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SECTION l. INTRODUCTION 

Future expected engineering and explora t ion activities in the oceans 

require development of improved geotechnical information gatheri ng tech­

niques. The approach necessary involves establishing the accuracy of 

laboratory and in-place measurements of sediment properties and investiga­

ting the natural variability of mass physical and engineering propert ies 

within major depositional environments. 

The importance of determining the accuracy and variability of marine 

sediments becomes more evident when one realizes the number of scientific 

and engineering projects that require an answer to such fundamental questions 

as: 

o How representative are laboratory measureme1.ts of the 

true field conditi~ns? 

o How do these sedlment properties vary over a particular 

seafloor area? 

o How should sampling be done efficiently to obtain an accurate 

estimate of the properties over a particular seafloor area? 

Purpose of Study 

The object of this study was to perform a detailed analysis of t he 

variability of geotechnical properties of marine sediments from a specific 

area in the San Dieg0 Trough. The methods applied and the results obtained 

are useful for evaluating data from other sedimentary environments and for 

developing better geotechnical sampling and testing programs. Advanced 

statistical techniques were employed to examine the major sources of 

variability present i n the following mass physical and eng:l.neering properties: 

vane shear strength, water content, saturated unit weight, unit weight of 

solids, void ratio, grain size distribution and Atterberg limitse Statistical 

methods were also used to determine the precision of laboratory and field 

1 



tests, compare laboratory and in-place vane shear measurements, and esta­

blish principal interrelationships between geotechnical properties. 

Specifically, the study was designed to answer the following questions 

pertaining to a !'8rticular relatively uniform, deposit ional seafloor area: 

1. What is the areal and vertical variability of geotechnical 

properties? 

2. What are the principal factors responsible for the variability 

observed in each property? 

3, What is the precision of the measurements for each property? 

4. How representative are laboratory vane shear measurements of the 

true field conditions? 

5. What are the fundamental interrelationships between the geotechnical 

properties and other variables? 

6. How should sampling and testing be conducted to efficiently and 

accurately estimate the properties within a particular seafloor 

area? 

Ocean engineerlng and research projects using seafloor data require 

consid•.!ration of the above questions in view of the large economic and time 

factors associated with seafloor exploration. Examples of ocean engineering 

projects requiring informati on on the geotechnical properties of marine 

sediments include design and construction of offshore structures for 

petroleum production and transfer, seafloor mining systems, underwater 

habitats, and ASW instrumentation arrays. Other programs requiring infor­

mation on seafloor sediments aml their variability include environmental 

impact studies, dredging ope~ations, and coastal baseline studies. 

Data available for analysis were ideally suited for this type of inves­

tigat:i.on and are believed to represent the largest assemblage of core and 

in-place vane shear measurements reported to date for a single, relatively 

small seafloor area. All cores and in-place tests were obtained using 

wckheed' s submersible DEEP QUEST. This not only enabled visual observa­

tion of the seafloor area to be sampled and the environmental conditions 
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present, but also facilitated precise selection of E&mpling stations, 
and accurate determination of their location relative to one another. 
Use of a submersible also permitted undert~king a sampling program appro­
priate for analysis by advanced statistical methods. For example, repli­
cate cores, replicate in-place vane tests, and paired core and in-place 
tests were obtained. 

Previous Studies 

Despite the significant number of studies undertaken to investigate 
sediment properties, only a limited number of investigators have attempLed 
to describe the variability of the data collected. The majority of studies 
in this field are presented in the literature survey by Garcia (1971) 
or referenced in the state-of-the-art reviews by Noorany and Gizienski 
(1970) and Noorany (1972). 

Most recently, Hirst (1973) published findings on the vertical vr ·ia­
bility of in-pl'.',ce shear strength measurements taken in the same San Diego 
Trough seafloor area. Variability results of seven in-place built density 
measurements taken in the Gulf of Maine have been reported by Perlow and 
Ricbarda (1973). Other studies which have investigated the variability of 
geotecbnical properties include Keller and Bennett (1970); Bennett, et al., 
(1970); Hamilton (1969 a, b, c); Holmes and Goodall (1964); Hamilton (1963); 
and, Richards and Keller (1962). 

