applied to linear features such 

as streams and transportation networks. 

As previously stated, the methodology being proposed by this thesis is of 

a general nature. The purpose of the methodology is most compatible with the 

dominant type of coding. As noted, this coding method is also the most time 

efficient. Utilizing this method may also allow for analyzing a larger study area 

or decreasing the cell size with a corresponding increase in the number of cells. 

Frequency and linear type coding could be used where appropriate. 
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The coding process involves the interpretation of cells and recording the 

results on a keypunch worksheet. The coding form is eighty columns across which 

is the number of columns contained on a computer keypunch card. The rows and 

columns are equated to cells. For example, row one, column one is the south-

west corner grid cell if a single digit is to be recorded. If a data variable con-

tains ten data items or less, the appropriate identification number zero through 

nine (zero equal to the first item, one to the second, and so on) can be recorded 

in the row and column corresponding to the cell. If more than ten data items are 

being interpreted, two columns can be .used for each cell. Thus, the identifica-

tion number for the data item occupying the maiority of the cell is entered on a 

worksheet in the row and column corresponding to the correct grid cell. This 

process is followed until all the data have been coded for the study area map. 

The aspect of coding is discussed in more detail in Chapter Ill. 

Keyp~nch. Once the data have been coded from the base maps onto the 

computer keypunch worksheets, the next step is to have the worksheets key-

punched. Any additional card identifiers to be punched will be determined by 

the IMGRID staff at the computer facility. The result of the keypunching will 

be one deck of cards per variable. These decks are called the data bank and 

each individually is termed a data deck. 

Data Bank. Technically, the data decks are the data bank. Realisti-

cally, as far as the proposed methodology is concerned, the data bank exists once 

the decks have been entered into the computer system using the appropr_iate 

IMGRID keywords. This would be accomplished at the computer facility. 

r 
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Once the data bank has been received by the institution it will be 

checked to insure that the data are in the proper format. If it is found to be in 

a different format than required, it is a minor proce~s for a programmer to write 

a small program to reformat it. .The data bank will then be entered into the com­

puter· system via IMGRID keyword commands-. The various IMGRID keywords are 

discussed in Appendix A. 

Data Map Edit. One of the first sets of output from the bank will be the 

computer data maps. It will be up to the user to edit these maps. There are a 

number of ways this can be approached~ The first step might be to visually re­

view the various patterns portrayed. If a linear pattern exists on a data map that 

is supposed to be polygon pattern data only, the user should check the base map 

for the corresponding position. If it is a mistake, extract the incorrect card from 

the data deck, make the correction, and resubmit it. The second step might be 

to randomly select a few cells and match them up to the origi.nal base map that 

they were coded from. There are a number of w_ays this editing can be done. 

There should be no difficulty as it is a straightforward procedure. 

Phase Eight 

Application of Models and Model Preparati~n. All that is required of the 

user in this phase is to furnish the model sheets created in Phase Five to the com­

puter facility having IMGRID. The data bank is now in a form that can be manip­

ulated. The model sheets must be keypunched into the IMGRID format and ap­

plied to the data bank utilizing 'the appropriate keyword commands or subroutines. 

·: 
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Basically, applying the models to the data bank is an overlay technique 

using the weightings. This method combines various weighted data maps by super-

imposing two or more on top of another and summing. This procedure is described 

in more detail in the next section. Since all data used in the data bank have 

essentially been transformed to the same scale through the base map, coding, and 

a common gr id cell system, overlaying the maps is not a problem. 

Mass Movement Susceptibility Maps. The output from this procedure con-

sists of one map for each model. Each symbol on the computer map represents 

one eel I. Most computer fac iii ties wil I use rectangular shaped symbol sets. Jn 

the border of each of the maps are sets of three digit numbers along the horizontal 

and vertical edges. These are the row and column numbers. The numbers along 

the top and bottom are read from top to bottom beginning on the left side of the 

map going to the right. Thus each cell may be identified by a unique pair of 

coordinates. For example, the eel I in the upper right hand corner of a sixty-four 

row by eighty column study area would be labeled 064, 080, or referred to as 

row 64, column 80. 

Below the computer map will be text specified by the user. This could 

include the name of the study area along with the title of the study or applica-

tion. The remaining text is standard and is not user specified. It consists of the 

legend portraying the mapping symbols used for each of the ten equal-interval 

mapping classes. These classes are equated to relative levels of susceptibility. 

Most often, the symbol set used is a gray-scale. That is the convention or stan-

dard approach. The darker the symbol on the map the more susceptible the cell 
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will be for that .particular mass movement. Bel~w each mapping class in the leg­

end is a figure which repres_ents the frequency of occurrence of the symbol or the 

number of cells that fell into that class. 

Statistical output, besides frequency, includes the minimum and maximum 

values ·or the range of values fol lowing manipui't:itlon of the data based on the 

weightings and the model structure. The standard is to output these manipulated 

values.in ten classes of equal class interval ranges. Thus the value range is di­

vided into ten classes and the cell values assigned to their appropriate classes. 

An example will follow. In addition, the mean and standard deviation of the 

values are calculated and printed out. 

In the application described in the next chapter, the mass movement model 

for debris avalanche uses four data variabfes: slope, precipitation, subsoil struc­

ture, and parent material. The mass movement susceptibility map for this model 

is contained in Appendix B. The four data variable maps are contained in Appen­

dix C. The statistical output is portrayed in Figure 3. It can be determined from 

this output that the minimum and maximum values for the weighted and combined 

data variables were 165.00 and 435.00. The range of these manipulated values 

was, therefore, 270 (435. 00 - 165. 00). By dividing this range into ten equal 

classes the class interval becomes 27.00. The class boundaries or limits are pro­

vided. The first class hos a lower limit of 165.00 and an upper limit of 192.00, 

the second class 192.00 and 219 .00, etc. By working through the model structure 

it can he.shown-how..the .. value and-the final map-display were determined._ The 

northwest corner cell, referenced as row 64, column 01, is mapped on the mass 
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movement susceptibility map for debris avalan~he in the second mapping class 

using a small circle symbol. Referring to the data maps in Appendix C and the 

data item and the variable weights (in Figure 3), it can be determined that this 

cell hos a slope of 3-8%, experiences a maxi~um precipitation of approximately 

99 inches, and its soil has a· singular grain subsoil structure with a glacial out­

wash parent material. Respectively, these characteristics or data items received 

weightings of zero, nine, six, and zero. This means that for this cell, the value 

was determined based on precipitation and the subsoil structure. These two data 

variables were weighted 1.50 and 1.00. The INDEX keyword in IMGRID is used 

. .. · to combine these variables. The first step is to multiply the variable weightings 

by a factor of ten. The result is 15 and- 10. The second step is to multiply these 

manipulated variable weightings by the data item weightings ~nd sum. Thus, the 

computations become (15 x 3) + (10 x 6} = 195. The value 195 falls into the 

second class on the debris avalanche legend, ranging from 192.00 to 219. 00. 

The mapping symbol for that class is a small circle. This process has been fol­

lowed for each cell in the study area and for each model. 

Further analysis of the maps will be described in the last phase, Phase 

Nine. 

Phase Nine 

Map Analysis and Field Check. An important step in the mop analysis is 

to develop a clear picture of the relationship between the computer map and the 

study area. This can be accomplished in several ways. The easiest way would 
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be to build a clear acetate overlay of significant physical and cultural features 

that can overlay onto the computer map. This allows the interpreter to relate 

the grid cells to known ground features. Another technique is more difficult 

depending on whether the print chain of the symbol set of the fine printer that 

generated the computer maps was rectangular _shaped or square. If it was square,. 

the maps can be photographically reduced or enlarged to fit the USGS topograph-

ic quadrangle maps covering the study area and directly overlayed. If it was 

rectangular, this would be impossible unless rectangular shaped grid cells were 

used in proportions to the rectangular shape of the symbol dimensions. Once a 

better understanding c;;,f the relations~ip between the computer map and the study 

area has been gained, the user is ready to focus attention on the phenomenon 

itse If, i: e. , mass moveme~t susceptibility. 

A key to interpreting and analyzing the model maps is to remember that 

the model is structured to identify eel Is as susceptible when, first, the important 

variables are present, and secondly and most importantly, when specific data 

items within those variables occur coincidentally. Regardless of whether all the 

important variables (those that have a weight) occur or ~II the important data 

items (as reflected by a non-zero weight) occur; a value for every cell will be 

calculated. Thus, the first step to interpreting and analyzing the model maps is 

to determine which map classes actually reflect the presence of a weighted data 

item from each variable with none dropped qut. This determination can be ac-

complished simply by selecting a cell from each of the map classes beginning 

with the highest (the darkest symbol) and computing the actual cell value 
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following the process described in the previous phase. There wil I be some eel I 

value for which one or more of the important data items were not utilized. The 

mapping class. in which this value falls will become a threshold for which all 

mapping classes above it are significant. In the example of debris avalanches 

this threshold occurs in doss five. Thus, classes six through nine are the only 

ones relevant to debris avalanche mass movement susceptibility. Within those 

four classes, nine is obviously more susceptible to a debris avalanche than six 

due to the various weighting factors utilized. This threshold may be different 

for other models. 

The process outlined above will also verify whether or not the models 

have been executed properly when applied to the data bank. If the results are 

accurate, the models as given by the experts have been verified. Remember also, 

the results may be no susceptibility if the criteria are not found. The methodology 

is designed so the user can rely heavily on the models as 11givens. 11 Any further 

verification is difficult. This will be discussed later in this section. 

A final step in the map analysis is to determine whether the results are 

reasonable. How well do they fit known data? One way to determine this is to 

relate some known existing mass movements to the cells. This may be difficult 

due to the nature of some of the various failure types. If the known failures occur 

in cells that hove been identified as highly susceptible, the results are probably · 

reasonable. If not, the various weights may need to be adjusted and the model 

rerun to try to fit the computer map to the known failure(s). If in the previous 

example of debris avalanches the known failure occurred in a cell that was 
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mapped in class eight or below but should be mapped in a higher class, the 

weight{s) of the variable{s) could be raised. This will raise the cell value up to 

the desired level. This is obviously a very subiective approach. 

Another way to assess reasonableness is to subjectively ask: Are the areas 

~mapped in the various classes too large? or too small? Based on intuition, do 

they seem reasonable? At this level of application, without further in-depth re-

search, this is the extent of analysis a user can expect. 

The probability or actual-0ccurrence of a mass movement is difficult to 

assess due to the complexity of the phenomenon itself. The normal approach is 

to conduct extensive field surveys, laboratory testing, collection of soil and 

rock samples, and application of highly complex mathematical formulae. The 

verification of susceptibility is probably ~ven more difficult and complex. The 

. ·· approach taken in this meth~)logy has essentially been to classify an inventory 

of physical characteristics according to the coincidental occurrence of various 

combinations. These combinations are the models representing the various mass 

movement types. The characteristics have then been weighted to allow levels of 

importance to be considered in the susceptibility of on area for a failure. As 

such, this approach is different from the more obiective processes followed in 

detailed surveys-. If further verification of the process is desired, one approach 

might be to field check selected cells out of the highest susceptibility mapping 

class. The assumption being, that if a cell is highly susceptible to a mass move-

ment, there should be observable evidence within the cell. It is not the purpose 

of this description of the methodology to go into detail concerning this particular 
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approach, but briefly, observable evidence could be old mass movement scars, 

hummocky surface appearance, disturbed drainage, old landslide deposits, etc. 

The difficulty is that evidence for some mass movement types is more observable 

than for other types. 



CHAPTER Ill 

APPLICATION OF METHODOLOGY 

I. INTRODUCTION 

A description of the proposed methodology has now been given. This 

chapter describes how the methodology has been applied to a small study area in 

Southwest Washingfon. Basically, this application is a demonstration of how one 

mechanically follows the methodology from beginning to end. There are certain 

·restrictions in the application inherent in a student situation. A real situation 

was not feasible since no means were available to solicit professional expertise 

as described in Phases Three and Five. This leaves these phases in the applica­

ti.on open to criticism. They have been based on literature survey and on input 

from John Beaulieu (1975), Oregon State Department of Geology and Mineral 

Industries. Thus, the results of this application are intended as an example of a 

product from the methodology and not to be ~onstrued as entirely realistic. The 

results are, however, probably quite reasonable for this level of application since 

they are based on input from published research and the personal experience of 

Mr. Beau I ieu. The remainder of this chapter is an application of the proposed 

methodology. 

i 



42 

II. APPLICATION 

Phase One 

Assessment of Need. Hypothetically, an assessment of need can be sug-

· gested. The "planning unit" is located within fifteen miles of Olympia, Wash-

ington. Olympia, and the nearby cities of Centralia and Chehalis, have ex-

perienced population increases during the past two decades. It appears that this 

trend will continue. Agricultural land and grasslands in adiacent areas are 

rapidly being developed for housing, particularly the Mound Prairie area. Once 

these areas have been "urbanized," development will take place on the upland 

areas. In addition to cultural and urban pressures on land uses, the area .ex,:.. 

periences on abundant annual precipitation, most of which falls between October 
I 
I 

and June in the form of rain. Sedimentary geologi~ strata underlie a portion of 

the study area. These fwo physical attributes, high precipitation and sedimen-

tory bedrock in coincidence with cultural and urban pressures on the land have 

necessitated the acquisition of mass movement susceptibility information for input 

to the planning process. Remember, this is a hypothetical situation. 

Phase Twd 

Definition of Study Area. The study area or "planning unit" selected is 

an area in the southwest portion of Thurston County, Washington. The area is 

approximotely eight miles wide and ten miles in length covering eighty square 

miles. It is rectangular in shape. It does not necessarily enclose all the various 

natural systems impinging upon it since this would have resulted with a larger 

i 
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area and a corresponding increase in the amount of time to complete the method-

ology. Time and energy are legitimate considerations for the delineation of a 

study area by a user and may necessitate trade-offs such as a smaller size study 

area. The town of Tenino is located in the northeast corner. The smaller town 

of Bucoda is located about four or five miles south of Tenino. The Interstate 

Highway 5 traverses in a north and south direction through the western half of 

the area paralleled by a railroad track. State Highway 507 serves both Tenino 

and Bucoda. A secondary r90d serves Grand Mound, a small hamlet on the west-

ern study area boundary, and Tenino. This road follows a fairly straight route 

through Mound Prairie which is a natural grassland up to three miles in width in 

the study area. Scatter Creek flows through this grassland area. The Skookum-

chuck River flows in a southerly direction across the southeast corner near 

Bucoda. 

Preliminary Bose Map Preparation. Several different map scales and bases 

were c~nsidered for the preliminary base map. It was previously noted that the 

primary purpose of the base map is to organize the data. The final choice for the 

base was the USGS Tenino and Rochester 15' quadrangles, 1 :62,500 scale, with 

40' contour intervals (Figure 4). These maps, as do all the USGS quadrangle 

maps, contain a vast amount of information including transportation and cultural 

features as well as physical features such as forested areas and hydrological phe- · 

nomena. 
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Phase Three 

Preliminary Model Construction. The suggested procedure in this phase 

of the proposed methodology is to solicit professional input from several experts 

on the phenomena of mass movements. As explained earl!er, it was not feasible 

to adhere to this approach. Instead, an extensive literature review was under-

taken, the purpose of which was to extract general information related to the 

causes of mass movements. In addition, a geologist with the Oregon State De-

partment of Geology and Minerql Industries, Mr. John Beaulieu (1975), was 

consulted. Mr. Beaulieu provided valuable data related to the construction of 

the models based on his investigations of mass movements in Oregon during the 

past several years. 

In order to determine which mass movements to model, the mass movement 

classification developed by Vornes (1958, pp. 20-47) has been utilized. 

Varnes' classification system is directed toward factors that have some 

bearing on prevention or control (Varnes, 1958, p. 20). Two main variables 

were considered: (1) the type of material involved according to its state prior 

to initial movement and (2) the type of movement involved. Materials were 

classified into bedrock and soils. Soils are defined in the engineering sense and 

include elastic material, rock fragments, sheared or weathered bedrock, and 

organic matter. Material was further classifi~d according to its state prior to 

initial movement. Types of movement are divided into three major groups: falls, 

slides, and flows. 
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The mass movement types expected to occur in the study area can now be 

defined in a preliminary format. This should be considered a work guide. The 

pages that follow contain the preliminary descriptions of the various models in-

eluding a definition..-and factors relevant to conditions associated with their 

occurrence. The definitions were derived from Varnes (1.958, pp. 20-47) while 

the factors resulted from the literature review and communication with John Beau-

lieu (1975). 

(1) Mass movement susceptibility model no. 1; rock movement: flow, 

slide, or fall. This failure involves m_aterial in motion which may travel through 

the air by free falling, moving by leaps and bounds, and rolling. It involves 

material which appears to move as a mass, similar to a viscous fluid or it rriay be 

a movement caused by finite shear failure along one or several surfaces which 

are visible or whose presence may be reasonably inferred. This failure consists 

of predominantly bedrock material. Slope, parent material, precipitation, sub-

soil str':'cture, and substratum are identified as important variables in the occur-

rence of this movement. 