Work done at the Lockheed Ocean Laboratory related to this study has 
been presented in Simpson and Inderbi tzen ( 1971); Inderbi tzen, et al. , 
(1971); and, Inderbitzen and Simpson (1971; 1972). Also, a publication 
currently is in preparation by Lehigh University which will discuss the 
variability of other geotechnical data collected in the San Diego Trough 
during a four year cooperative Lehigh-Lockheed study for the Sea Grant 
Office (Carius and Richards, in preparation). 



Teat Area 

The San Diego Trough is one of several open basins in the continental 
borderland off Southern California and was presumably formed by faulting. 
Sedimentr,tion within this basin has been sufficient to fill the bas in 
depressions and form a continuous slope southward to where the trough meets 
the deeper San Clemente Basin (Shepard and Einsele, 1962). 

The geot ecr.nical data used for this study were collected in the San 
Diego Trough within a 40 square kilometer area extending from Lat. 32° 31.0 1 N to 32° 36.0 1 N and Long. lt7° 27.o•w to 111° 31.o•w, which is 
approximately 24 km southwest of San Diego, California (Figure 1). Although 
water depths in the area vary from 1100 to 1250 m, the majority of sampling 
stations are at water deptrs of about 1240 m. 

The seafloor area sampled is nearly fl.&.t with bottom slopes of less 
than two degrees as measured from DEEP QUEST. Sediment wit hin the upper 
l.2 m investigated is classified as a clayey silt (nomenclature of Shepa1·d, 1954), and grain size distributions for samples tested indicate particle 
size does not change significantly in either lateral or vertical directions. 
Clayey silt sediments are reported to predominate in the San Diego Trough 
and other nearby basins (Emery et al., 1952}. The sediments within this 
part of the San Diego Trough are derived pdmarily from the nearby conti­
nental land mass rather than having a considerable admixtur~ from the north, as would be the case if sediments were being brought down by turbidity 
currents entering the trough from the north (Shepard and. Einsele, 1962}. 

The area represents a low energy environment. Bottom currents mea­
sured from DEEP QUEST were less than 10 cm/sec. Additional evidence of 
weak bottom currents are the numerous Holothuria present on the bottom 
and the detailed microtopography observed which included hummocks, craters 
and tracks created by benthic organisms. 

For these reasons, although this seafloor area is located relatively 
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close to the coastline in a unique D)rphological zone, it is believed to 

be representative of depositional conditions found at abyssal depths in 

many areas of the world ocean. 

Field Program 

Figure 2 illustrates the sampling stations occupied in the study area. 

Geographical coordinates and water depth for each station are listed in 

Table A-1, Appendix A. A total of 47 stations were occupied on 21 DEEP 

QUEST dives; 67 cores were tested, and 37 series of in-place vane shear 

measurements were made. 

Positions of sampling stations were determined by one of two tech­

niques. One approach employed acoustic pingers emplant ed by DEEP QUEST 

at Sites 1 and 2 (Figure 2) as seafloor reference points. The positions 

of stat-tons close to these known locations were determined by dead reckoning 

between locations of acoustically reflective targets encountered between 

stations. The DEEP QUEST Straza Model 500 CTFM sonar system is capable 

of determining the range and bearing of these frequently occurring tar-

gets (metal cans and otrer reflective debris) to a maximum distance of 

1400 meters. Targets were usually chosen about 500 meters apart to reduce 

sonar ranging errors . 

The second method used to establish the position of sampling stations, 

relative to the surface, involved taking fixes of DEEP QUEST from the 

surface support vessel TRANSQUEST while the submersible was stationary 

on the bottom. Position fixes of DEEP QUEST were obtained with a Helle 

Location System and a Helle Acoustic Transmission Range System which provide 

bearing and range information, respectively. Accuracy of fixes with this 

system relative to the surface vessel is about.:!:. 180 m. The latter method 

was used predominantly during the 1972 and 1973 dives as it was impractical 

to start all dives at Sites 1 or 2, and navigation by bottom targets in 

other sections of the test area was not always possible. 
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In-Place Vane Shear Me surements -
In-place vane shear strength measurements were made at the test 

locations indlcated in Table A-1, Appendix A. A single series of in-place 

tests consists of inserting the vane shear device at one location and per­

for,ming several shear tests, each at a different depth in the sedimen >:; . 

The Sedlment Shear Measurement Device was designed for installation on 

DEEP QUEST and has been described in detail elsewhere (Inderbitzen, et 

al., 1971). The vane thaft has a maximum penetration depth of 132 cm 

below the sediment surface; the rate of vane rotation i.s 12 degrees/mi.nu te. 

The vane is 7,0 cm high and 5.1 cm wide. Resistance to shearing produces 

a strain gauge voltage which is chart recorded lnside the submersible. 

Because the s t rain gauges are ioounted directly above the vane blades, 

friction on he vane shaft has no effect on gauge output. 

Coring Procedurea 

Sediment cores were taken with DEEP QUEST's six-barrel hydraulic 

coring d~vice. A full description of the coring device is available in 

Inderbitzen and Simpson (1972), The 1.52 m long core barrels ar~ cellulose­

acetate-butyrate with an inner diameter of 6.7 cm and an outer diameter 

of 7,3 cm. Cores up to 130 cm in length were recovered by slowly pushing 

the coring tubes past a stationary piston and into the .ediment. Cores 

were capped and sealed upon surfacing of DEEP QUEST, and returned to 

Lockheed Ocean Laboratory in San Diego for analyses. All cores collected 

after 1970 were refrigerated at 6° C immediately after returning from 

&n at-sea operation. 

Laboratory Testill8 

Sediment properties measured at the Laboratory on core samples 

collected included vane shear strength, water content, saturated unit 

weight, void ratio, porosity, unit w~ight of solids, grain size dis­

tribution, and Atterberg limits. A brief description of the laboratory 

teat techniques used is included ln Appendix B. In general, test procedures 

used a.re in agreement with standard accepted techniques. 
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The 

phases: 

1. 

2. 

3. 
4. 

SECTION 2. STUDY APPROACH 

approach taken for this program involved the following four major 

Preliminary Dal ! Review 

Development of Comput er Data Management Systems 

Selection of Statistical Methods 

Results of Statistical Analysis 

Figure 3 illustrates the logical progression of the tasks of th~ 

project and their interrelationships. The first three phases are rliscussed 

within this section of the report. 

Part 1. Preliminary Data Review 

At the onset of this study, the geotechnical data available for statis­

tical analysis consisted of 21 cores and 14 series of in-place vane shear 

measurements collec ted during the 1970-1971 DEEP QUEST dives. Since addi­

tional dives were anticipated in t he same seafloor area as part of other 

Lockheed funded studies, t he firs t t ask was to examine the available data 

and determine how complete it was for the statis t ical analysis planned. 

Review of the data indicated that information roos t lacking concerned (1) 

replicate vane shear measurements, bot h in the field and in t.he laboratory; 

(2) replicate cores within a station; and, (3) paired core and in-place tests. 

Based on this information, sampling and laboratory testing programs 

undertaken as part of Lockheed's 1972-1973 Independent Research programs 

were m::>dified to fill in the existing data gaps . Data obtained during the 

last two years m::>re than tripled the size of the original data bank. Due 

to t he cont;inuous acquisition of core and in-place information, organlzation 

and synthe~is of the data progressed up through the July/August 1973 dives. 

Other parts of the this study phase are described below. 
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Definition of Study Objectives 

l 
Preliminary Analysis of Available Data 

t 
Preliminary Evaluation of Suitable Statistical 
Methods and Models for Analysis of Data 

t 
Identification of Critical Data Missing and 
Re-evaluation of Study Objectives 

Collection of Additional Data 
Data Reduction and Analysis 
Examination of laboratory and 

Field Techniques 
{Performed as part of Lockheed's 
1972-1973 Independent Research 
Program) 

i -·~ 
Keypunch Data 

t 

'V 
Evaluati on of Computer Systems 
and Major Statistical Packages 
Available within ™8C and CAIAC 

Development of Computer Programs 
and Methodology for Storing, 
Sorting, Plotting, and Manipu­
lating Geotechnical Data 

I 

Development of Computer Programs for 
Interfacing Major Subsets of Data 
Stored with Statistical Packages 

t 
Statistical Analysis of Data 

'1t 
Overall Summary of Results and Formulation 
of Final Conclusions 

Figure 3. Flow Diagram of St:udy Approach 
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Bathymetry of Teat Area 

This taak entailed constructing a bathymetric chart for the seafloor 

area sampled and determining the mat accurate locations for the sampling 

and testing stations. 

Bathymetry for the test area was determined by two separate methods. 