(2) Mass movement susceptibility mo~el no. 2; falls: soil fall. Falls ore 

moss movements involving a mass in motion which travels most of the distance 

through the air. This travel includes free fall, movement by leaps and bounds, 

and rolling of rock and debris fragments without much interaction of one fragment' 

with another. This failure involves the fall of soi I material. Soil material is de-

fined as elastic material, including rock fragments, sheared bedrock, organic 

material, ete. The variables identified as being important for the occurrence of 
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this failure are slope, subsoil structure, precipitation, position on the landscape, 

and profile depth. 

(3) Mass movement susceptibility model no. 3; slides: slump. A slide is 

a movement caused by finite shear failure along one or several surfaces which 

are visible or whose presence ·may be reasonably inferred. A slump type slide 

consists of materiaJ in motion which is not greatly defor~ed. The moving mass 

may consist of one or a few units. The maximum dimension of units is greater 

than dispfac~ment between units. Movement may be control led by surfaces of 

weakness such as foults, bedding planes or ioints. In a slump, movement is only 

along internal slip surfaces, which are usually concave upward. Backward tilt-

ing of units is common. The variables identified as important to this mass move-

ment type are slope, subsoil consistency, precipitation, and profile depth. 

(4) Mass movement susceptibility model no. 4; slides: block glide. A 

slide is a movement caused by finite shear failure along one or several surfaces 

which. are visible or whose presence may be reasonably inferred. A block glide 

slide involves material which is not greafly deformed. The moving mass consists 

of one or a few units. The maximum dimension ·of units is greater than displace-

ment between units. Movement may be controlled by surfaces of weakness such 

as faults, bedding planes or ioints. In a block glide, movement of a single unit 

is out and down along a more or less planar surface of weakness, generally a bed-

ding plane. A block may glide far out on an original ground surface. Variables 

that have been detennined important to this mass movement type are slope, subsoil 
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structure, precipitation, parent material, s~bstratum, and load carrying capac­

ity. 

(5) Mass movement susceptibili.ty model no. 5; slides: debris slide. A 

slide is a movement caused by finite shear failure along one or several surfaces 

which are visible or whose presence may be reasonably inferred. The material 

involved is natural soil and rock detritus that contains a relatively high percent­

age of coarse fragments. Other features are similar to those of a rock slide. 

Slope, subsoil consistency, and subsoil texture have been identified as important· 

variables for this mass movement type. 

(6) Mass movement susceptibility model no. 6; slides: failure by lateral 

spreading. A slide is a movement caused by finite shear failure along one or 

several surfaces which are visible or whose presence may be reasonably inferred. 

This failure is caused.by the spreading of softer material beneath firmer material. 

Five variables have been determined to be important for this failure to occur: 

substratum, position on landscape, subsoil texture, available water capacity, 

and load carrying capacity. 

(7) Mass movement susceptibility model no. 7; wetflow: debris avalanche. 
' 

A flow is a mass movement for which the mass or moving material appears to take 

a form of a viscous fluid or the apparent distribution of velocities and displace­

ments within the moving mass resemble those of a viscous fluid. Slip surfaces 

within the mass are usually not visible or are short lived. The boundary between 

moving mass and material in place may be sharp or a zone of distributed shear. 

The material is unconsolidated at the time of flow but may consist of rock 
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fragments, fine granular material, mixed debris and water, or plastic clay. A 

debris avalanche is the rapid failure of an entire mass consisting of natural soil 

and rock detritus. Generally it is qutte wet and moves as a tumbling flow down-

ward, commonly along a stream channel. The variables that have been deter-

mined important to this.mass movement type are slope, p~ecipitatidn, subsoil 

structure, and parent material. 

(8) Mass movement susceptibility model no. 8; wetflow: debris flow. A 

flow is a mass movement for which the mass or moving material appears to take 

the form of a viscous fluid or the apparent distribution of velocities and displace-

ments within the moving mass resemble those of a viscous fluid. Slip surfaces 

within the mass are usuall.y not visible or are short lived. The boundary between 

moving mass and material in place may be sharp or a zone of distributed shear. 

The material is unconsolidated at the time_ of flow but may consist of rock frog-

ments, fine granular materia I, mixed debris and water, or plastic clay. A debris 

flow i11volves material that contains a relatively high percentage of coarse frog-

ments and moves as a flow with a high water content. ~lope, precipitation, sub-

soil texture, and substratum have been identified as being important for the oc-

currence of a debris flow. 

(9} Mass movement susceptibility model no~ 9; flow: earthflow. A flow 

is a mass movement for which the mass or moving material appears to take a form · 

of a viscous fluid or the apparent distribution of velocities and displacements 

within 'the moving moss resemble those of a viscous fluid. Slip surfaces within 

the mass are usually not visible or ore short lived. The boundary between moving 
I 
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mass and material in place may be sharp or a zone of distributed shear. The ma-

terial is unconsolidated at the time of flow but may consist of rock fragments, 

fine granular material, mixed debris and water, or plastic clay. An earthflow 

is slow to very rapid in velocity involving mostf y plastic or fine grained non·-

plastic materiol. Four variables have been identified with earthflows. They are 

slope, precipitation, subsoil consistency, and parent material. 

Data Variable List. The preli_minary models are now outlined. The next 

step is to compile a data variable list so that data collection can begin. The 

preliminary data variable list i~ as follows: 

Slope 
Parent material 
Position on the landscape 
Precipitation 
Subsoi I texture 
Subsoil structure 
Subsoi I consistency 
Substratum 
Profi I e depth 
Available water capacity 
Load carrying capacity 

Information is needed for eleven variables. It should be noted that this 

list follows automatically from the preliminary model descriptions. 

Data Collection. Data collection can now proceed. 

Thurston County, in which the study area is located, has been surveyed 

by the U. S. Department of Agriculture, Soil Conservation Service (SCS}. A 

considerable amount of information is available covering the data variable list • 

Figure 5 is a soils mop, 1 :62,500, delineating soil types for the study area. This 

map is a portion of a study called Type 4: Southwest Washington River Basin 
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Study completed by the SCS in 1974 for Southwest Washington. Appendix E pro-

vides a table of the soil types occurring in the study area and the various attri-

butes associated with each that are needed for the models. After reviewing this 

information, it appears adequate for this study. 

The preliminary data collection has been completed. 

Phase Four 

Grid Cell Requirements. The first step is the selection of a grid eel I 

system.. The one chosen was not based upon an existing coordinate system such 

as the UTM or geographic latitude/longitude but was arbitrarily selected. The 

author was not operating under any constraints such as interfacing with an already 

existing geographic reference system used in a planning process. Situations will 

differ from one study area to anot~er, however. 

The next decision made was: What size should the grid cell be? A 

square cell of forty acres was selected. It was felt that this cell size would be 

quite adequate for the available data and the purpose of the application. Given 

the data source, the cell size could have been smaller. Another consideration 

was time available. Using a forty acre cell divides the study area into 5, 120 

cells. This size is a macro or regular cell size. If a micro-cell size was selected 

of .256 acres there would be 800, 000 cells (Tsao, 1975, p. 32). This would sig-

nificantly increase the coding time. Normally, a micro-cell size (less than . 256 

acres at 1 :62,500 scale) is considered when data is to be automatically digitized 

by a scanner or some other digitizing instrument. 
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The forty acre cell size allows for eighty cells across and sixty-four down. 

The size and shape of the cell did not require adiustment of the study area bound-

cries. If this had not been the case, the boundaries could easily have been ad-

justed. 

Final Base Map Preparation. There are two possible choices for this step. 

If a large number of data sources are to be used, at varying map scales, then a 

reproducible map would be the most efficient method of organizing the data. 

Since there is only one data source and it is at.the same scale as the preliminary 

base map, it was not necessary to construct a reproducible base map. It was de-

c ided that using a grid eel I overlay at the base map scale would be adequate for 

organizing the data into the proper format. Two important factors were con-

sidered in this decision: time and finances. Thus, in addition to having only 

one data source, it was decided that the time and finances needed to generate a 

reproducible base map were not justified. 

The final base map, in this case, becomes the grid cell overlay. The 

overlay will serve as the mechanism to convert the data to the grid cell system. 

Phase Five 

Final Model Construction. Normally, in an application the experts 

would be brought together a second time at this point to review the data sources 

along with the data variables and to generate a data item list. The review would 

determine whether adequaJe information has been located and collected for vari-

ables and whether or not the specific data item requirements have been satisfied • 
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Data Item list. The data item list for the variables appears in Table I. 

TABLE I 

DA TA ITEM LIST 

Variable No. Variable Name · Data Item No. Data Item Name 

01 Percent slope 00 0-3% 
01 3-8% 
02 8 - 15% 
03 15 - 30% 
04 30 -50% 
05 50 - 65% 
06 65%+ 

02 Parent material 00 lacustrine 
01 sedimentary rock 
02 till 
03 alluvium 
04 pumice 
05 basic igneous rock 
06 outwash 
07 organic 
08 aeolian sand 

03 Position on the 00 basin 
landscape 01 lacustrine basin 

02 bottom land 
03 alluvial fan 
04 alluvial terrace 
05 outwash terrace 
06 till terrace 
07 pumice terrace 
08 loess terrace 
09 lacustrine terrace 
10 outwash plain 
11 basic igneous upland 
12 sedimentary upland 

04 Precipitation 00 low= 00 - 79 11 

01 moderate= 00 - 99 11 

02 high = 00 - 100"+ 
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TABLE 1--Continued 

Variable No. Variable Name · Data Item No. Data Item Name 

05 Subsoi I texture 00 sand 
01 loamy sand 
02 sandy loam 
03 loam 
04 silt 
05 silt loam 
06 sandy clay loam 
07 clay loam 
08 silty clay loam 
09 sandy clay 
10 silty clay 
11 clay 

06 Subsoil structure 00 blocky 
01 massive 
02 singular grain 
03 columnar 
04 platy 
05 prismatic 
06 fibrous 
07 gran.ular 
08 crumb 

07 Subsoil consistence 00 ' nonplastic (po) 
01 slightly plastic (ps} 
02 plastic (p) 
03 very plastic .(vp) 

08 Substratum 00 bedrock 
01 sedimentary 
02 igneous-pumice, ash 
03 igneous-basalt 
04 sand 
05 loamy sand 
06 sandy loam 
07 . loam 
08 · silt 
09 silt loam 
10 sandy clay loam 



Data Col fection and Assign Identification Numbers.. Information provided 

by the River Basin Study meets the requirements of the various models. No modi-

fications or additional data collection will be needed. The preceeding list is 

final. The numbers on the list are for identification purposes. 

Assign Weights. Before a final version of the models can be compileq and 

recorded, it is necessary to complete the final task of assigning weights. The 

. weights reflect tbe relative importance of each variable in each model. In addi-

tion, the data items within each variable are relatively weighted on a '0 to 9 1 



scale as to their level of importance for that variable in that model. These 

weights will be unique to each model;. thus, they may change from model to 

model if necessary. The ones used in these models (Table If) are based on the 

I iterature research and personal communication ~ith John Beau I ieu ( 1975). 

Variable 
Weights 

2.00 
1.50 
1.50 
1.00 
1.00 

2.00 
1.50 
1.00 
1.50 
1.00 

2.00 
1.00 
2.00 
1.00 

TABLE II 

MODEL WEIGHTS LISTING 

Flow, Slide, or Fall 

Model 1: Rock Movement 

Slope (1) 
Parent Material (2) 
Substratum (8) 
Subsoil Structure (6) 
Precipitation (4) 

Model 2: Soil F.all 

Slope (1) 
Subsoil Structure (6) 
Precipitation (4) 
POL (3) 
Profile Depth #44 (9) 

Model 3: Slump 

Slope (1) 
Subsoil Consistency (7) 
Precipitation (4) 
Profile Depth (9) 

Data Item Weights 

0000789000000000000 
0900090000000000000 
9909000000000000000 
9609990000000000000 
3690000000000000000 

0000369000000000000 
9609990000000000000 
3690000000000000000 
0009300000000060000 
0036900000000000000 

0366999000000000000 
9630000000000000000 
9990000000000000000 
0036900000000000000 
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Variable 
Weights 

2.00 
1.50 
1.00 
2.00 
1.50 
1.50 

2.00 
2.00 
1.00 

2.00 
1.00 
2.00 
1.50 
1.50 

2.00 
1.50 
1.00 
1 ·.00 

2.00 
1.50 
1.00 
1.00 

TABLE 11--Continued 

Flow, Slide, or Fall 

Model 4: Block Glide 

Slope (1) 
Subsoil Structure .(6) 
Precipitation (4) 
Parent Material (2) 
Substratum (8) 
Load Carrying Capacity (11) 

Model 5: Debris Slide 

Slope (1) 
Subsoil Consistency (7) 
Subsoi.1 Texture (5) 

Data Item Weights 

0666999000000000000 
9609990000000000000 
9990000000000000000 
0900060000000000000 
0906000000000000000 
0900000000000000000 

0003699000000000000 
0963060000000000000 
6699996363330000000 

Model 6: Failure by lateral Spreading 

Substratum (8) 
POL (3) 
Subsoi I Texture (5) 
Avail. Water Capacity (10) 
load Carrying Capacity (11) 

Model 7: Debris Avalanche 

Slope (1) 
Precipitation (4) 
Subsoil Structure (6) 
Parent Material (2) 

Model 8: Debris Flow 

Slope (1) 
Precipitation (4) 
Subsoil Texture (5) 
Substratum (8) 

3333399999996669600 
9993333363933393000 
3000960000000000000 
9630000000000000000 
9630000000000000000 

0033690000000000000 
9990000000000000000 
9369993930000000000 
0900060000000000000 

0669999000000000000 
9990000000000000000 
3699999666630000000 
3000000009600000000 
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Variable 
Weights 

2.00 
1.50 
1.00 
1.00 

TABLE 11--Continued 

Flow, Slide, or Fall 

Model 9: Earthflow 

Slope (1) 
Precipitation (4) 
Subsoil Consistency (7) 
Parent Material (2) 

Data Item Weights 

0669999000000000000 
9990000000000000000 
9963000000000000000 
0900060000000000000 

59 

The final model is a combination of the preliminary model description and 

the information generated in this phase. The completed booklets appear in Ap-

pendix D. 

Phase Six 

Data Mapping and Transfer onto Base Map. The scale of the base map is 

the same as that of the River Basin Study soil map. The only task needed is to 

code the various soil units by cell and to redefine these units according to the 

characteristics required in the models. A grid overlay was prepared to place on 

top of the River Basin Study map. This was the only task needed for this phase. 

Phase Seven 

Data Bank Construction. The most time-consuming portion of the method-

ology is the data bank phase. The River Basin Study soil type map is the primary 

data source. Each soil type delineated on the map is interpreted in the River 

Basin St~dy report for fifty-five different attributes. The coding step involves 
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relating some of these characteristics to each soil type present in the study area 

(Appendix E). 

Data Coding and Keypunch. The first step in the coding process was to 

overlay the forty acre grid cells on the soil map and record the predominant soil 

type unit for each cell. The second step was to interpret each different unit and 

recode the predominant coded soil types on worksheets for the various character-

istics required by the models. 

The process involved several types of input. Figure 5 {p. 51) is a reduc-

tion of the soils map. A standard computer worksheet is contained in Figure 6. 

Note that it is eighty columns across. Since this is single digit coding, each 

column represents one cell. The study area is eighty cells or columns across. 

One row on the worksheet represents a row of eighty grid cells in the study area. 

Once the coding had been completed, the worksheets needed to be key-

punched onto computer keypunch cards. This was accomplished on an I BM 029 

keypunch machine. The resulting cards or "data decks" are essentially the data 

bank. 

Data Bank and Data Map Edit. At this point, the data bank of eleven 

variables had been keypunched. The card decks were sent to Mr. Bruce Rowland, 

at that time a graduate student at Harvard University in the Graduate School of 

Design, Department of Landscape Architecture. He agreed to input the data 

decks to the Harvard IBM Computer System and apply the various mass movement 

susceptibility models. Once the data decks were in the computer, the data bank 

had been constructed. The first task was to map the data u_sing the computer and 
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check for errors in the data {see Appendix C). This step was not followed close­

ly as it was not feasible due to time considerations on Mr. Rowland's part for me 

to review the maps in Portland and return them to Harvard with corrections. He 

checked the maps to determine their reasonableness and made corrections where 

necessary. Normally, the user wil I be located close enough to the computer 

facility to allow proper editing. 

Phase Eight 

Application of Models and Model Preparation. In addition to the data 

decks, 13ruce Rowland also received the completed model booklets. The numeric 

information contained in the booklets was converted to IMGRID format and key­

punched. These cards along with specific IMGRID keyword commands were ap­

plied to the data bank to generate the mass movement susceptibility maps (Ap­

pendix B). 