The first method involved using only the depth information collected by 

DEEP QUEST to contour the area . Since DEEP QUEST occupied several of 

the same stations on separate dives, multiple depth readings were often 

available. Also, DEEP QUEST is equipped with three separate systems for 

depth determina t ions (up-looking fathometer, depth pressure sensor, and 

the TIPE*); thus, data from these three sources could be compared. 

The second bathymetric chart for the s~afloor area (Figure 2) was 

prepared as part of a joint Iehigh University-Lockheed research effort 

for NOAA's Sea Grant Office. Bathymet r i c cont ours are based on information 

collected on a surface survey conducted by Iehigh University in 1971 and 

data from the latest U. s. Coast and Geodetic survey boat sheet number 

H-8980. Since the latter chart covers the entire area and is based on a 

larger number of data points, it has been adopted as the reference chart 

for the area. 

Relative Position of Tests Within Each Station 

In mat cases, mre than one core or one series of in-place measure­

ments were obtained at each station (see Table A-l). To properly catalogue 

this information and facilitate its use in the statistical analysis, it 

was necessary to establish the relative positions of all in-place tests and 

cores obtained at each station. A separate chart was me.de for each station 

and the positions of each series of in-place tests and cores were plotted. 

Figure 4 illustrates the relative positions of all cores and tests obtained 

itTIPE: Transponder Interrogator Pinger and Echo Sounder 
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at Site l. Several cores and in-place tests were taken at this station, 

as many of the early dives were made at this location in conjunction with 

another project (Simpson et al., 1974). 

Retesting of Sed:iment Properties 

During the laboratory testing program important refinements in 

laboratory methods resulted from comparing the test results obtained by use 

of alternative techniques and equipments. Specific test ioodifications 

made to standard methods are presented in the "IAboratory Core Analysis 

Re~rks Key" in Appendix C. Also, a comput er printout identifying the 

specific test techniques used in each core is provided in Appendix D. 

One significant improvement involved washing the salt from samples 

prior to grain size determination by diffusion of the salt into heated 

wash water. Another improvement resulted from the use of a gas-comparison 

pycnometer for grain density determinations. Acquisition of this instru­

ment greatly increased the accuracy of density measurements and also 

reduced the length of time necessary for testing. In order to maint ai~ 

consistency of results, all previously tested samples were rerun with the 

improved technique in both cases. 

Part 2. Development of Computer Data. Management Systems 

Because of the large volume of data available for this study, it 

became necessary to develop a set of computer routines to store the data 

in a suitable format and manipulate the data for input into the statis­

tical analysis programs. Although the ultimate product of this study is 

the conclusions obtained through the statistical analysis of the data, 9.n 

important segment of the project was the preparation of the geotechnical 

data for generalized analysis by computer. Some of the methods and data 

files developed should have wide application ln the processing, storage, 

and handling of geotechnical data. 
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To accomplish computer processing of the data i t was necessary to: 

l. Design data formate; 
2. develop 1ottwan. for computer file generaMon; 
3. interface these tiles to statistical packages for high 

level anal.ya is; and, 
4. provide for computer listing, plotting and retriev~l of 

special subset groups from the dat a files. 

All existing routines within the Lockheed comput er centers fo~ data 
s torage, manipulation and statistical analys i s were examined for possible 
application to these data. Computer systems within the Lockheed computer 
centers were compared on the basis of memory size requirements, input/ 
output capability, accessibility, turn-around time , plotting capability, 
available statistical packages, cost per hour to operate, and anticipated 
problems in adapting to our data. Based upon this evaluation, it was 
determined that existing programs for statistical analysis could be utilized, 
but new programs would have to be written for data storage and manipulation 
prior to use of the more sophisticated statistical analysis routines. 

A workable fornat with which geotechnical data can be entered and 
stored by high speed digital computers was designed, developed and put 
inti, practice. Efforts for efficient use of computer storage and execu­
tion time were successful. Growth of the record format for additioMl 
variables can be accomplished easily without disturbing the present file 
structure. A series of dat a manipulation and plot routines which interface 
to these formats was written. Routines were developed which prepared 
specified subsets of the data for entry into existing statistical packages. 

The computer system used for the majority of the data pr~cessing was 
the IBM 36o Mod 91. Statistical analyses were also performed on selected 
data sets using the IBM 360-50 and the Tnf>HARE system which ts linked 
to IMSC's UNIVAC 1108 computers. 