Mass Movement Susceptibility Maps. There is one map for each mass 

movement susceptibility model plus a composite map showing overall mass move­

ment susceptibi I ity for the entire study area. Each symbol on the maps represents 

one grid cell. The symbols used depict a gray scale. The bar graphs under each 

map indicate that the highest level of susceptibility is represented by the darkest 

symbol. This symbol was created by a series of character overprints. The lowest 

level of susceptibility is represented by a symbol which visually depicts the cell 

in a light gray shade. The darker the gray tone of the cell, the greater the sus­

ceptibility of the eel I for that mass movement. 
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A unique characteristic of the Harvard Computer System is demonstrated 

by these maps. In Appendix A, a description of the computer approach, it is 

indicated that one type of output from the C. P. U. is a hard-copy of the results 
I 

generated on the line printer. Most I ine printers have a rectangular shaped 

print-chain. The Harvard system has a square one, each character being 1/10 11 

by 1/10 11
• For mapping purposes, this means that the scale in both the X and Y 

directions will be the same. This will, of course, not be the case for non-square 

print chain generated computer maps. Maps generated by the Harvard IBM system 

can be photographically reduced or enlarged to overlay a planimetric ·base map 

such as the USGS 1 :62,500 map used in this application. 

The coordinate referencing system begins with the southwest corner cell 

referenced as row one, column one. The northeast corner cell is referenced as 

row 64, column 80. Each cell may be referenced by a row and column coordi-

nate. 

At the top of the map is the title of t~e model for which the map was 

generated. Below the map is the name of the study, researcher, and where the 

map was generated (the maps reproduced in the appendices of this thesis have a 

slightly different arrangement due to publication considerations). The bar graph 

appearing below the text provides a frequency count of eel Is mapped in each of 

the ten classes of susceptibility. Since the size of each cell is constant, it 

would be possible to compute total area of land in each class. For example, 419 

cells in -the study area are highly susceptible [mapping level ten) to slump. Since 



each cell is 40 acres in size, this means that 16,760 acres or a little over 26 

square miles of the study area fall into this susceptibility class. 

Phase Nine 
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Data Analysis and Field Check. One of the most important goals of the 

map analysis is to develop a clear picture of the relationship between the sus­

ceptibility maps and the study area. One way this can be done is by using an 

overlay on the maps themselves. In the sleeve of the back cover is a clear film 

positive of physical and cultural features to the scale of the mass movement maps. 

As can be seen, this overlay contains features which aid in assisting interpreta­

tion and analysis of the grid cell maps by allowing the user to better relate them 

to the study area. 

The next step was to verify whether the computer maps were reflecting 

the model structure as given by the experts. After working through the computa­

tions as outlined in Chapter II, Phases Eight and Nine, it was concluded that the 

computer maps do depict the model structures. Taking the interpretation further, 

it was determined that for debris avalanche and earth flow (Models 7 and 9), 

mapping classes 6 through 9 were significant; for debris slide (Model 5), mapping 

classes 7, 8, and 9; for rock movement, slump, block glide, and debris flow 

(Models 1, 3, 4, and 8), only class 9; and soil fall (Model 2) and failure by lat­

eral spreading (Model 6) were not significant. In the case of the latter two, the 

appropriate conclusion would be that the study area is not susceptible to these 

types of failures because the correct combination of physical characteristics do 
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not occur coincidentally. With a better understanding and knowledge of the 

study area, it is possible that these two models could have been dropped back in 

Phase Three. 

Since the models were not developed according to the methodology and 

since further access to the Harvard University IMGRID System was no longer pos­

sible, additional analysis was not accomplished. Several approaches would have 

been feasible (see Chapter II, Phases Eight and Nine). Any further interpreta­

tion and analysis might be more appropriately termed calibration of the model. 

Adiustments would be made to the model (s) better fit to the real world through .a 

combination of field check and weight adiustments. 



CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

There are advantages and disadvantages in the application of this method­

ology. One of the more important disadvantages is related to coding, storage, 

and analysis procedures for data associated with the grid-eel I approach. This 

was discussed in Chapter II. Several important questions remain to be considered 

which are relevant to the practical application of the methodology. How com­

prehensive is or can the methodology be? How flexible is it? Can the method­

ology be adapted for other uses besides mass movement susceptibility? How much 

cost and time are involved? What is the availability of the IMGRID System? 

The comprehensiveness of the methodology is directly related to the 

models. The models can be constructed in a very complete manner taking into 

consideration many aspects of mass movements. The limiting factors are the 

knowledge and expertise of the experts consulted, data availability, and the 

IMGRID software. The importance in carefully selecting experts should be ob­

vious. If the data required by the model are not available then the model must 

be changed and some comprehensiveness sacrificed for a more general approach. 

The IMGRID software can handle up to twenty variables per model. This is prob­

ably enough to allow comprehensive results to be generated. The last factor is 

the grid cell size. The models can be constructed in a highly comprehensive 



67 

manner but if applied ·to a very large cell the results will be extremely general 

and ambiguous. Thus, the model must be equated with cell size. The method­

ology is directed toward "general .. results, and as such, is not completely com­

prehensive. The potential exists for generating highly comprehensive results. 

Flexibility is built into the methodology in several ways. Options are 

provided in many of the phase descriptions in Chapter II. The choice of a co­

ordinate system upon which to base the grid cells is dependent on the user and 

the need to interface with an existing data system. The choice of generating a 

reproducible base map or a series of overlays is dependent upon the data sources. 

The basic organizing system is IMGRID. A very high degree of flexibility is 

achieved through the keyword commands. If it is found that a particular model 

is not accomplishing what was expected, changes in the model structure or 

weights can easily be made via the keyword commands. New variables can be 

added at any time or generated from already existing variables. The method­

ology follows a basic framework, but within that framework there exists a wide 

range of options. 

Another aspect of flexibility, which might ,be termed external flexibility, 

is whether the methodology can be adapted for other uses. The methodology can 

definitely be applied to other phenomena outside of mass movemeDts. This may 

be costly, however / if a large amount of additional data are required. For ex-

ample, if the methodology is to be :SJpplied for determining the suitability of 

areas for recreation, a whole new set of variables and data items may have to go 

into the data bank. The methodology can most easily be adapted for phenomena 
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somewhat related to mass movements such as soil erosion or for land use character-

istics related to natural phenomena such as suitability for septic tanks, etc. In 

other applications, new variables may be required but many of th.ese would al-

ready be in the data bank. 

The 'tnost time-consuming and costly phase of the methodology is the data 

bank construction phase. The application of the methodology described in Chap-

ter Ill required about 200 man hours for coding and keypunching of data. The 

cost for the computer use was about $75.00. A general estimate for a study area 

about eighty square miles- in size, 5120 cells (each forty acres in size), eleven 

variables and twelve models, would be $1, 000. 00. This is using a figure of 

$4. 00/hour ,for the coding and keypunching of d_qt11. One can estimate about 

two to three man months for a study with these parameters. The time and cost of 

a proiect are directly related to the size of the grid eel I, the total number of 

cells, the number of variables, and coding techniques. 

Presently, the availability of IMGRID is very limited. It is accessible 

at Harvard University, the Tennessee Valley Authority in Knoxville, Tennessee, 

and the Holcomb Research Institute in Indianapolis, Indiana. It has been ac-

quired (but not yet operational) by the University of Washington and Colorado 

State University. An updated version of the system is expected to be available 

for distribution in September, 1976. This version will be fully documented and 

it is very likely that during the next year IMGRID will experience -a wide dis--

tribution. Information related to the availability of the IMGRID System should 
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be requested from David Sinton1 Graduate School of Design, Department of 

Landscape Architecture, Harvard Univer$ity, Cambridge, Massachusetts. 

In conclusion, the methodology is capable of producing mass movement 

susceptibility maps of value to land use planning. The methodology is both 

qualitative and quantitative. Further research is needed to increase the quanti-

fications aspects. In particular, the weights used in the models need to be ob-

iective rather than subiective. This would involve a maior research effort, how-

ever, which is beyond the present purpose. Presently, the methodology is quite 

satisfactory for land use planning applications. With further research involving 

quantitative techniques such as factor analysis, principal components analysis, 

and multiple regression, the process can be quantified to the point where it 

would have wider application in not only land use planning but in engineering 

applications as wel I. 
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APPENDIX A 

THE COMPUTER APPROACH: 

HARDWARE AND SOFTWARE 

The computer approach involves two basic components: (1) hardware or 

the physical equipment within the system, and (2) software or computer programs 

which provide instructions to the hardware. The two components may be thought 

of as performing four interrelat~d functions: (1) input, (2) storage, (3) process­

ing, and (4) output. The description of the hardware component which follows 

has been adapted from Computers: Their Place in Land Use Analysis {Blank, 

1974, pp. 4-11 ). 

I. THE HARDWARE APPROACH 

The computer hardware system consists of a collection of equipment that 

accepts, stores, analyzes, and outputs information. The central piece of hard­

ware is the Central Processing Unit (C .P. U .). It is in this equipment that the 

manipulation of the data actually occurs. Other equipment are considered 

peripheral devices to the C. P .U. 

In addition to the peripheral devices <:Jnd the C.P.U., there are two 

other necessities for the effective use of the computer. The first, referred to 
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earlier, is sof1ware or computer programs. The second is a body of data upon 

which the operations or calculations are to be performed. 

The computer programs instruct the C .P .U. to perform operations on the 

data. A program is a set of explicit instructions which gives meaning to data 

''Ond makes it possible to utilize the capabilities of the computer. 

The data or data files are measurements used to describe the real world. 

These data and how they are put into the computer is of great importance. 

Hopps (1969, p. iv) has stated, 

Electronic data processors are very efficient at storage and retrieval of 
data, and can carry out very complex searches of correlates • • • These 
machines cannot do the es~ential selection and preprocessing of data, which 
includes a value iudgment as to the validity of the data which is fed to 
them. 

Most often, data that are to be used by the computer are entered into 

the system by the keypunch card method. The card system is widely used because 

it represents the best current solution to the problem of providing a data file that 

can be examined either manually or mechanically. 

The standard card on which the data are recorded has 80 vertical columns 

and 12 horizontal rows. Data are entered on the card initially by a piece of 

equipment called a keypunch machine which is very similar to a typewriter. For 

each alphabetic or numeric symbol typed,: the machine punches a pattern of holes 

in the column and that pattern of holes serves as a code for that symbol. The 

machine can also print the symbol at the top of the column. The computer, on 

the other hand, reads or senses only the holes in the cards and ignores the line of 

·printing. 
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Files or data banks consisting of only punched cards have many disad­

vantages. The cards are easily lost, intermixed and are very susceptible to bend­

ing or tearing. Also, the speed at which data can be read from or transferred to 

punched cards is relatively slow when compared with other methods. 

The main advantage of punched cards is that they are the least expensive 

form of data storage. The major weakness is that data cards cannot be erased or 

overwritten. Punched data ca~ds are stil I the method most used in originating 

data which wi II later be stored in a more sophisticated manner. Magnetic tape, 

similar to the tape for an ordinary tape recorder, is a more efficient storage 

medium for data once it has initially been punched onto cards. The data is 

stored or represented by magnetizing certain areas on the tape. A magnetized 

area can be easily demagnetized and remagnetized. This fact gives tape stored 

data an inherent advantage over cords. In addition, the data cannot become 

disarranged within the file because the tape is a continuous length. A tape can 

be erased, revised, and reused many times. It also has a very large storage c.a­

pac ity. The most important point is that tape stored information can be processed 

25 to 100 times faster than the best card equipment available. 

There are some disadvantages to a tape stored data system. One maior 

disadvantage is that one must have tape handling equipment. This is often very 

expensive and may equal as much as one-third of the equipment costs of an elec­

tronic data processing system. Another disadvantage is that a tape stored file 

cannot be examined without a C.P.U. Also, the entire file must be read from 

the beginning until a particular point which needs correction or addition is found. 
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This type of access, when the entire d~ta file must be read from the beginning 

until the desired section is found, is known as sequential access. Its main dis-

advantage is that much valuable time is wasted while the desired data is being 

sought. 

A storage system that permits one to proceed· directly to the place in the 

data file where the desired information has been stored is called a random access 

storage system. The use of a magnetic disk or a series of disks stacked together I 

will allow random access to stored data. The method of recording data is the 

same as that used to store data on tape. One simply places magnetized spots on 

the medium used to cover the disk. A magnetic disk storage system is very simi-

lar to a stack of records placed on a phonograph in that several disks can be 

stacked together. The disks are then rotated at very high speeds thus making 

access to stored data nearly instantaneous as compared to data which must be read 

from punched cards. The storage capacity of a disk is limited and somewhat less 

than the storage capacity of a magnetic tape. A magnetic disk storage system is 

also more expensive than a tape storage system. The user must decide if the 
. . . 

higher access speed and cost of the magnetic disk is a greater advantage than the 

slower access speed and increased storage capacity of the magnetic tape system. 

The data storage units or systems are linked electronically to the C. P. U. 

Their function is to receive data from the C.P.U., record it and transmit it back 

to the unit upon demand. After the initial data have been read into the C. P .U. 

and placed- in one of the storage.systems, this entire-process will take place with-

out additfonal intervention by humans. The program, which has also been read 
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into the C. P .U ., is the component which gives meaning to the information in 

the data files and makes it possible to utilize the capabilities of the computer. 

The C.P.U. (the computer) is composed of fwo maior parts. They are 

the main memory or core and the processor itself. The processor is the physical 

piece of equipment which contains the electrical circuitry through which the 

basic mathematical and logical operations are carried out as called for by the 

various programs used. The memory is a high speed random access storage sys­

tem. It is of limited capacity and is used to store programs and data which are 

currently in use. As the data is processed in the C.P.U., the results are either 

returned to storage or are displayed as output for the user. The output is usually 

in the form of punched cards, visible displays on cathode ray tubes, or as printed 

information in the form of numeric, or symbolic patterns printed on paper. 

All pieces of equipment which are electronically connected to the 

C. P. U. ore col led peripheral devices~ All other machines are simply supporting 

pieces of equipment. Peripheral devices have either one way or two way con­

nection to the C. P. U. The card punch and the paper printer only receive infor­

mation from the C. P .U. The tape units, the magnetic disks, and the operator's 

console have two way connection to the C. P .U. They may either supply informa­

tion to or receive information from the C. P .U. 

The physical pieces of equipment, the hardware, which make up tre sys­

tem, may be located several hundred miles apart. The entire arrangement and 

connection of the hardware components of the system may be diagrammed as 

follows (Figure 7): 
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Figure 7. The "hardware" components of a computer system (Blank, 1974, p. 10). 
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II. THE SOFTWARE COMPONENT 

The software or program portion of this two component approach is the 

Harvard l.M.G.R.l.D. (IMGRID) System. IMGRID is a system for manipulating 

information in a grid cell data file. This system was designed and devel~ped by 

David F. Sinton of the Department of Landscape Architecture, Harvard Graduate 

School of Design, Harvard University. A users' manual is not available. The 

information contained here has been compiled from two unpublished descriptions 

of IMGRID by Sinton (1975a and 1975b). 

Data Element Description 

The basic organizational unit of the IMGRID System is the concept of an 

element of storage which contains all values for one set of information for all 

grid cells making up a study area. This set of values will be referred to as a data 

element throughout this appendix. Each data element is referenced by a unique, 

absolute, three digit number for the location or "address" of that particular set 

of cell-by-cell values in the data bank. This number refers to file l~cation only 

and does not reference the actual contents of the storage space. This organiza­

tional system al lows the user to process in any fashion all numerical information 

within a data element on a cell-by-cell basis according to spatial coordinates 

and/or data item codes and then to move on to process a new set of information. 

The rectangular dimensions of each data element in the data base remain constant 

and it is assumed that each grid-eel I position represents the same geographic point 

on all such elements. 
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r Data Base Size 

IMGRID uses a relatively small data base with an absolute limit imposed 

by the programming software and hardware constraints of 2
15 

or 32,768 cells 

which can be processed. Extensive reprogramming would be required to exceed 

this limit. The present form of the system is only set up to handle a data base of 

10, 800 cells. This is one-third ~f its absolute capacity. The data file creation 

routines will provide space for 100 data elements each containing 10,800 cells. 

The number of elements capable of being handled increases to a maximum of 300 

on a data base as the number of cells decreases to 3, 600. The number of data 

elements in the data file is the total space available for both basic data storage 

and system workspace. 

Data Values 

While several of the IMGR ID keyword operations relate to supportive 

functions not directly affecting actual data base values, most involve active 

procedures for the manipulation of rumerical data copied from and returned to 

computer memory on an element-by-element basis. In order to maximize proces-

sing efficiency, certain conventions are recognized concerning the nature of the 

stored data. 

Natural resource and land use planning data most often take on integer 

values and rarely have large ranges. The types of analysis usually applied to 

these data are integer oriented. Due to these considerations, the actual data 

item value assigned to each cell must be an integer and conform to several 
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conventions with respect to precision, range, and numerical scale. All non-

integer values such as fractions or decimal figures will be automatically trun-

coted. The total range of integer values which may be generated or stored to 

a grid-cell position is± 2
15 

or ± 32,768. Specific keywords which tend to pro-

. duce extreme values approaching these limits set maximum value defaults or pro-

vide scaling procedures to automatically reduce such figures by factors of ten. 

Non-IMGRID procedures may be applied to convert any valid range of data ele-

ment values to a standard scale. Most of the keyword subroutines are designed to 

function over standard ranges of 0 through 9, 19, or 100. Values below or above 

the specified range for a particular keyword will be interpreted and processed 

according to the range-maximum default (beyond the absolute data value limits 

the actual value assigned to error cells is computed by subtracting twice the 

value of the exceeded limit from the true excess figure so that false results may 

be difficult to trace). 

The multiplication and addition processes used in many keyword opera-

tions require that data input be defined in terms of consistent interval scales and 

compatible units of measure. The keyword commands usually transform the nu­

merical values within a logical modeling structure. ·This process ultimately yields 

interval scale output from nominal, ordinal or interval scale input. Within this 

structure and regardless of functional keyword ·operation, it is important to clearly 

define and control the units, range, and actual meaning of all processed data. It 

must be assumed that all input values to be used initially relate to each other in a 

quantitative as welt as qualitative manner. 
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Given the input elements representing soil types 0 through 12 and vege­

tation classes 1 through 9, for example, nothing more can be inferred from the 

. additive combination of those data elements without further specification unless 

each item relates to a consistent numeric scale of homogenous units such as vul­

nerability levels, cost equivalents or suitability score. "Apples and oranges" 

may be mixed through IMGRID processing but only if the expected product is de­

fined as "fruit. 11 

IMGRID System Organization 

Data manipulation is accomplished in the IMGRID System by keyword in­

structions. When a keyword instruction is processed, the data element(s) to be 

treated are retrieved from the data element file and placed in the C. P. U. mem­

ory while the processing takes place. The storage space in the C. P .U. memory 

reserved to hold these data elements is referred to as the buffers. This feature 

permits the user to retrieve a data element from one location, transform the 

values of that element and place the new value in the same location. 

Because the contents of the data element file are constantly changing, the 

system maintains the element record file which contains information about the 

contents of the data element file at any point in the processing. As a further 

safeguard the data element file is usually partitioned into three segments. 

The first segment contains the basic descriptive data for the study area 

which should remain constant once it has been collected and checked. These 

data are placed in the segment which is "absolutely protected, 11 where they can 
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be retrieved for display or used to generate subsequent output but may not be 

altered themselves e?'cept by. re-storage or special keyword code. Absolute pro­

tection is provided to prevent the loss of basic data by simple error. 

The second segment usually contains values which have been derived by 

any analytic procedure from the '?asic descriptive data which must be stored for 

future use. This segment is called the "semi-protected" space and only a few of 

the system instructions are permitted to write new values into·the data base in 

this space. 

The third segment is the user "workspace" which is used to store any inter­

mediate set of values that wil I be needed for future procedures. With the excep­

tion of a few display procedures and some system control procedures all keyword 

procedures will create a new data element in the workspace of the data element 

file. 

IMGRID Keywords 

The primary controls of the IMGRID System are a series of keyword in­

structions each of which performs a defined operation. Once the nature of the 

operations is understood the system can be used with no further knowledge of the 

programming. 

Each of the IMGRID keywords acts as a discrete command within an inte­

grated programming system to maintain, manipulate, and display graphic informa­

tion. Each relates to a larger body of FORTRAN programming, stored within the 

system, to direct a series of algebraic and logical procedures for the manipulation 
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of numerical data copied from and returned to computer memory on an element­

by-element basis. Once the IMGRID processing system is stored, the system may 

be control led through keyword commands without direct reference to actual 

FORTRAN programming. System parameters not expected to change during normal 

operation such as those defining the size·, structure, and storage requirements of 

each data base may likewise be stored and maintained without further reference. 

Keyword Card Format 

The input formats for the keyword commands of the IMGRID System are in 

a fixed format mode. The primary format is the keyword card which initializes 

any process. In order to avoid continual reference to this format, it is now de-· 

scribed once. In the future, the controls for each process will be referred to by 

the format field names listed below. In general, the control instructions on the 

keyword card are specified as three digit integer fields. 

Each keyword card has space for a ·descriptive title. Any time the process 

specified creates a new element in the file, the title on the keyword card is in­

serted in the element record file to describe the contents of the data stored in the 

file. It is suggested that titles should be assigned to keyword cards at all stages 

in the use of the system. 

To achieve maximum flexibility columns 20-39 are used in two separate 

formats depending on the process involved. For simple rescale processes these 

columns are used as 19 single digit fields to specify a set of rescale values. For 

the other processes three digit fields are used to specify control instructions. 
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The keyword card format is: 

Cols. 01-03 

Cols. 04-10 

Cols. 11-13 

Cols. 14-16 
Cols. 17-19 
Cols. 20-22 
Cols. 23-25 
Cols. 26-28 
Cols. 20-39 

Cols. 40-79 

NV 

IV 

IU 
IW 
IX 
IY 
IZ 
IR 

File location number of output data element to be 
generated by the keyword process. 
Always specifies the keyword, left iustified to 
column 4. 
File location number of input data element to be 
manipulated by the keyword process. ~ 

Contain for certain keywords, single digit rescale 
values (see SEARCH, MA TRIX, REJECT, RECODE, 
OVERLAY). 
Contain an alpha-numeric title for each new ele­
ment on display. 

The simple rescale procedures have the capability ·of combining several 

data elements in one keyword instruction. The first element is specified on the 

keyword card and the rest on continuation cards (one per card). The format for 

the continuation cards is as follows: 

Cols. 01-03 
Cols. 04-07 

Cols. 11-13 
Cols. 20-39 

NV 

IV 
IR 

User Specified Formats 

Should be left blank. 
CONT is the keyword indicating a continuation 
card. 
Element to be rescaled. 
Contain the rescale values. 

User specified formats are always read from a card following the keyword 

card. The format should be specified in columns 1-40 of the card. The IMGRID 

System requires that these formats be specified in the normal FORTRAN mode. 

The user should provide that portion of format statement which fol lows the word 

FORMAT, including the parentheses. 
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The standard form of the format is: 

(xxFn.m) 

or 

{xx In) 

where 

'F' and 'I' are the format codes indicating REAL or INTEGER values 
respectively. 

'xx' defines the number of repetitions of the data field. 
'n' defines the number of columns on the card assigned to each value. 
'm' defines the number of digits to the right of the decimal point on the 

'F' type code only. 

For example, to define forty real fields of two columns each with no decimal 

place the format would be: 

(40F2.0) 

Or to define two integer fields of four columns followed by one integer field of 

two columns the format would be: 

(214, 12) 

Be certain that the correct type of format code has been specified as 

I called for in the detailed descriptions of the keywords. Even if decimal points 

/. are not punched and the instructions specify real fields, use the 'F' type code. 

Regardless of input type all buffer values are stored as integers. 

Keyword Commands 

A list of all the standard IMGRID keyword commands follows. This list 

is organized according to type, level, and quantity of expected input values. 
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Note that the maior functional categories include storage, manipulation, dis-

play and system control operations. This list will be discussed in detail. 

IMGRID KEYWORD PROCEDURES 

I. Storage Procedures 

A. Cell Specific Procedures 
1. UPDATE 

B. Element Specific Procedures 
1. STORE 
2. RELOC 

I. Manipulation Procedures 

A. Non-Spatial Procedures 
1. Single Element Procedures 

(a) Item Specific Procedures 
(1) RECODE 
{2) REJECT 
(3) XRECODE 

(b) Element Specific Procedures 
(1) REDUCE 
(2) NORMAL 

2. Multiple Element Procedures 
{a) CONT -
(b) Non-Additive Procedures 

(1) multiple RECORD (with CONT) 
(2) multiple REJECT (with CONT) 
(3) double XRECODE (initialized) 
(4) selective REDUCE (with REJECT) 
(5) selective NORMAL (with REJECT) 
(6) OVERIA Y (with CONT) 

(c) Additive Procedures 
(1) Item Specific Procedures 

( i) MATRIX (with CONT) 
{ii) XMATRIX 

{2) Element Specific Procedures 
( i) MULT PLY 
(ii) INDEX 

(iii)-doub1e -1NDEX \iniHalizedJ 

.. ! 

- I 



B. Spatio I Procedures 
1. Single Element Procedures 

(a) Item Specific Procedures 
(1) SEARCH 

(b) Element Specific Procedures 
(2) ASEARCH 

2. Multiple Element Procedures 
(a) Element Specific Procedures 

(1) Non-Additive Procedures 
(i) selective ASEARCH (with REJECT) 

Ill. Display Procedures 

A. Spatial Graphics Procedures 
1. SYMBOL 
2. MAP 
3. selective MAP (with REJECT) 

B. Literal/rabular Procedures 
1. Single Element Procedures 

(a) RENAME 
2. Multiple Element Procedures 

(a) SUMMARY _ 
(b) selective SUMMARY (with REJECT) 
(c) LIST 

3.; Data Independent Procedures 
(a) TEXT 
(b) MODEL 

IV. System Control Procedures 

A. CLEAR 
B. END 

Storage Procedures 

86 

The storage keywords consist of UPDATE, STORE and RELOC. These in-

structions provide for the creation and maintenance of data files on an element-

by-element basis. UPDATE allows for card input of data item values to specific 

cell locations. S10RE operates-in-a similar-manner--but-with broader capabilities--·- -
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to define values over an entire data element. Once stored, element values may 

be transferred from one file location to another through the RELOC keyword. 

Cell Specific Procedures: UPDATE. The UPDATE keyword allows for the 

placing of new values in an old e1 ement. The values are read from cards on a 

~el I by eel I basis with one value per card. The format should specify three in-

teger fields: the first will contain the row number of the cell, the second the 

column number of the eel I, and the third contains the new value assigned to the 

cell. The end of the cards containing the new values is specified by a card con-

taining a negative value in the row field defined by the format. The controls 

are: 

NV Specifies the new element created by the update. 
IV Specifies the old element to be updated. 
IU Provides the format exclusion. 

IU=O The format is specified on a card immediately following the 
keyword card. The new values fol low the format card. 

IU=-1 The program uses the last specified format. If no format has 
been specified the system defaults to (213, 12). 

Element Specific Procedures: STORE and RELOC. STORE al lows a new 

set of values to be entered to the element file. The values are read from cards 

under a user specified format. The IMGRID System expects the user to specify 

the row by row format of the new values and wil I read each row as a logical 

record. The controls are: 

NV Specifies the new element created. 
IV Is not used. 
IU Provides for format exclusion. 

IU=O The format is specified on a card immediately following the 
keyword card. The new values follow the format card. 

IU=-1 The system uses the last specified format. If no format has been 
specified the system defaults to (3x,7711). 
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The RELOC keyword is used to move a data element from one location to 

another in the data element f~le. In particular it is used to place values in the 

"semi-protected" space on the data file. Typically when entering new values 

they would first be placed in the "wc:>rkspace 11 and checked. On a subsequent 

run the RELOC keyword would be used to move the values into the "semi-

protected" space. The name specified in columns 40-80 is assigned to the new 

element. The information in the element record file is also moved. Thus, 

NV Specifies the new location. 
IV Specifies the old location. 

Manipulation Procedures 

The manipulation commands represent' a maior portion of the IMGRID pro-

cessing system. These are RECODE, REJECT, XRECODE, REDUCE, NORMAL, 

CONT, OVERLAY, MATRIX, MULTPLY, INDEX, SEARCH and ASEARCH. Most 

of the manipulation keywords deal directly with initial data item code or numeric 

value assigned to each cell regardless of its spatial location in the study area. 

Such values are computed an.d assigned by generic item-category such that the 

overall pattern of spatial boundaries in the input element is not significantly al_. 

tered by the keyword modification of on-~ite values. One of the manipulation 

procedures used by some of the above keywords is called rescaling. 

Rescaling. Rescaling is basic to the operation of the IMGRID System and 

several of the system design limits were set with this process as the limiting factor. 

A variety of keywords provide minor variations. The principal of the process is 
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simple: a qualitative or descriptive numerical scale is assigned a new set of 

values which may be processed as an interval scale. 

It should be remembered that the IMGRID System is designed for use with 

natural resource and land use planning data which have been coded from the 

typical sources of such data. These sources usually are descriptive or qualitative 

categories of data and a map is prepared which identifies the category occurring 

in each area or zone on the map. The result of digitally encoding this type of 

data is a series of data elements which have data scales that are either nominal 

or ordinal scales rather than interval or ratio scales which are normaliy used in 

numerical processes on digital machines. 

To use this data for more than a few simple operations, the critical step 

of converting these qualitative scales to interval scales must take place. This 

process has been described as: 

RAW DATA ELEMENT 

Apply Professiona I Judgment 

ANALYSIS COMPONENT 

The IMGRrD System is specifically de.signed to be used with data which 

usually requires this simple process as the starting point of an analysis. As the 

application of "Professional Judgment" appears to be an integer process the sys-

tern relies heavily on integer operations. This also conserves resources on some 

computing systems. 

The JMGRIO-System-was designed with· two fevels- of data rescaling. -The 

simple rescale process provides a set of fixed format instructions which assume 

.i 
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that the data is within the limits identified above. The extended rescale process 

provides for those situations which are not within these limits and where the 

simple rescale would constrain the potential applications of the system. The 

limits built into the system a~e: 

(a) that the values which are to be rescaled (i.e., those in the old ele­
ment) may be in the range 0-19; 

(b) that the simple rescale process will assign values in the range 0-9; and 
(c) that graphic displays will process values in the range 0-19, or a maxi­

mum of twenty levels of symbol ism. 

The IMGRID System obeys these I imits rigorously and within them the 

following keywords can be used to rescale data elements: MA TRIX, OVERLAY, 

RECODE, REJECT, SEARCH. For values outside of these ranges, use the extend-

ed ·rescale keywords: XMA TRIX, XRECODE. To display values which are out-

side the range of 0-19 a preparatory step must be used to reduce these values to 

such a scale {see the section on Data Standardization). 

All the rescale keywords operate in the same mode for assignment. The 

new values or rescale values are recorded in an ordered list and the IMGRID 

System identifies the old value associated with each new value by the relative 

position of the new values in the list. For. example a row data element has values 

in, the range 0-12 and it is desired to assign new values such that: 

0 becomes 0 
1 II 9 
2 II 9 
3 II 8 
4 II 2 
5 II 3 
6 II 4 
7 II 4 
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8 becomes 5 
9 II 6 

10 II 7 
11 II 7 
12 II 1 

The rescale list is: 0998234456771. 

For simple rescale procedures this list would be punched in columns 20-32 

on the rescale keyword cards. As the values to be rescaled were in the range 

0-12, thirteen values must be assigned, twelve plus one for the zero value. 

The rescale process has several important characteristics that sometimes 

cause problems for the unwary and provide useful capabilities for the imaginative 

user. Be careful to alway~ take into account the fol lowing considerations: 

{a) The IMGRID System recognizes zero as a valid value in any data range 
and assumes that the first value in a rescale I ist is assigned to the zero condi­
tion. This applies even if the data element does not contain a zero value. 
Zero is assumed to be the low end of the value range to be rescaled. A com­
mon mistake when using the XMATRIX or XRECODE keywords is to omit the 
values for the zero condition. 

{b) The IMGRID System expects a rescale value for every integer value 
within the range. This applies even if the old data element does not contain 
one or more of the integer values in the range. This requirement is caused by 
the method of assignment of the rescale values. The assignment is made by 
the positional order of the rescale values in the list and the system is not nor­
mally aware that a value within the range does not exist. 

(c) The IMGRID System must know the maximum value in the range of 
values to be rescaled. For the simple rescale processes the system will assume 
that the maximum value to be rescaled is 19 or the maximum possible value 
which can be rescaled using the simple rescale procedure. Consequently it is 
only in a few exceptional circumstances that it is necessary to specify this 
control parameter on simple rescales. 

(d) When using the extended rescale processes the maximum value of the 
old value range to be rescaled must be specified as these processes are de­
signed to extend the normal system limits. Without this specification the 
system has no knowledge of the extent of the values to be rescaled and may 
give unpredictable results which are difficult to trace. 
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{e) When using the extended rescale procedures the user is expected to 
specify the format in which the new values are to be read. The section on 
formats described this process. As the IMGRID System assumes that the 
range to be rescaled begins with zero, the format specification must provide 
space for the zero values. In general this implies that the number of fields 
specified will be one greater than the maximum value on the range of values 
to be rescaled. Beware as this is a common mistake. Symptomatically it 
can be identified by the los~ of the next card in the data stream, always a 
keyword card, as the system will read an extra card to find the extra value. 

{f) If a value falls outside the specified rescale range from zero to the 
maximum value specified, the IMGRID System will print an error message 
and assign the rescale value associated with the specified maximum value to 
locations with the error conditions. This procedure permits the user to as­
sign a default value to these error conditions if they occur. On a simple 
rescale the maximum value is set at 19. If this is a significant value which 
should have a different rescale value than the error condition use the 
XRECODE procedure and set the maximum value to 20 to assign a rescale 
value to the error condition. 

Non-Spatial Procedures, Single Element. Within the group of "non-

spatial 11 keyword commands a further distinction is recognized between those 

which address and transform a single data element and those which combine two 

or more. RECODE, REJECT and XRECODE each address an individual input ele-

ment and generate output by direct transformation on an item-by-item basis. 