Computer Programs Developed 

The new programs, specifically developed for the data used in this 
study, perform the following functions: 

14 



1. Reading, writing ~nd storing data from r.ore samples; 

2. reading, writing, and storing data from i n-place tests; 

3. sorting anl retrieving dR.ta based upon any property 

identification index or coded supplementary item; 

4. forming data matrices appropriate for use in the 

stati s t ical analyses; aud, 

5. plotting dat a. 

Examples of the computer 01.1tput sheets .fer data from core samples 

and in-place te sts are presented in Appendix D. Also included is an 

example of the computer plots which can be generated to ,isplay graphi­

cally : he sediment properties measured in each core as a function of depth 

below t he seafloor surface. 

The data entry and storage fo r mats and the lis t s of ireasurements 

are described in Appendix c. 

Data Processing and Analysis Procedure 

Figure 5 shows an overall picture of the r.otal data processing and 

analysis pr~cedure . The system was developed to provide maximum flexi­

bility for dat a presentation, retrieval, grouping, and calculation of 

various statistica parameters. Two importan t segments of the total 

system are (1) the storage of the raw data onto comput er accessible mag­

netic tape, and (2) interfacing of the s~bset grouped data sets to widely 

used statistical packages, such as t he UCLA Biomedical (BIOMED) routines; 

(Reference Anon) by means of computer oriented mass storage devices. 

Direct interfacing to the BIOMED routines was considered advisable because 

these programs are well documented, are convenient to use, and. encompass 

a wide range of statistical techniques. 

As indicated at t he top of Figure 5, raw data tabulations as compiled 

from the at-sea in-place shear s t rength measurements and the laboratory 
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analysis of the collected core s~mples were entered onto Hollerith cards. 
This was done according to the formats presented in Appendix r,, It is 

believed that these formats are sufficiently general to have a wide ap­
plication as standard formats for the storage of geotechnical data by 
computer. 

The preliminary computer processing segment includes routines which 
generate magnetic tape files containing all raw data and routines which 
generate raw data plots and listings. These routines are for cursory looks, 
data editing, and other general inspection of data for trends, accuracy, 
and completeness. 

The advanced retrieval routines facilitate forming of data subsets 
from the general data files. Definition of complex subsets is possible 
through the input of advanced retrieval request cards to these routines. 
Two classes of the advanced retrieval routines were developed. The first 
of these generates special data arrays and calculates tallies of the data, 
frequency distributions, averages, cross product and correlation arrays 
and other simple statistical parameters. Listings of the raw data of the 
retrieved subsets are printed for manual entry into other computer sys­
tems such as a time sharing terminal. 

The second general class of retrieval routines generates d.~ta files of 
special formats which can be read oy the rout ines ,:>f the BIOMED statis­
tical package written at UCIA. For convenience when using the Lockheed 
computers, the special grouped data file is a temporary file on a fast 
access mass storage devlce. The file exists in the computer's memory only 
until the statistical analysis is complete so that no great number of data 
files with similar data are accumulated over a period of time. This 
also provides for great efficiency since no manual hand.ling of the data 
between the routines is necessary. Consequently, a large number of sta­
tistical analyses may be done with great ease, minimum turn-around ttme 
and maximum efficiency. 

By use of these programs and methods of data coding, it has been 
possible to develop a sophisticated cross-reference system. Data can 
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be sorted and r.etrieved by core or in-place test number, dive or 
station number, project title, date collected, geographical coor­
dinates, water depth, any of the properties or parameters measured, 
and any of the coded supplementary items presented in the "Code and 
In-Place Remark Keys" (Appendix C). 

Part 3. Selection of Statistical Methods 

Although a detailed presentation of the statistical methods used 
throughout the study is outside the scope of this !'E!port, a brief des­
cription of the major methods used is presented below and princ1pal 
references used have been included. 

Where problems were encountered in applying statistical methods 
to certain data sets, a ioore comprehensive description :>f the assump­
tions and limitations of the statistical methods has been .ln~luded. 

~lysis of Variance (ANOVA) Methods 

One of the most powerful statistical techniques used for examining 
the geotechnical data is the analysis of variance. Numerous ANOVA 
mdels were applied to the data sets depending on whether the s•:>urce 
of variation was attributed entirely to random effects, to a specific 
treatment or test procedure, or to a combination of both. Al so, the 
mdels solved r,wo distinct types of problems; (1) those related to 
identifying the magnitude of variation and/or experimental error at 
different stages of a test procedure (nested or hierarchial A.NOVA); 
and, (2) those related to determining if the differences between means 
of two or more groups of data are real or due to chan~e alone (one-way 
and multi-way ANOVA). A detailed description of these models and their 
uses in geological studies is available in Krumbein and Graybill (1965) 
pages 191-216, and Miller and Kahn (1965) pages 134-183. 