RECODE and REJECT each accept initial values in the range 0 through 

19. RECODE may be used to assign new values of 0 through 9 while REJECT pro-

vides a simple yes or no distinction through assigned values of 0 and -99. The 

-99 code may be used to actually eliminate cells from further processing. This is 

particularly useful in designating areas of absolute unsuitability or masking the 

boundary of an. irregular study area. XRECODE or extended RECODE operates 

according to a modified input format which, although less convenient than that 

of RECODE or REJECT, is considerably more flexible. Here, any positive or 
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negative integer value may be assigned to any existing item code greater than or 

equal to zero. XRECODE is particularly useful in converting large values to 

smaller equivalents within a manageable map. 

(1) Item specific procedures: RECODE. The keyword RECODE creates a 

new element by assigning new values to a set of old values. The new value is 

associated with the old value by its position in the JR field on the card. When 

continuation variables are specified the subsequent rescale values override the 

previous values if the rescale value is non-zero. The controls are: 

NV Specifies the new element created. 
IV Specifies the old element to be rescaled. 
IU Unused. 
IW Specifies the maximum old value to be rescaled. Values less than 

zero and values greater than IW· wil I be assigned the rescale value 
of IW. The default value of IW is 19. 

IR Specifies rescale values in the range 0 - 9. 

(2) Item specific procedures: REJECT. Within any study area there may 

be conditions which would create abnormal results for a particular analysis pro-

cedure. A typical example is a large water body. It is useful to be able to re-

iect these types of conditions when some of the keyword procedures are invoked. 

Also for some of the keyword procedures it is useful to define a limited subset of 

locations to be processed (e.g., a town or all schools). 

The IMGRID System permits the specification of a reiect condition which 

may be used to eliminate specified locations from some of the keyword procedures. 

The reiect condition is specified by a simple rescale procedure, which creates a 

new data element which can be invoked as it is needed. The rescale values as-

signed on the keyword card are 0 for conditions not reiected and 1 for conditions 
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to be reiected, while the values contained in the new reiect element are 0 for 

locations not reiected and -99 for locations reiected. As this is a simple rescale 

procedure the creation of a reiect condition on a data element with values out-

side the normal range will require a preliminary step using the XRECODE key-

word. 

Careless use of the reiect condition may cause the loss of significant in-

formation in locations reiected. The use of the reiect is a form of binary analy-

sis (e.g., yes or no) and suffers from all the limitations of such analysis. It is 

suggested that in preliminary analysis the reiect condition should not be used 

and the results studied with care before a reiect is specified on subsequent runs. 

Because of the special nature of the values in the reiect condition, the 

use of a data element containing a reiect condition in some manipulative pro-

cedures can cause unpredictable results. This is particularly the case with 

INDEX and MULTPLY. If it is necessary to-process a data element in a procedure 

which does not normally permit a reiect condition it is advisable to use a simple 

RECODE procedure to assign a new value to the reiect condition. The reiect 

conditions will appear as error cells and be assigned the rescale value for the 

error condition. 

The reiect value is associated with the old value by its position in the 

IR field on the card. The controls are: 

NV Specifies the new element created. 
IV Specifies the old element to be rescaled. 
IU Unused. 
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IW Specifies the maximum old value to be rescaled. Values less than 
zero and values greater than IW wil I be assigned the rescale value 
of IW •. The default value of IW is 19. 

IR Specifies the rescale values as follows: 
IR= 0 not reiected, 
IR= 1 reiect condition {stored at -99). 

(3). Item specific procedures: XRECODE. XRECODE creates a new ele-

ment in which the rescale values replace the values in the old element on a one 

for one basis. Using · XRECOD[ elements with values outside the ranges 0 - 19 

can be rescaled and values outside the integer range 0 - 9 can be assigned. 

Thus, 

NV Specifies the new element created. 
IV Specifies the old element to be rescaled. 
IU Specifies a second old element which can be overridden by a non­

zero rescale value to create the new element (default IU = 0). 
IW Specifies the maximum old value to be rescaled. IW must be speci­

fied. The maximum permissible value for IW is 999. 

A format card is automatically read following the keyword card. It speci-

·fies the format for the rescale values which are read from cards immediately fol-

lowing the format card. The 'F' format must be used. It should be noted that as 

the IMGRID System recognizes zero as a valid value the format statement must 

provide IW + 1 locations and the first rescale value replaces the old zero value. 

Data Standardization. The data standardization procedures convert values 

of an unknown range to a defined set of value ranges. There are two standardize-

tion procedures in the IMGRID System and both are based on the statistical prop-

erties of the value distribution in the data element being standardized. 

-i 

' 
j 
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(a) Assuming a unit nor~al distribution, the values are standa~dized using 
the mean and standard deviation of the values. The equation is as fol lows: 

where 

NV= 50 + (OV - XM) (25/SD) 

NV =new value, 
OV =old value, 
XM =mean of old values, and 
SD =standard deviation of old values 

(b) Assuming a uniform distribution, the values are standardized using the 
maximum and minimum of the values. The equation is as fol lows: 

where 

NV= 100 (OV - MN) 
(MX - MN) 

NV= new value, 
OV =old value, 
MN =minimum of old values, and 
MX =maximum of old values 

The NORMAL keyword uses both of these procedures. The mean and 

standard deviation wil I be used unless the other is specifically requested on the 

keyword card. Also, with this keyword the user is not permitted to intervene in 

the setting of the parameters of the standardization. 

The REDUCE keyword only uses the maximum and minimum for the stan-

dardization, but it permits the user to intervene in the process and specify the 

number of intervals, the maximum of the range, the minimum of the range, or the 

relative size of the intervals, or any combination of the former. \A./hen either the 

maximum or the minimum are specified the system adds one to the number of 

levels specified. ff both are specified it adds two intervals. When the minimum 

. I ., 
! 
I 
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is specified the 0 interval represents the values less than the specified minimum. 

When the maximum is specified the highest interval represents the values which 

are greater than the specified maximum. . .. i 

When using the mean and standard deviation about 5% of the values will 

foll beyond the range of 0 - 100. As the unit normal distribution is assumed, the 

extremes are set at two standard deviations either side of the mean.. For display 

purposes thes~ values are standardized to a range of 0 - 11 in both the NORMAL 

procedure and the special option of the REDUCE procedure. The maximum is set 

to 100 and the minimum is set to 0, with ten equal intervals. These standardize-

tion procedures are commonly used to satisfy the range I imit requirements of other 

keyword operations. 

(1) Element specific procedures: REDUCE. A new element is created by 

the REDUCE keyword command by assigning each value in a set of values to an 

interval within the range of the values. The maximum number of intervals per-

missible is 20 and the values in the element created will be in the range 0 - 19. 

The default option is to assign the values to ten equal intervals between the mini-

mum and maximum of the values being reduced. A reiect condition may be speci-

fied which will exclude the cells reiected from the parameters of the reduction 

and return the reiect code in the new element. The controls are: 

NV Specifies the new element created. 
IV Specifies the element to be reduced. 
IU Specifies the element containing the reject condition. 
IW Specifies the option to be used in the reduction process. 

IW = 0 default option, 
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uses ten equal intervals between a maximum of 100 and a 
minimum of 09 (useful for reducing elements which have 
previously been standardized}, 

specify the number of intervals in the range 2-20, 

indicates that the full option set is specified on the fol­
lowing card in the format below: 
Cols. 01-04 
Cols. 05-08 
Cols. 09-14 

Cols. 15-20 

Cols. 21-80 

JPT = 0 or 4 
JPT = 1 or 5 
JPT = 2 or 6 
JPT = 3 or 7 
JPT = 0 - 3 
JPT = 4 - 7 

number of intervals (maximum= 20), 
options as specified by J PT {see below), 
maximum of the range (if specified in 
JPT}, 
minimum of the range (if specified in 
JPT), 
the relative size of each interval (see the 
section on manipulation). There are ten 
real fields of six digits on this card; there­
fore, if the number of intervals is greater 
than ten a second card must be added, with 
the same format but only using Cols. 21-
80. Note: this applied even if J PT is 
less than 4, 
standard option, 
minimum specified, 
maximum specified, 
ma,ximum and minimum specified, 
equal intervals used, 
user speci.fied intervals are used. 

(2) Element specific procedures: NORMAL. NORMAL creates a new ele-

ment by standardizing any set of values on a scale in which the values have a 

range of 0 to 100. A reiect condition may be specified which excludes cells 

reiected during determination of the parameters of the standardization and inserts 

the reiect code into the new element. This process returns two sets of values: the 

first is in the range of 0 - 100, which is stored as the new .element, the second 

is reduced preparatory to a call to the map routine. This second set of values is 

maintained in a buffer and can be displayed by a MAP keyword immediately 
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following the NORMAL keyword. Only a TEXT keyword may be inserted be-

tween the two keywords. The confTols are: 

NV Specifies the new element created. 
IV Specifies the old element to be standardized. 
IU Specifies the element containing the reject condition. 
IW Specifies option to be used in the standardization process. 

IW = 0 mean and standard deviation used to standardize the values, 
IW = 1 maximum and minimum used to standardize the values. 

Non-Spatial Procedures, Multiple Element. The second maior group of 

non-spatial keyword commands includes those which deal with more than one 

input element. Each involves a combination of two or more initial elements on 

a direct overlay basis to create a single output composite. Values are assigned· 

to each cell as a function of two or more independent values associated with that 

coordinate point. Input fc;>rmat may vary according to the nature of the keyword 

process specified. In some cases, this may involve the use of a CONT {continue) 

keyword to extend the input format of a p,receding card. This keyword is used to 

identify continuation cards for the following keywords: RECODE, REJECT, 

OVERlA Y, MA TRIX, and SEARCH. 

(1) Multiple element procedures--non-additive: RECODE, REJECT, 

XRECO~E, REDUCE, NORMAL, and OVERLAY. Each of the previously dis-

cussed single-element manipulation keywords (RECODE, REJECT, XRECODE, 

REDUCE, NORMAL, and OVERLAY) may also incorporate multiple input. RE-

JECT may be extended through CONT cards to address an unlimited number of 

initial data elements. The reject code assigned to a cell in any one of those ele-

ments will designate that cell in the REJECT composite. In order to affect 
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subsequent processing, the final REJECT element itself must then be combined 

with some other element in a later keyword instruction. REDUCE, NORMAL 

and several other keyword operations may be used to incorporate REJECT codes. ., 
I 

! 
RECODE, like REJECT, also allows for an unlimited number of CONT cards. 

Here, the actual value assigned to a cell is equal to that of the most recent non-

zero rescale code assigned to that cell over the CONT card sequence. In this 

manner, a composite suitability evaluation for commercial development, for ex-

ample, might proceed according to logic as follows: Rank each cell according 

' 
to the type of road in that cell; if no road, rank by land use; if no land use, rank 

by soil type. XRECODE allows for a similar process but does not accept CONT 

card extension and is, therefore, limited to one overlay element. A slightly 

different approach is offered through the OVERLAY keyword. Here, the value 

ultimately assigned to a cell is equal to that of the greatest rescale code assigned 

to that cell over a series of CONT card designations. In this case a cell's suite-

bility for commercial development might be computed as "the best of its highway, 

land use or soil conditions." OVERLAY is subject to the same input value limi-

tations as RECODE and, without CONT card input, performs the same data ma-

nipulation functions. 

OVERLAY creates a new element by assigning new values to a set of old 

values. The new value is associated with the old value by its position in the IR 

field on the card. When continuation variables are specified the subsequent 

rescale values override the previous values when the rescale value is greater than 

the previous value. 
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NV Specifies the new element created. 
IV Specifies the old element to be rescaled. 
IU Specifies the number of continuation cards following the keyword 

card in the format specified previously (default is IU = 0). 
IW Specifies the maximum old value to be rescaled. Values greater 

than IW will be assigned the rescale value of IW. The default value 
of1Wis19. 

IR Specifies values in the range 0 - 19. 

Multiple Element Procedures, Additive. Note that each of the multiple-

input procedures described has computed output value through a process of sort-

ing and choosing one of the rescale values initially assigned to.each c~ll. Such 

processes are ··non-additive in that they do not reflect a collective synthesis of 

all contributing values. MATRIX, XMATRIX, MULTPLY, and INDEX are 11addi-

tive" in that they do reflect a synergistic combination of two or more initial data 

elements. Unlike the previous multiple element operations, each must be sup-

plied with at least two sets of input values. MA TRIX uses a single CONT card 

format to identify and recode two elemer:its whose assigned values then define 

the horizontal and vertical axes of an imaginary two-dimensional matrix. Each 

row-column position within the matrix represents a unique pair of item values. 

Recode values may then be assigned to each matrix position so as to redefine 

every input cell according to its particular pair of initial item values. In this 

manner, for example, a site evaluation procedure for commercial development 

might combine highway, land use, and soil considerations not by any standard-

iz~d method of item sequence or value but by a totally flexible system of direct 

assignment to each three value combination. The dual recode MATRIX proce-

dure is also limited to the 0 - 19 input and 0 - 9 output ranges of OVERLAY, 
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REJECT 1 and RECODE. XMATRIX (extended matrix), like XRECODE, provides 

for greater range flexibility through a more complex input format, but otherwise 

provides the same MATRIX ability to address each input cell position according 

to a specific pair of initial item codes associated with that coordinate point. 

Several of the multiple element keyword procedures operate according to 

general rules without explicitly addressing every possible matrix combination of 

initial item values. Given a series of input values associated with each cell in 

a study area, it is possible to call for the total or average value per cell without 

further specification. MULTPLY and INDEX operate in this manner on on 

element-by-element basis, without directly addressing specific item codes • 
• 

(1) Item specific procedures: MA TRIX. MA TRIX creates a new element 

which identifies the relative matrix position of each cell when two elements are 

compared. These elements are rescaled to specify which row or column position 

the old values should identify. The column element is specified on the keyword 

card and the row element is read from a continuation card which automatically 

follows the keyword card. Because of the limits of a simple rescale process the 

maximum number of rows or columns is 9. When larger matrices are involved, 

XMA TR IX is used. 

A 0 row or column generates matrix position 0 for that entire row or 

column. The relative position is calculated as follows: 
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NV= (row value minus one) (IU) plus column value. Graphically the 

positions are: . 

11Row 11 

Value 

1 

2 

3 

4 

5 

1 2 

1 2 

,.5 6 

9 10 

13 14 

17 18 

3 4 11 Column 11 Value 

3 4 

7 8 

11 12 

15 16 

19 20 

In this example the column. (first) element has values of 1 to 4 and the 

row (second} element has values for 1 to 5. JU must be specified as 4 in this 

example. Remember MA TRIX automatically reads a continuation card which con-

tains the rescale value of the row element. 

NV Specifies the new element created. 
IV Specifies the column element to be rescaled. The row element is 

automatically read from a continuation card. 
IU Specifies the number of columns in the matrix. 
IW Specifies the maximum old value to be rescaled in either element. 

Values greater than IW will be assigned the rescale value of IW. 
The default value of IW is 19. 

IR Specifies the rescale values which identify the row and column posi­
tions in the range 0 - 9. 

.I 
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(2) Item specific procedures: XMATRIX. The keyword XMA TRIX creates 

a new element in which the rescale values are identified by two elements which 

define the rows and columns of a matrix. Using XMA TRIX, elements with values 

outside the range 0 - 19 can be. used _and values outside the integer range 0 - 9 

can be assigned •. The maximum number of values in the matrix may not exeed 

999. 

NV 
IV 
IU 
IW 

IX 

Specifies the new element created. 
Specifies the column element. 
Specifies the row element. 
Specifies the maximum value on the column element. IW must be 
specified. The maximum permissible value for IW is 999. 
Specifies the maximum value on the row element. IX must be speci­
fied. The maximum permissible value for IX is 999. 

A format card is automatically read following the keyword card. It specifies the 

format for the rescale values which are read from cards immediately fol lowing the 

format card. The 'F' format must be used. As the IMGRID System recognizes 

zero as a valid value the matrix size is (IW+l) (IX+l ). The format statement must 

provide space for the values of the zero row and zero column. 

(3) Element specific procedures: MULTPLY. The keyword command 

MULTPLY creates a new element by the cell by cell multiplication of two old 

elements. If the result exceeds the limit of 32,000 for any cell the process will 

be repeated with the values scaled down by a factor of 100. This scale down 

process is repeated three times, then the system reiects the entire analysis and 

sets the values in the new element to O. 

·1 
! 

I 
l 
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No reiect condition may be specified on this process. If a reiect condi-

tion exists in one of the elements to be multiplied the results may be unpredict-

able. The controls are: 

NV Specifies the new element created. 
IV Specifies the first old element. 
IU Specifies the second old element. 

(4) Element specific procedures: INDEX. This command operates in a 

similar manner but with considerably greater flexibility and wider application. 

The INDEX keyword probably represents the best overal I procedure for combining 

-the component parts of a logical model into a composite model. This provides 

the greatest opportunity for manipulating multiple input on an element-by-

element basis. Up to20 input elements may be specified through a single INDEX 

format and more may be added through reference to previous INDEX operations. 

The relative value assigned to each cell is computed as the sum of each value 

multiplied by a relative weighting factor associated with each input element. As 

it is common to specify the relative weights of the components as real values with 

the precision of the weight in the decimal place, it is necessary to take precau-

tions to ~void loss of significant digits in the system buffers which are defined as 

integers. Currently the fix-up procedure multiplies the values by 100.00 before 

they are placed in the buffer. This can cause values which exceed the allocated 

space for each value in the buffer. Should this happen the IMGRID System will 

store the value 32, 000 and print an error message. The user can adiust for this 

problem by scaling the values of the weight down by one or two decimal places 

using 0. 1 or 0.01 as multipliers. The large and unpredictable ranges of values 
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produced by INDEX generally are standardized through REDUCE or NORMAL 

for subsequent processing. 

NV Specifies the new element created. 
IV Specifies the old element to initialize the sum (default IV= 0). 
IU Specifies the number of elements in the index. IU must be specified. 

Two subsequent cards are automatically read as follows: 

1st card contains the element numbers of the components of the index. 
The element numbers are read from integer fields of four digits successively 
across the card (2014). 

2nd card contains the weights for each element in the index. The weights 
are read from real fields of four digits successviely across the card (20F4. 0). 

Spatial Procedures, Single Element. The manipulative keywords de-

scribed so far have dealt with the transformation of values on a discrete cell-by-

cell basis such that the output value assigned to a particular row and column po-

sition is in no way dependent upon the initial value of any other row and column 

position. REDUCE and NORMAL reflect an overall frequency and range of 

values over a multi-cell area but never directly address the spatial configuration 

of individual cells. A cell of low density residential development on a medium 

duty road and the qualitative value of a particular ·cell immediately adiacent to 

the ocean, for example, is identic'al to that of a similar cell 200 miles inland 

unless the spatial relationship between that cell and the ocean is somehow taken 

into account. The two final manipulation keywords, SEARCH and ASEARCH, 

provide for a consideration of proximity, quality and quantity in a spatial con-

text. Proximity is measured in terms of integral grid-cell-edge length units as a 

horizontal or vertical component of planar distance between grid-cell centers. 
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Quality and quantity are measured as the total item value of all whole cells 

within a specified proximity of selected coordinate points. 

(1) Item specif~c procedures: SEARCH. The SEARCH keyword is related 

only to proximity and is characterized as .a condition-oriented search {as com-

pared to ASEARCH which is a cell-oriented search}. It is a simple rescale pro-

cess. SEARCH creates a new element which measures the number of eel Is (edge 

to edge) from the condition specified in the simple rescale of the old element(s) 

to every cell in the grid. Output values are computed for each row and column 

position according to its nearest dist~nce to selected geographic areas. The out-

put takes on values_ 0 through 9 representing a series of concentric zones around 

each search "core" to indicate the relative proximity of all surrounding cells. 

The maximum distance is set at 19 cells. 

The results of the search may be rescaled using the RECODE instruction. 

The search value is associated with the old value by its position in the IR field 

on the card. The controls are: 

NV 
IV 
IU 

IW 

IR 

Specifies the new element created. 
Specifies the old element to be rescaled. 
Specifies the number of continuation cards following the keyword 
card in the format specified previously {default is IU = 0). 
Specifies the maximum old value to be rescaled. Values greater than 
IW will be assigned the rescale value of IW. The default value of 
IW is 19. 
Specified the rescale values as follows: 
IR= 0 not searched, 
IR = 1 search condition. 

(2) Element specific procedures: ASEARCH. ASEARCH (additive 

SEARCH), a cell-oriented search, is a manipulative process that computes quality 
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and quantity over a .fixed proximity to individual cells. The process involves an 

additive search around each grid-cell position to sum the total input value of all 

surrounding cells within a specified radius. The. radius defined indicates the 

number of cells that· the search includes in al I four directions from the center 

cell. This is a square search, with the number of cells searched equal to 

{IU* 2+1>2 where JU defines the distance of the search. As it is often unneces-

sary to search every cell, the ASEARCH command may also incorporate REJECT 

to identify cells which are r:-iot to be searched from. The controls are as follows: 

NV Specifies the new element created by the ~earch. 
IV Specifies the element containing the values summed by the search. 
IU Specifies the number of cells being searched from the center cell in 

all directions. 
IW Specifies the options for the search as follows: 

IX 

IW = 0 center cell included in the sum, 
IW = 1 center cell not included in the sum, 
IW=2 

to not yet implemented, 
IW= 19 
IW = 20 a user written subroutine is called a SUBROUTINE USSEAR 

(IW, IB, IE, JB, JE, IA, IB). 
Specifies the element which contains a reiect condition. Default is 
for all cells to be searched when ·IX = O. 

Display Procedures 

Storage and manipulative keywords involve active procedures to modify 

the contents of the data element file. The display and system control keywords 

must be used to effectively make use of these operations, although none actually 

alter the stored information. Most are optional and may be placed anywhere 

within the keyword card sequence without affecting logical structure. The dis-

play keywords include SYMBOL, MAP / SUMMARY, MODEL, TEXT/ENDTEXT, 

I 
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RENAME, and LIST •. Each provides for some type of control over printed output. 

Some involve the use of stored values, independent of those in the data element 

file, while others operate solely on a temporary basis. 

Spatial Graphics Procedures: .SYMBOL. The command SYMBOL provides 

for the creation and storage of up to five specified sets of graphic characters 

which may be selectively applied to map output on an individual map basis. Up 

to 20 characters may be specified in a single set such that each relates to a cor-

responding data item value in the range of 0 through 19. Reiected cells and any 

cells of value greater ·than 19 will appear as blanks on all graphics output. The 

controls are as fol lows: 

NV Specifies the symbolism sets as fol lows: 
NV= 0 is the standard ten level symbolism, 
NV = 1 is twenty level symbolism which prefers the first fifteen 

levels, 
NV= 2 is special symbolism reserved for the current land use set, 
NV = 3 is available for user specification, 
NV = 4 is available for user specification. 

The symbols are read from four subsequ~nt cards, one card for each overprint. 

They are specified in columns 1 - 25 on the card where column one represents 

level zero and column 20 represents level 19. The background symbolism is speci-

fied in column 25. 

Spatial Graphics Procedures: MAP. The actual display of graphic data 

is controlled through the MAP keyword. Each MAP command must specify the 

element to be mapped and symbol set to be used for that particular display. 

Maps may be placed at any point within a keyword sequence to display the cur-

rent contents of any element file location. 
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Displays can.only be made of elements which have values in the range of 

0 - 19. At the base of the display the number of cells outside this range are 

listed as "error" cells. Values outside this range should be processed by either 

a REDUCE or a NORMAL keyword before the MAP keyword is used. 

NV Specifies the element to be displayed. 
IV Specifies the number of levels (or intervals) on the display (default 

is ten levels}. 
IU Specifies symbolism set. See the SYMBOL keyword for the options 

(default is 10 levels at gray symbolism). 
IW Specifies the element containin~ the reject condition. 

A reiect element may also be incorporated into the output display format without 

affecting stored values. 

Literal and Tabular Procedures 

Each of the IMGRID keywords wi 11 produce a certain amount of standard 

output to indicate the order and maior components of each command within the 

programming sequence. Each output display will be printed as MAP and SUM-

MARY commands are enc<;>u11tered within this sequence. In order to annotate this 

structure in the output stream, headings or titles of up to forty characters may be 

assigned to each keyword instruction. MODEL and MAP keyword titles will also 

appear on all graphic output. Additional descriptive text may also be inserted at 

any point in the input sequence by using the TEXT and END TEXT keyword format. 

Up to thirty full cards of information may be included in each TEXT and END-

TEXT package and reproduced directly without affecting actual processing. All 

TEXT input is temporary and must be repeated with .each iob submission. Storage 

and manipulation keyword titles, on the other hand, are automatically stored in 
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an element record file to identify each data element as it is stored, created, or 

redefined. RENAME may be used to assign such element titles directly and the 

LIST keyword may be specified to produce a tabular listing of all titles for se-

lected series of element file locations. 

Single Element Procedures: RENAME. The RENAME keyword assigns a 

new name in the element record file to the element specified as NV. The new 

name is specified in the columns 40 - 79. 

Multiple Element Procedures: SUMMARY and SUMMARY with REJECT. 

The SUMMARY keyword relates to the output of data element values in a tabular 

rather than graphic format. This command summarizes a given set of values over 

any predefined units (e.g., population of towns). The summary can be in two 

forms: either the sum of the values for each unit will be calculated or the fre-

quency distribution of integer values in the element to he summarized will be 

counted. Initial values to be displayed must range from 0 - 19 and a non-

permanent REJECT condition may be incorporated without affecting stored values. 

The controls are: 

NV Specifies the element to be summarized. 
IV Specifies the element to define the units of which NV is. IV= 0 

will cause the summary over the total study area. 
IU Specifies the element containing the reiect condition. IU = 0 will 

cause the summary over all cells. 
IW Specifies the maximum value which occurs in the element specifying 

the units of the summary. IW defaults to 19 and all units with values 
greater than IW wil I be included in the unit number IW. 

IX Specifies the summary options as follows: 
IX = 0 causes the va I ues in NV to be summed over the uni ts, 
IX> 0 causes the frequencies to be calculated. IX must specify 

the maximum value for which the frequencies are to be 



counted. Values larger than IX will be included in the 
count for IX. 
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Multiple Element Procedures: LIST. The LIST command will cause a list 

of the status of each element in the system to be generated. A partial list may 

be obtained as follows: 

IV Specifies the element to begin the list {default IU = 1). 
IU Specifies the element to end the list (default IU =maximum number 

of elements). 

Data Independent Procedures: TEXT. This keyword command permits the 

insertion of descriptive information into the output stream at any point. All text 

is processed as 80 column card images with a maximum of thirty cards permitted. 

The end of the text is specified by a card with ENDT in columns 1 - 4. It , 

should be noted that as the MAP instruction issues a page skip after the bar chart 

any text referring to di.splay should precede the MAP instruction. 

Data Independent Procedures: MODEL. The MODEL keyword performs 

all the functions of the CLEAR keyword (to be discussed in the next section) as 

well as initializing a group of instructions. The IMGRID System simply processes 

the keywords one after another and it is indifferent as to the purposes of the in-

structions. The MODEL keyword is used to separate distinct groups of instructions 

, and it provides a group title for those instructions which fol low it. This is par-

! ticularly useful when a large run is being made as it helps ta understand the aut-
,j 

j put. 

I 
l 
I 
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System Control Procedures 

The fourth maior group of IMGRID keywords includes system control 

operations CLEAR and END. CLEAR deals directly with the overall status of 

internal programming parameters. These include a variety of temporary values, 

conditional options, and logical states set automatically by the programming 

system in order to optimize processing efficiency. With every new MODEL com­

mand or through CLEAR, each of these is reset to a standard default value to 

avoid an accumulation which might affect subsequent processing. While CLEAR 

is seldom used, the END keyword must be included, once and only once, as the 

last IMGRID card in every input deck. END signals the end of the keyword pro­

gram and stores the current contents of the element record file including any new 

symbol sets or new element titles assigned during that run. END also calls for an 

automatic LIST of al I data element titles stored at that point. 

CLEAR resets all working buffers and logicals to their default status. No 

other specifications are needed. END causes the system to cease execution and 

stores the current system parameters in the e I ement record file. No other speci­

fications are needed. 
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APPENDIX D 

MODEL BOOKLETS 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 
ROCK MOVEMENT: FLOW, SLIDE, OR FALL 

This failure involves material in motion which may travel through the air 

by fre~ falling, moving by leaps and bounds, and rolling. It involves material 

which appears to move as a mass, similar to a viscous fluid or it may be a move-

ment caused by finite shear failure along one or several surfaces which are visible 

or whose presence may be reasonably inferred. This failure consists of predomi-

nantly bedrock material. 

The variables and data items identified as important to this mass movement 

type are: 

01 Percent slope 
00 0-3% 
01 3-8% 
02 8 - 15% 
03 15 - 30% 
04 30 - 50% 
05 50 - 65% 
06 65%+ 

02 Parent material 
00 lacustrine 
01 sedimentary rock 
02 till 
03 alluvium 
04 pumice 
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04 

06 

08 

139 

05 basic igneous rock 
06 outwash 
07 organic 
08 aeol ion sand 

Precipitation 
00 low= 00 - 79" 
01 moderate = 00 - 99" 
02 high= 00 - 100"+ 

Subsoil structure 
00 blocky 
01 massive 
02 singular grain 
03 columnar 
04 platy 
05 prismatic 
06 fibrous 
07 granular 
08 crumb 

Substratum 
00 bedrock 
01 sedimentary 
02 igneous-pumice, ash 
03 igneous-basalt 
04 sand 
05 loamy sand 
06 sandy loam 
07 loam 
08 silt 
09 si It loam 
10 sandy clay I oam 
11 clay loam 
12 silty clay loam 
13 sandy clay 
14 silty clay 
15 clay 
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Rock Movement Flow, Slide, or Fall 

2.00 
1.50 
1.50 
1.00 
1.00 

Slope (1) 
Parent- Material (2) 
Substratum (8) ,. 
Subsoil. Structure (6) 
Precipitation (4) 

0000789000000000000 
0900090000000000000 
9909000000000000000 
9609990000000000000 
3690000000000000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 2 
FALLS: SOIL FALL 

140 

The purpose of this model is to evaluate every grid c.ell within the study 

area for its susceptibility to soilfalls. A soilfaU failure is a sub-category of the 

movements termed fol Is. A fol I involves a mass in motion which travels most of 

the distance through the air. This travel includes free fall, movement by leaps 

and bounds, and rolling of rock and debris fragments without much interaction 

of one fragment with another. This failure involves the fall of soil material. 

Soil material is defined as elastic material, including rock fragments, sheared 

bedrock, organic material, etc. The evaluation is to be accomplished by con~ 

sidering the coincidental occurrence of specific physical characteristics that have 

been identified by researchers as characteristics of areas experiencing soilfatl type 

mass movements. 

The variable and data items identified as important to this mass movement 

type are: 

01 Percent slope 
00 0-3% 
01 3 - 8% 
02 8 - 15% 
03 15 - 30% 
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I . 
I : 04 30 - 50% I 

! 
05 50 - 65% 

I: 06 65%+ 
I 

I 

I 03 Position on the landscape 
II! 00 basin 
11 01 lacustrine basin 
1; 

02 bottom land 
o~ alluvial fan 
04 alluvial terrace 
05 outwash terrace 
06 till terrace 
07 pumice terrace 
08 loess terrace 
09 I acustri ne terrace 
10 outwash plain 
11 basic igneous upland 
12 sedimentary u·ptand 

04 Predpitation 
00 low= 00 - 79 11 

01 moderate = 00 - 99" 
02 high= 00 - 100"+ 

06 Subsoi I structure 
00 blocky 
01 massive 
02 singular grain 
03 columnar 
04 platy 
05 prismatic 
06 fibrous 
07 granular 
08 crumb 

09 Profile depth 
00 10-20 11 

01 20 - 30" 
~ 02 30 - 40" .1 
I 

03 40 - 60" 
1 
l 04 60"+ 

1 

1 
I 
I 

I -1 
I 

f 

! 
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Soil.fan Flow, Slide, or Fall 

2.00 
1.50 
1.00 
1.50 
1.00 

Slope (1 )-
Subsoil Structure {6) 
Precipitation (4) 
Position_..on.landsc.ape.(3) 
Profile Depth (9) 

0000369000000000000 
9609990000000000000 
3690000000000000000 
0009300000000000000 
0036900000000000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 3 
SLIDES: SLUMP 
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The purpose of this model is to evaluate every grid cell within the study 

area for its susceptibility to slump. A slump failure is a sub-category of the 

movements termed slides. A slide is a movement caused by finite shear failure 

· along one or several surfaces which are visible or whose presence may be reason-

ably inferred. A slump type slide consists of material in motion which is not 

greatly deformed. The moving mass may consist of one or a few units. The max-

imum dimension of units is greater than displacement between units. Movement 

may be controlled by surfaces of weakness such as faults, bedding planes or 

joints. In a slump, movement is only along internal slip surfaces, which are 

usually concave upward. Backward tilting of units is common. 