A part1cula1· advantage of using the nested ANOVA for examinlt1o 
geotechnical data is that it can provide simltaneous answers to 
several questions. For example, a three level nested AlfOVA ha.ving the 
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structure shown in Table l can be used to partition the total 

variability into four components: test depth effects, station location 

effects, core location effects, and replicate measurement effects. 

Table 1. Structure of Three IA!vel Nested ANOVA 

Test Depth Interval 1 

I I 
Test stations within 1 2 
dept h interval 

J, J. 
Cores within stations/ 

n 

within depth interval 
1 2 3 4 . . . . . . . . . . 
I I I I 

Replicate measurements 
a b C d 

within cores/within stations/ 
i i i i 

within test depth interval aj bj cj dj 

In interpreting the anal ysis of variance tables presented in the 

various sections of this report, "source of variation" refers to the 

class of differences being tested (e.g., differences between measurements 

from different test depth intervals; different test statio~s; different 

cores). The "degrees of freedom" relate to the number of mea1mrements 

involved and the "mean squares" is the sum of squares divided by the 

degrees of freedom. In particular, the error mean sq·lare represents 

the smallest source of variabili ty present for each ANOVA performed. 

In the single and multi-factor ANOVA models, the variance F ratio 

is computed by dividing the mean squares between classes by the error 

mean square and is used as the criterion for testing the null hypothesis 

that the population means are the same in all classes. The F ratio is 

determined to be significant if it is greater than the values ~rom the 

F distribution table. 

In the case of the nested ANOVA moiel, the F ratio is also used 

except that it i s obtained by dividing the mean squar~ for the 
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"source of variation11 in question by the mean square of the next level 

in the ANO/A table. Excellent texts discussing the details of the 

calculations for the various AN<NA mdels are Sned~cor and Cochran 

(1967), Krumbein and Graybill (1965), Sokal and Rohlf (1969), and 

Miller and Kahn (1965). 

Tests on Assumptions of ANOVA and Multiple Comparison Procedures 

In conjunction with the application of analysis of variance methods, 

several other statistical techniques were required to (1) evaluate the 

basic assumptions of ANOVA; (2) extend the results of the ANOVA to deter­

mine components of variance; and, (3) perform multiple comparisons. 
t 

Tests were conducted to establish normality of data when in question, 

as well as to test the homgeneity of the variances (Bartlett's test). 

These standard tests are presented in Sned.ecor and Cochran (1967). 
A detailed discussion of the assumptions of ANOVA is presented in Sokal 

and Rohlf (1969) Chapter 13. 

In addition, since the analysis of variance establishes only if the 

variability differences are significant and estimates the magnitude of 

the variability present, multiple comparison techniques are req~ired to 

identify which of the means compared (when more than two are tested) are 

not •from the same population. In this study, Newman Keul's Procedure 

was used for this purpose. This procedure and other multiple comparison 

methods available are also discussed in Snedecor and Cochran (1967) . 

Linear Partial and Multiple Correlation 

Correlation methods were used to determi ne the degree of association 

between two or more independent variables. The correlation coefficients 

calculated were om.pared to values in statistical tables to find the 

probability of obtaining a value as large or larger than the calculated 

coefficient. By this procedure, associations between variables were 

determined to be either significant or not. Although correlation coef­

ficients are valuable for examining linear relationships between variables, 
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they do not necessarily imply a cause and effect relationship. The 

interpretation of the correlation coefficient has to be evaluated in 

terms of the actual physical interaction between the variables considered. 

A detailed discussion of the topic of correlation is presented in Snedecor 

and Cochran (1967) Chapters 7 and 13, and in Sokal and Rohlf (1969) 

Chapter 15, 

Simple and Multiple Regression 

Stepwise regression analysis methods were used extensively (1) to 

investigate the degree of dependence between the independent and depen­

dent variables; (2) to rank independent variables in order of their 

importance; (3) to determine the best predictory equations for the JOOst 

interesting geotechnical parameters; and (4) to exa.mine the nature of 

the residuals after the effects of the independent variQbles had been 

taken out. Readers are referred to Draper and Smith ( 1966) for one of 

the best presentations on stepwise regression analysis. 