The variables and data items identified as important to this mass movement 

type are: 

01 Percent slope 
00 0-3% 
01 3 - 8% 
02 8 - 15% 
03 15 - 30% 
04 30 - 50% 
05 50 - 65% 
06 65%+ 
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Slump 

2.00 
1.00 
2.00 
1.00 

04 Precipitation 
00 low= 00 - 79" 
01 moderate = 00 - 99" 
02 high= 00 - 100"+ 

07 Subsoi I consistence ' 
00 nonplastic po 
01 slightly plastic ps 
02 plastic p 
03 very plastic vp 

09 Profit e depth 
00 10 - 20" 
01 20 - 30" 
02 30 - 40 11 

03 40 - 60 11 

04 60"+ 

Flow, Slide, or Fall 

Slope (1) 
Subsoil Consistency (7) 
Precipitation (4) 
Profile Depth (9) 

0366999000000000000 
9630000000000000000 
9990000000000000000 
0036900000000000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 4 
SLIDES: BLOCK GLIDE 

143 

The purpose of this model is to evaluate every grid cell within.Jhe study 

area for its susceptibility to block glide. A block glide failure i~ a sub-category 

of the movements termed slides. A slide is a movement caused by finite shear 

failure along one or several surfaces which are visible or whose presence may be 

reasonably inferred. A block glide slide involves material which is not greatly 

deformed. The moving mass consists of one or a few units. The maximum dimen-

sion of units is greater than displacement between units. Movement may be con-

trolled by surfaces of weakness such as faults, bedding planes or ioints. In a 
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\ : block glide, movement of a single unit is out and down along a more or less 
I 1 
I 1 

1 ; planar surface of weakness, generally a bedding plane. 
I' 

I 

'1 I The variables and data items identified as important to this mass movement 
11 

\: type are: 

I 
I 
I 
I 
I 
I 
I 
I 
i 
I 

01 Percent slope 
00 0-3% 
01 3 - 8% 
02 8 - 15% 
03 15 - 30% 
04 30 -50% 
05 50 - 65% 
06 65%+ 

02 Parent material 
00 lacustrine 
01 ·sedimentary rock 
02 ti II 
03 alluvium 
04 pumice 
05 basic igneous rock 
06 outwash 
07 organic 
08 aeolian sand 

04 Precipitation 
00 low= 00 - 79 11 

01 moderate = 00 - 99" 
02 high= 00 - 100"+ 

06 Subsoi I structure 
00 blocky 
01 massive 
02 singular groin 
03 columnar 
04 platy 
05 prismatic 
06 fibrous 
07 granular 
08 crumb 
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08 Substratum 
00 bedrock 
01 sedimentary 
02 igneous-pumice, ash 
03 igneous-basalt 
04 sand 
05 loamy sand 
06 sandy loam 
07 loam 
08 si It 
09 silt loam 
10 sandy clay loam 
11 clay loam 
12 silty clay loam 
13 sandy clay 
14 silty clay 
15 clay 

11 Load-carrying capacity 
00 ·1ow 
01 moderate 
02 high 

Block Glide Flow, SI ide, or Fall 

2.00 
1.50 
1.00 
2.00 
1.50 
1.50 

Slope (1) 
Subsoil Structure (6) 
Precipitation (4) 
Parent Material (2) 
Substratum (8) 
Load Carrying Capacity { 11 ) 

0666999000000000000 
9609990000000000000 
9990000000000000000 
0900060000000000000 
0906000000000000000 
9000000000000000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL N.O. 5 
SLIDES: DEBRIS SLIDE 
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The purpose of this model is to evaluate every grid cell within the study 

area for its susceptibility to debris slides. A debris slide is a sub-category of the 

movements termed slides. A slide is a movement caused by finite shear failure 

i 
j along one or several surfaces which are visible or whose presence may be 

I 
i 

I 
I 
J -. 



. 
i 
l 
l . 
' 
' 

I I 

146 

! reasonably inferred. The material involved is natural soil and rock detritus that 
I 
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contains a relatively high percentage of coarse fragments. Other features are 

similar to those of a rock slide. 

The variables and data items identified as important to this mass movement 

type are: 

01 Percent slope 
00 0-3% 
01 3 -8% 
02 8 - 15% 
03 15 - 30% 
04 30 - 50% 
05 50 - 65% 
06 65%+ 

05 Subsoi I texture 
00 sand 
01 loamy sand 
02 . sandy loam 
03 loam 
04 silt 
05 si It loam 
06 sandy cloy loam 
07 clay loam 
08 silty clay loam 
09 sandy cloy 
10 silty clay 
11 cloy 

07 Subsoil consistence 
00 nonplastic po 
01 slightly pastic ps 
02 plastic p 
03 very plastic vp 

Debris SI ide Flow,. Slide, or Fall 

2.00 Slope (1) 0003699000000000000 
2.00 Subsoil Consistency (7) 0963060000000000000 
J .00 Subsoil Texture (5) 6699996363330000000 
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MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 6 
SLIDES: FAILURE BY LATERAL SPREADING 
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The purpose of this model is to evaluate every grid eel I within the study 

area for its susceptibility to failure by lateral spreading. Failure by lateral 

'1
1 spreading is a sub-category of the movements termed slides. A slide is a move-
' 

I 
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ment caused by finite shear failure along one or several surfaces which are visible 

or whose presence may be reasonably inferred. This failure is caused by the 

spreading of softer material beneath firmer material. 

The variables and data items identified as important to this mass movement 

type ore: 

03 Position on the landscape 
00 basin 
01 lacustrine basin 
02 bottom land 
03 alluvial fan 
04 alluvial terrace 
05 outwash terrace 
06 ti 11 . terrace 
07 pumice terrace 
08 loess terrace 
09 lacustrine terrace 
10 outwash plain 
11 basic igneous upland 
12 sedimentary upland 

05 Subsoil texture 
00 sand 
01 loamy sand 
02 sandy loam 
03 loam 
04 si It 
05 silt loam 
06 sandy clay loam 
07 clay loam 
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Failure by Lat­
era I Spreading 

2.00 
1.00 
2.00 
1.50 
1.50 

08 silty clay loam 
09 sandy clay 
10 silty clay 
11 clay 

08 Substratum 
00 bedrock 
01 sedimentary 
02 igneous-pumice, ash 
03 igneous-basalt 
04 sand 
05 I oam y sand 
06 sandy loam 
07 loam 
08 silt 
09 silt loam 
10 sandy clay loam 
11 clay loam 
12 s i I ty clay I oam 
13 ·sandy clay 
14 silty clay 
15 clay 

10 Available water capacity 
00 10+ 
01 7.5 - 10.0 
02 5.0 - 7 .5 
03 3.75 - 5.0 
04 2.0 - 3.75 
05 1.5 - 2.0 
06 < 1.5 

11 Load carrying capacity 
00 low 
01 moderate 
02 high 

Flow, Slide, or Fall 

Substratum (8) 
Position on Landscape (3) 
Subsoil Texture (5) 
Available Water Capacity (10) 
Load Carrying Capacity (11) 

3333399999996669600 
9993333393933393000 
3000960000000000000 
9630000000000000000 
9630000000000000000 
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MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 7 
WETFLOW: DEBRIS AVALANCHE 
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The purpose of thfs model is to evaluate every grid cell within the study 

area for its susceptibility to debris avalanches. This failure is a sub-category of 

the movements termed wet flows. A wet flow is a mass movement for which the 

mass or moving material appears to take a form of a viscous fluid or the apparent 

distribution of velocities and displacements within the moving mass resemble those 

of a viscous fluid. Slip surfaces within the mass are usually not visible or are 

short lived. The boundary between moving mass and material in place may be 

sharp or a zone of distributed shear. The material is unconsolidated at the time 

of flow but may consist of rock fragments, fine granular material, mixed debris 

and water, or plastic clay. A debris avalanche is the rapid failure of an entire 

mass consisting of natural soil and rock detritus. Generally it is quite wet and 

moves as a tumbling flow downward, commonly along a stream channel. 

The variables and data items identified as important to this mass movement · 

type are: 

02 Parent material 
00 lacustrine 
01 sedimentary rock 
02 till 
03 alluvium 
04 pumice 
05 basic igneous rock 
06 outwash 
07 organic 
08 aeolian sand 

I... 
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Debris 
Avalan.che 

2.00 
1.50 
1.00 
1.00 

04 Pree ipitation 
00 low = 00 - 79 11 

01 moderate = 00 - 99 11 

02 high= 00 - 100"+ 

06 Subsoil structure 
00 blocky 
01 massive 
02 singular grain 
03 columnar 
04 platy 
05 prismatic 
06 fibrous 
07 granular 
08 crumb 

Flow, Slide, or Fall 

Slope (1) 
Precipitation (4) 
Subsoi I Structure (6) 
Parent Material (2) 

0033690000000000000 
9990000000000000000 
9369993930000000000 
0900060000000000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 8 
WETFLOW: DEBRIS FLOW 
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The purpose of this model is to evaluate every grid eel I within the study 

area for its susceptibility to debris flows. Debris flow' failure is a sub-category 

of the movements termed wet flow. A flow is a mass movement for which the mass 

or moving material appears to take the form of a viscous fluid or the apparent dis-

tribution of velocities and displacements within the moving mass resemble those 

of a viscous fluid. Slip surfaces .within the mass are usually not visible or are 

short lived. The boundary between moving mass and material in place may be 

sharp or a zone of distributed shear. The material is unconsolidated at the time 
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1 l of flow but may consist of rock fragments, fine granular material, mixed debris 

i 
1 I 

I 

and water, or plastic clay. A debris flow involves material that contains a 

relatively high percentage of coarse fragments and moves as a flow with a high 

water content. 

The variables and data items identified as important to this mass movement 
.) 

type are: 

01 Percent slope 
00 0-3% 
01 3-8% 
02 8 - 15% 
03 15 -· 30% 
04 30 - 50% 
05 50 - 65% 
06 '65%+ 

04 Precipitation 
00 low= 00 - 79" 
01 moderate= 00 - 99" 
02 high= 00 - 100"+ 

05 Subsoi I texture 
00 sand 
01 loamy sand 
02 sandy loam 
03 loam 
04 silt 
05 silt loam 
06 sandy clay loam 
07 clay loam 
08 silty clay loam 
09 sandy clay 
10 silty clay 
11 clay 

08 Substratum 
00 bedrock 
01 sedimentary 
02 igneous-pumice, ash 
03 igneous-basa It 

.! 



04 sand 
05 I oamy sand 
06 sandy loam 
07 loam 
08 silt 
09 si It loom 
10 sandy clay loam 
11 clay loam 
12 silty clay loam 
13 sandy clay 
14 silty clay 
15 clay 

Debris Flow Flow, Slide, or Fall 

2.00 
1.50 
1.00 
1.00 

Slope (1) 
Precipitation (4) 
Subsoil Texture (5) 
Substratum (8) 

0669999000000000000 
9990000000000000000 
3699999666630000000 
3000000009600000000 

MASS MOVEMENT SUSCEPTIBILITY MODEL NO. 9 
FLOW: EARTHFLOW 
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The purpose of this model is to evaluate every grid eel I within the study 

area for its susceptibility to earthflows. Earthflow failure is a sub-category of 

the movements termed flow. A flow is a mass movement for which the mass or 

moving material appears to take a form of a viscous fluid or the apparent distribu-

tion of velocities and displacements within the moving mass resemble those of a 

viscous fluid. Slip surfaces within the mass are usually not visible or are short 

lived. The boundary between moving mass and material in place may be sharp or 

a zone of distributed shear. The materia I is unconsolidated at the time of flow 

but may consist of rock fragments, fine granular material, mixed debris and water, 
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or plastic clay. An earthflow i~ slow to very rapid in velocity involving mostly 

plastic or fine-grained non-plastic material. 

The variables and data items identified as important to this mass movement 

type are: 

I 01 Percent slope 
1; 00 0 -3% 
l 01 3 -8% 

02 8 - 15% 
03 15 - 30% 
04 30 - 50% 
05 50 - 65% 
06 65%+ 

02 Parent material 
00 lacustrine 
01 ·sedimentary rock 
02 ti II 
03 alluvium 

' 04 pumice 
j 

l 05 basic igneous rock 
l 06 outwash 

I 07 organic 
I 08 aeolian sand 

I 04 Preci pi ta ti on I 00 low= 00 - 79 11 

01 moderate = 00 - 99" 
02 high= 00 - 100"+ 

07 Subsoil consistence 
00 nonplastic po 
01 slightly plastic ps 
02 plastic p 
03 very plastic vp 

Earth flow Flow, SI ide, or Fol I 

2.00 Slope (1) 0669999000000000000 
1.50 Precipitation (4) 9990000000000000000 
1.00 Subsoi I Consistency (7) 9963000000000000000 
1.00· Parent Material (2) 0900060000000000000 
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APPENDIX E 

SOIL TYPES AND CHARACTERISTICS OF STUDY 
AREA IN SOUTHWEST THURSTON 

COUNTY, WASHINGTON 

The source for information contained in this appendix is the Type 4: Southwest 
Washington River Basin Study (1974). 

The following definitions apply to terms used in Tables 111, IV, and V. 

I. SOIL TEXTURE 

The relative proportions of the various soi I separates in a soil. The textural 
classes may be modified by the addition of suitable adiectives when coarse frag­
ments are present in substantial amounts. The I imits of the various classes are 
indicated below. 

Sand 

A soil particle between 0.05 and 2.00 mm in diameter. Soil material that con­
tains 85 percent or more of sand; percentage of silt, plus 1.5 times the percentage 
of clay, shall not exceed 15. 

Loamy Sand 

Soil material that contains at the upper limit 85 to 90 percent sand, and the per­
centage of silt plus 1.5 times the percentage of clay is not less than 15; at the 
lower limit it contains not less than 70 to 80 percent sand, and the percentage of 
silt plus twice the percentage of clay does not exceed 30. 
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Sandy Loam 

Soil material that contains either 20 percent clay or less, and the percentage of 
silt plus twice the percentage of clay exceeds 30, and 52 percent or more sand; 
or :S 7 percent clay, :S50 percent silt, and between 43 percent and 52 percent 
sand. 

Loam 

Soil material that contains 7 to 27 percent clay, 28 to 50 percent si.lt, and :S 52 
percent sand. 

Silt 

A soil separate consisting of particles between 0.05 and 0.002 mm in equivalent 
diameter. Soil material that contains 80 percent or more silt and 12 percent clay. 

Silt Loam 

Soil material that contains 50 percent or more silt and 12 to 27 percent clay or 
50 to 80 percent si It and ~ 12 percent clay. 

Sandy Clay Loam 

Soil material that contains 20 to 35 percent clay, ~ 28 percent silt, and 45 per­
cent or more sand. 

Clay Loam 

Soil material that contains 27 to 40 percent clay and 20 to 45 percent sand. 

Silty Clay Loam 

Soil material that contains 27 to 40 percent clay and ~ 20 percent sand. 

Sandy Clay 

Soil material that contains 35 percent or more cl9y and 45 percent or more sand. 
- : 
I 

I., 
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Silty Clay 

Soil material that contains 40 percent or more clay and 40 percent or more silt. 

Clay 

A soil separate consisting of partie-fe'S·~~-0.002 mm in equivalent diameter. Soil 
material that contains 40 percent or more clay, ~45 percent sand, and S 40 per­
cent silt. 

11. PARENT MATERIAL 

The unconsolidated and more or less chemically weathered mineral or organic 
matter from which the solum of soils is developed by pedogenic processes. -

Sedimentary Rock 

A rock formed from materials deposited from suspension or precipitated from solu­
tion and usually being more or less consolidated. 

Till 

Unstratified glacial drift deposited directly by ice and consisting of clay, sand, 
gravel, and boulders intermingled in any proportion. 

Alluvium 

A general term for all detrital deposits resulting from the operations of modern 
rivers, thus including the sediments laid down in river beds, flood plains, lakes, 
fans at the foot of mountain slopes, and estuaries. 

Basic Igneous Rock 

Rock formed from the cooling and solidification of magma, and that has not been 
changed appreciably since its formation. 

L 
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Outwash 

Drift deposited by meltwater streams beyond active glacier ice. 

Organic 

Soil, a soil which contains a high percentage ( :5 15 or 20 percent) or organic 
matter throughout the sol um. 

Ill. SUBSOIL STRUCTURE 

The combination or arrangement of primary soil particles into secondary particles, 
units, or peds. These secondary units may be, but usually are not, arranged in 
the profile in such a manner as to give a distinctive characteristic pattern. The 
secondary units are characterized and classified on the basis of size, shape, and 
degree of distinctness into classes, types, and grades, respectively. 

Blocky 

(1) Blocklike; polyhedronlike, or spheroidal, with three dimensions of the same 
order of magnitude, arranged.around a point. (2) Blocklike; blocks or polyhe­
drons having p[ane or curved surfaces that are casts of the molds formed by the 
faces of the surrounding peds. 

Single Grain 

A soil structure classification in which the soil particles occur almost completely 
as individual or primary particles with essentially no secondary particles or ag­
gregates being present. 

Prismatic 

Prismlike; prismlike with two dimensions (the horizontal) limited and considerably 
less than the vertical; arranged around a vertical I ine; vertical faces wel I de­
fined; vertices angular. Also, without rounded caps. 

·i 
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IV. SUBSOIL CONSISTENCE 

Consistence is a measure of the property of a soil to adhere or cohere or to resist 
deformation or rupture. This property varies with moisture content and is mea­
sured when dry, when wet 1 and about midway between when moist. 

Dry Consistence 

lo = loose, noncoherent 
so =weakly coherent, easily crushes to powder or single grain 
sh =slightly hard, easily broken between thumb and forefinger 
h = hard, can be broken in the hands without difficulty but difficult to 

break between thumb and forefinger 
vh =very hard, can be broken in the hands with difficulty 
eh = extremely hard, cannot be broken in hands 

Moist Consistence 

lo = loose, noncoherent 
vfr = very friable, crushes under gentle pressure 
fr = friable, crushes easily under gentle to moderate pressure between 

thumb and forefinger 
fi =firm, crushes under moderate pressure between thumb and forefinger 

but resistance is distinctly noticeable 
vfi =very firm, crushes under strong pressure, barely crushable between 

thumb and forefinger 
efi = extremely firm, crushes under very strong pressure, ca,nnot be 

crushed between thumb and forefinger 

Wet Consistence 

Stickiness is measured by pressing the wet soil between the thumb and forefinger 
and noting its adherence. 

so = nonsticky; practically no adherence when pressure released 
ss =slightly sticky; after pressure, soil adheres to both thumb and finger 

but comes off one rather cleanly. Does not appreciably stretch. 
s =sticky; after pressure soil adheres to both thumb and finger and tends 

to stretch somewhat before pulli.ng apart from either digit 
vs =very sticky; after pressure, soil adheres strongly to both digits and 

is markedly stretched· when they are separated 
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Plasticity 

Is measured by rolling the wet soil between the thumb and finger and observing 
whether or not a wire or thin rod can be formed. 

po = nonplastic; no w.ke is formable 
ps =slightly plastic; wire forms, but soil mass easily deformed 
p = plastic; wire forms, moderate pressure required to deform soil mass 
vp =very plastic; wire forms, much pressure required to deform soil mass 

The following textural abbreviations and modifiers will be used: 

st = stones and stony I cos = loamy coarse sand 
k = co bbl es and co bbl y sil =silt loam 
9 =gravel and gravelly sci = sandy clay loam 
vsoc = very coarse sand .cl ;::: clay loam 
fsl =fine sandy loam sic I = silty clay loam 
vfsl = very fine sandy loam Is =loamy sand 
I =loam Ifs = loamy fine sand 
si =silt cos I = coarse sandy loam 
cos = coarse sand sl =sandy loam 
s =sand SC =sandy clay 
f s =fine sand sic =silty clay 
vfs =very fine sand c =clay 
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TABLE Ill 

SOIL CHARACTERISTICS OF STUDY AREA: TYPE, 
PERCENT SLOPE, PARENT MATERIAL, AND 

POSITION ON LANDSCAPE 

Series Name 
Mapping Type Percent Parent Position in 
Symbol Sloee Material Landscape 

Chehalis AK ·sic I 0-3 Alluvium Bottom land 
Everson CZ cl 0-3 Outwash Basin 

I Melbourne HA sic I 8-15 Sedimentary Upland 

f 
Rock 

I Melbourne HB sic I 15-30 Sedimentary Upland 

I Rock 

I Melbourne HC sic I 30-50 Sedimentary Upland 
i Rock 
I Meskill HG sic I 8-15 Sedimentary Fan 

Rock 
Mukilteo HR· peat 0-3 Organic Basin 
Newbers JM sl 0-3 Alluvium Bottom land 
Ni squally JS Is · 3-8 Outwash Plain 

Reed LN sicl 0-3 Alluvium Bottom land 

I Reed LP c 0-3 Alluvium Bottom land 
I Rifle LT peat 0-3 Organic Basin 
I Rifle LV peat 0-3 Organic Basin I 
I Kl one MC gsil 0-3 Outwash Terrace 

I Salkum MN sicl 3-8 ·rm Terrace 

I Sauvola NA I 8-15 Alluvium Terrace 

I Semiahmoo NM muck 0-3 Organic Basin 
I Semiahmoo NP muck 0-3 Organic Basin 
! Spa noway PH gsl 0-3 Outwash Terrace 

Wapato RH sic I 0-3 Alluvium Basin .. 
Alderwood TP gsl 0-3 Till Terrace 

Alderwood TR gsl 8-15 Till Terrace 

Alderwood TS gsl 15-30 Till Terrace 

Bellingham TV sicl 0-3 Alluvium Basin 

Bucoda TW sicl 15-30 Basic Igneous Upland 
Rock 

Bucoda TX sicl 15-30 Basic Igneous Upland 
Rock 

Camas TY cl 8-15 Alluvium Terrace 

Camas TZ gl 15-30 Alluvium Terrace 

Cathcart VA gl 8-15 Sedimentary Upland 
Rock 

.i 

i 
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TABLE 111--Continued -

Series Name 
Mapping 

Type 
Percent 

Slmbol Sloee 

Cathcart VB gl 15-30 

Chehalis vc I Q-3 
Everett VM gsl 0-3 
Everett VN gsl , 8-15 
Everett VP gsl 15-30 
Everett VR gsl 30-50 
Everett VT stsl 8-15 
Meskill vv sil 0-3 

Everson vw sil 0-3 
Fitch VY gsl 0-3 
Fitch vz gsl 8-15 
Galvin WA sil 0-3 
Giles WC fsl 0-3 
Lynden WL Is 0-3 
Maytown WP sic I 0-3 
Mc Kenna WR gel 0-3 
Mc Kenna ws gl 0-3 

,. Newberg WW I 0-3 
Norma wx cl 0-3 
Norma WY I 0-3 
Olympic XB stcl 15-30 

Prather xc sicl 3-8 
Prather XD sicl 8-15 
Prather XE sicl 15-30 
Spa noway XJ gsl 8-15 
Spanaway XK gsl 3-8 
Tromp XS fsl 

., 0-3 
Tumwater xv Ifs 0-3 
Tumwater xw Ifs 8-15 

...... ~,,,._....,._ 

Parent 
Material 

Sedimentary 
Rock 

Alluvium 
Outwash 
Outwash 
Outwash 
Outwash 
Outwash 
Sedimentary 

Rock 
Outwash 
Outwash 
Ou two sh 
Alluvium 
Outwash 
Outwash 
Alluvium 
Outwosh 
Ou two sh 
Alluvium 
Alluvium 
Alluvium 
Basic Igneous 

Rock 
Till 
Till 
Till 
Outwash 
Ou two sh 
Outwash 
Outwash 
Outwash 

162 

Position in 
Landscaee 

Upland 

Bottom land 
Terrace 
Terrace 
Terrace 
Terrace 
Terrace 
Basin 

Basin 
Terrace 
Terrace 
Fon 
Terrace 
Terrace 
Bottom land 
Basin 
Basin 
Bottom land 
Basin 
Basin 
Upland 

Terrace 
Terrace 
Terrace 
Terrace 
Terrace 
Basin 
Terrace 
Terrace 

i 
I 
I 
I 
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TABLE IV 

SOIL CHARACTERISTICS OF STUDY AREA: PRECIPITATION 
(INCHES), SUBSOIL TEXTURE, SUBSOIL STRUCTURE, 

AND SUBSOIL CONSISTENCE 

Mapping 
Precipi-

Subsoil Subsoi I Subsoil 
Series Name tat ion 

~ymbol (Inches) Texture Structure Consistence 
, 

Chehalis AK 45-80 sic I Blocky vh, fi, s, p 
Everson CZ 40-60 cl Blocky h, fi, ss, ps 
Melbo~rne HA 45-70 sicl Blocky vh, fi, s, vp 
Melbourne HB 45-70 sic I Blocky vh, fi, s, vp 
Melbourne HC 45-70 sicl Blocky vh, fi, s, vp 
Meskill HG 45-100 c Prismatic V~I fi I VS1 

vp 
Mukilteo HR 40-100 peat Fibrous so, --, so, 

po 
Newberg JM 40-70 sl Blocky lo, lo, so, 

po 
Ni squally JS 45-60 Is Single Grain lo, lo, so, 

po 
Reed LN 45-120 c Blocky ch, fi, s, vp 
Reed LP 45-120 c Blocky eh, fi, s, vp 
Rifle LT 40-100 peat Fibrous so, --, so, 

po 
Rifle LV 40-100 peat Fibrous so, --, so, 

po 
Kl one MC 80-170 vkl Blocky h, fr I SS, P 
Salk um MN 40-60 sic I Blocky eh, efi, vs, 

vp 

I 
Sauvola NA 45-55 sicl Prismatic eh, vfi, s, vp 

I Semiahmoo NM 40-100 peat Fibrous sh, vfr, so, 
I po 
j Semiahmoo NP 40-100 peat Fibrous sh, vfr, so, 
l 
t po I 

! 
; Spanaway PH 45-80 vgls Single Grain lo, lo, so, 

po 
Wapato RH 45-80 sicl Blocky vh, fi, s, vp 
Alderwood TP 50-90 gsl Blocky h, vfr, ss, po 
Alderwood TR 50-80 gsl Blocky h, vfr, ss, po 
Alderwood TS 50-80 gsl Blocky h, vfr, ss, po 
Bellingham TV 33-55 sic I Prismatic h, fi, s, p 
Bucoda TW 45-55 sic I Blocky h, fr I SS1 ps 

l 
~ . ..._ ""'"' _,.,.~ ... 
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TABLE IV--Continued 

Mapping 
Precipi- Subsoil Subsoil Subsoil 

Series Name ta ti on 
Symbol 

(Inches) 
Texture Structure Consistence 

Bucoda TX 45-55 sicl Blocky h, fr I SS1 ps 
Camas TY 40-60 d Blocky sh, fr, ss, ps 
Camas TZ 40-60 gl Blocky sh, fr, ss, ps 

i Cathcart VA 40-50 gl Blocky sh, fr, ss, ps 
I Cathcart VB 40-50 gl Blocky sh, fr, ss, ps 
I 

I Chehalis vc 45-80 sicl Blocky vh, fl, s, p 
I Everett VM 40-55 gsl Massive so, vfr, so, 
I po 
~ 

I Everett VN 40-55 gsl Massive so, vfr, so, 
I po 
I 
j Everett ' VP 40-55 gsl Massive so, vfr, so, 

po 
Everett VR 40-55 gsl Massive so, vfr, so, 

po 
Everett - VT 40-55 gsl Massive SO, yfr I SOI 

po 
Meskill vv 45-100 c Prismatic vh, fi, vs, 

vp 
Everson vw 40-60 cl Blocky h, fi, ss, ps 
Fitch VY 50-60 gsl Single Grain lo, lo, so, 

po 
Fitch vz 50-60 gsl Single Grain lo, lo, so, 

po 
Galvin WA 45-80 sic I Prismatic h, fi, ss, ps 
Giles WC 40-80 fsl Blocky sh, fr, ss, ps 
Lynden WL 50-65 Is Single Grain lo, lo, so, 

po 
Maytown WP 40-70 ., sicl Prismatic vh, fi, s, p 
Mc Kenna WR 45-60 gl Blocky h, fr, ss, ps 
Mc Kenna ws 45-60 gl Blocky h 1 fr 1 SS 1 ps . 
Newberg WW 40-70 sl Blocky lo, lo, so, 

po 
Norma wx 50-60 · sl Massive sh, vfr, so, 

po 

i Norma WY 50-60 sl Massive sh, vfr, so, 
i po ~ 
1 
l 

Olympic XB 45-100 stsicl Blocky h, fi, s, p 
J Prather xc 45-60 sicl Blocky h, fi, s, p 

I· Prather XD 45-60 sicl Blocky h, fi, s, p 
j 

I [, 

-~ 
l.""'.:. ~ 
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Mapping 
Series Name 

Symbol 

Prather XE 
Spanaway XJ 

Spanaway XK 

Tromp XS 

Tumwater xv 
Tumwater xw 
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TABLE IV--Continued -
Precipi- Subsoil Subsoil Subsoil 
tat ion 

Texture Structure Consistence 
(Inches) 

45-60 sicl Blocky h, fi I S1 p 
45-80 vgls Single Grain lo, lo, so, 

po 
45-80 vgls Single Grain lo, lo, so, 

po 
40-60 Is Massive vh, vfl, ss, 

ps 
45-60 Ifs Single Grain lo, fr, so, po 
45-60 Ifs Single Grain Io, fr, so, ps 
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TABLE V 

SOIL CHARACTERISTICS OF SlUDY AREA: PROFILE 
DEPTH (INCHES), AVAILABLE WATER CAPACITY 

(INCHES/PROFILE), LOAD CARRYING 
CAPACITY, AND SUBSTRATUM 

Profile 
Available 

Mapping Depth 
Water Load Carrying 

Series Name Capacity Symbol (Inches) 
(In 4rofile) 

Capacity 

Chehalis AK 60+ +10.0 Moderate 
Everson CZ 40-60 7.5-10.0 Moderate 
Melboµrne HA 40-60 7.5-10.0 Moderate 

Melbourne HB 40-60 7.5-10.0 Moderate 

Melbourne HC 40-60 7.5-10.0 Moderate 

Meskill ·HG 40-60 5.0-7.5 High 

Mukilteo HR 40-60 +10.0 Low 
Newberg JM 6Q+ 3.75-5.0 High 
Nisqually JS 60+ 3.75-5.0 High 
Reed LN - 60+ 7.5-10.0 High 
Reed LP 60+ 7.5-10.0 High 
Rifle LT 30-40 +10.0 low 
Rifle LV 10-20 7.5-10.0 Low 
Klone MC 30-40 3.75-5.0 Moderate 
Salk um MN 30-40 5.0-7.5 Moderate 

Sauvola NA 60+ 7.5-10.0 Moderate 
Semiahmoo NM 40-60 +10.0 Low 
Semiahmoo NP 10-20 3.75-5.0 Low 
Spanaway PH 10-20 3.75-5.0 High 

Wapato RH 60+ 7 .5-10.0 High 
Alderwood TP 30-40 3.75-5.0 High 

{over 
hardpan) 
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Substratum 

sic I 
s (compact) 
Bedrock (sand-

stone and 
shale) 

Bedrock (sand-
stone and 
shale) 

Bedrock (sand-
stone and 
shale) 

Bedrock 
(shale) 

fs (compact) 
s 
s 
c (dense) 
c (dense) 
c 
c 
vgcos 
Till (com-

pacted) 
sic 
c 
c 
g, cob. & 

sand. 
ls 
gfsl (ce-

mented) 
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TABLE V--Continued 

Profile 
Available 

Series Name 
Mapping 

Depth 
Water load Carrying 

Substratum 
Symbol Capacity Capacity 

{Inches) 
·(ln.;i:>rofile) 

Alderwood TR 30-40 3.75-5.0 High gfsl (ce-
(over mented) 
hardpan) 

Alderwood TS 30-40 3.75-5.0 High gfsl (ce-
(over mented) 
hardpan) 

Bellingham TV 60+ 5.0-7.5 Moderate · clay (30-40" 
deep) 

Bucoda TW 40-60 7.5-10.0 Moderate Bedrock 
Bucoda TX 40-60 7 .5-10.0 Moderate Bedrock 
Cafl'.las TY 40-60 7.5-10.0 Moderate gs 
Camas TZ 30-40 5.0-7.5 Low gs 
Cathcart VA 40-60 7.5-10.0 Low Bedrock {sand-

stone and 
shale) 

Cathcart VB 40-60 7.5-10.0 Low Bedrock (sond-
stone and 

' shale) 
I 

l Chehalis vc 60+ +10.0 Moderate sicl 
I Everett VM 20-30 3.75-5.0 High Sand, gravel, 
l cobbles 

I Everett VN 20-30 3.75-5.0 High Sand, gravel, 

1 

cobbles 
Everett VP 20-30 3.75-5.0 High Sandy, grav-

I el, cobbles 
Everett VR 20-30 3.75-5.0 High Sandy, grav-

el, cobbles 
Everett VT 20-30 3.75-5.0 High Sandy, grav-

el, cobbles 

Meskill vv 40-60 5.0-7.5 High Bedrock 
(shale) 

Everson vw 20-30 5.0-7.5 Moderate s (compact) 
Fitch VY 20-30 3.75-5.0 High Sand and 

gravel 
Fitch vz 20-30 3.75-5.0 High Sand and 

gravel 

Galvin WA 60+ 7.5-10.0 Moderate c {dense, 30-
40" deep). 

ii :.;:.-:.:_~ • ~ .. ~ 

1..-:... -
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TABLE V--Continued 

Profile 
Available 

Series Name 
Mapping 

Depth 
Water load Carrying 

Substratum 
Symbol Capacity Capacity 

(Inches) (In/profile) 

Giles WC 60+ 7.5-10.0 High Is {compact) 
Lynden WL 60+ 3.75-5.0 High s 
Maytown WP 60+ +10.0 Moderate sicl 

I Mc Kenna WR 20-30 2.0-3.75 Low Till {ce-
I mented) 
I 
I Mc Kenna ws 20-30 2.0-3.75 Low Til I (ce-

I mented) 
Newberg WW 60+ 5.0-7.5 High s 

I Norma wx 40-60 3.75-5.0 High gfsl (till ce-
I mented) 
I Norma WY 40-60 3.75-5.0 High gfsl (ti 11 ce-
I mented) 

Olympic XB 40-60 5.0-7.5 High Bedrock 
(basalt) 

Prather xc 60+ 7.5-10.0 Low Till {sic) 
Prather XD 60+ 7.5-10.0 Low Till (sic) 
Prather XE 60+ 7.5-10.0 Low Till (sic) 

4 Spanaway XJ 10-20 3.75-5.0 High g, cob., and 
I sand 
l Spanaway XK 10-20 3.75-5.00 High g, cob., and l 

I sand 
Tromp XS 60+ 5.0-7.5 High s 

I 
I Tumwater xv 60+ 3.75-5.0 High s 

I Tumwater xw 60+ 3.75-5.0 High s 
4 

I 
I 
i I 

. i 
I 
I 
I 
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