Although use of curvilinear regressior1 techniques was originally 

considered as possibly necessary in the analysis, examlnation of the 

data showed that linear regression was adequate in most cases. In 

those instances where the geotechnical parameter exhibited~ non-linear 

trend, such as in the water co:1tent versus depth, logarithmic transfor­

mation was used to correct the non-linearity. 

One important aspect of the regression analysis performed for this 

study is that for each successive regression equation obtained, appro­

priate statistical tests were conducted to verify its significance, 

est&bli~h the confidence limits of the equation and the various regression 

coefficients, and determine if the regression model used was adequate. 

For the simple regression analysis, computer programs developed by 

IM3C were used. For the multiple regression analysis the forward step­

wise regression program (BMD02R) from the UCLA Biomedical Statistical 

Library was mdified for use with our data. The Biomedical regression 

program has capabilities important for examining a large number of 
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independent variables, performing transformations of original variables, 

generating new variables, and ex&mining the residuals. Another valuable 

capability of the BIOMED regression program ts the plotting of residual 

values: these are essential for interpreting the suitability of the 

regression ioodel and detecting gross errors in the data. 

Other Methods 

Several other multivariate statistical methods, such as cluster and 

factor analysis, and trend analysis, were considered for application. 

These, however, were not used since the techniques described above were 

found to be adequate for the quantity and type of data available. 

Two possible techniques which might be valuable in further inves­

tigations of t hese data are Analysis of Covariance and Analysis of 

Principal Components. Due to limited time, these methods were deferred 

for future studies. 
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SECTION 3, RESULTS OF STATISTICAL ANALYSIS 

In order to simplify the discussion of statistical methods and results, 
major problem areas and study objectives have been categorized under the 
following six topics: 

1. Descriptive Sample Statistics 
2. Test Method Variability 
3. Comparison of Different Test Methods 
4. Areal and Vertical Variability of Sediment Prop rties 
5. Multiple Relationships of Geotechnical Properties and 

Predictory Equations 
6. Development of Sampling Criteria 

In discussing each topic, consid~ration is given to the following items: 
(a) identification of specific questions to be answered; {b) ·~ta sets avail­
able for answering questions; (c) statistical methods and ioodels used to 
analyze the data; and, (d) discussion of results derived from statistical 
analysis. 

Part l. Descriptive Sample Statistics 

The purposes of this study part were to (l) summarize the sample sta­
tistics for each sediment property and thus pruvlde an overview of the general 
characteristics of the data; (2) briefly describe the manner in which the 
sample statistics have been presented and the advantages of having the data 
available in this form; and, (3) illustrate some uses • f these results. 

Analysis of the data involved the following: (a) computing for each pro­
perty,sample means, standard deviations, coefficient of variation and correla­
tion coefficients; lb) identifying possible trends between the computed 
sample mean and variance for each sediment property and test depth; and, (c) 
comparing the relative variability (coefficients of variati.on)obtained for 
the sediment properties considered. 

Statistical Parameters •)f Sediment Properties 

Sample means, standard deviations, and ranges calculated for all laboratory 
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and tn-place measurements made in the upper 130 cm sediment depth and through­

out the test area are presented ln Table 2. In addition, means, standard 

deviations, and coefficients of variation for all properties analyled are 

compiled in Tables E-1 through E-6, Appendix E, for test depth intervals of 

10 cm, 20 cm, 50 cm, and the entire test depth range. These tables can be 

used to compare sediment property statistics and identify changes of ~ans 

and variances with test depth. 

Figures E-1 through E-15, Appendix E, contain mean values for sediment 

properties plotted at the various depth intervals. These graphs help to 

identify significant linear and nonlinear trends present and indicate how 

the size of the test depth intervals relates to trends in the r~sults. 

To complement trend information presented in the above figures and 

tables, the correlat ion coefficients (r) and coefficients of determination 

{r2 ) were calculated for each sediment property as a function of test depth 

and are presented in Table 3, The correlation results are useful for con­

firming linear relationships between any of the examined sediment properties 

and test depth. 

The sample mean represents the best estimate of the population mean for 

the particular sediment property considered, and the standard deviatio~ is the 

best estimate of the population variance or average spread of the individuals 

in the population. The ability of the sample means to characterize the 

population mean values is determined by whether the population variance is 

small or large. 

One accepted re t hod for evaluating whether th~ v riability is small 

or large is to comput e the coefficient of variation which is the ratio of 

the standard deviation to the sample means. Tables E-3 ~nd E-6 list the 

coefficients of variation for the entire sediment depth range, as well as 

for the 10 cm, 20 cm, and 50 cm intervals. Note the significant difference 

between coefficients of variation for the smaller test depth intervals 

versus the interval for the entire test depth range. 

The standard deviations computed for the entire test area and sediment 

depths investigated estimate the tot al variability present for each sediment 

property measured. This total variability includes {a) test depth effects; 

(b) lateral or areal effects; (c) test methods effects; and, (d) natural 

24 

. I 

. ) 



I .. 

1. 
1. 
1. 

1. 

I. 
f. 

f. 
L 

or inherent variability of each sediment property. A full discussion ~f 

these sources of variability is presented in sections to follow. Assuming 

that the component · of variability contributed by each of the above sources 

is S(Dflll, then the standard deviation also can be expected to be relatively 

small. This is illustrated by the standard deviation of saturated unlt weight, 

unit weight of solids, and porv~ity measurements shown in Table 2. If, on 

the other hand, the variability contributed by one or DX>re of the above factors 

is significant, then the standard deviations will reflect this. As an 

example, note the larger standard deviations for the water content and in-

place and laboratory vane shear measurements given in Table 2. 

To obtain better estimates of the sample means and variances, sample s t atis­

t ics were computed f or measurement s grouped into smaller t es t dept h int ervals. 

This approach has some definite advantages. By presenting the sample sta-

tistics as a func t ion of the size ot' the test depth interval, it enables 

the user to compare sample means and variances and establish those sediment 

depths where the mean and standard deviations change significantly. Also, 

confidence limits for the sample means and variances can be computed for any 

depth interval. As an example, the 95 percent confidence limits of the 

mean in-place vane shear strength for the 0-130 sediment depth are presented 

below. 

Where: 

Therefore, 

s s 

x-t ( ) -~.u.~x + t ( ) -
.05 n-1 yn' r- .05 n-1 yri' 

(1) 

~ = Population mean for the in-place vane shear strength 

X = Average in-p~ace vane stren6th which is eq~al 

t o 54 . 4 g/ err. 

s = St andard deviation for measurements within the 0-130 cm 

t est depth i nterval, which is equal to 27,7 g/c~ 

n = Number of meas~rements, within 0-130 cm test depth 

interval, which is eq·1al t o 250 

t value at the 95% confidence level obtained from 

Student's t -distribution for (n-1) degrees of 

freed,)m. t .05(249) = 1.96 

95t confidence lim.lts of sample mean are 

54.4 ~ (1.96) ( :~l) = 54.4 + 3.43 g/cm2 
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Table 3. Correl~tions Between Measured Properties and Sediment 
Depth {Depth Interval 0-130 cm) 

------------------------
Coefficient of 
Correlation (r) 

Coeffi cient of De-
Soil Proper ty termination (r2)(i) 

In-place vane shear strength .908 82.4 

Lab vane shear strength-original .895 8o.l 

Log (lab vane shear strength-orig) . 825 
e 

68.1 

Lab vane shear strength-remlded .824 67.9 

Log (lab vane shear strength-
e rem.) . 734 53.9 

Water content - .816 66.6 

Loge (water content ) - .871 75.9 

Saturated unit weight .736 54.2 

Porosity . 683 46.6 

Void ratio - ,756 57.2 

Uni t weight of solids .296 8.8 

Median grai n size NS 

'½_-25th percentile NS 

Q
3
-75th percentile NS 

Sorting (Q1-Q3/ 2) NS 

i sand NS 

i silt NS 

i clay NS 

Plastic limit NS 

Liq~id limit NS 

Plasticity index NS 

Ko. of 
Values 

250 

375 

375 

375 

375 

375 

375 

176 

176 

176 

176 

118 

118 

118 

118 

118 

118 

ll8 

25 

25 

25 

Note: Correlation coefficient s l i sted are significant at the 95% coafidence 

levels. 

NS - Correlation coefficien t is not significant. 
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Second, by decreasing the size of the test depth interval over which 

measurements are grouped, the variability contributed by test depth effects 

is essentially reiooved. Thus, assum.ing that the variability contributed by 

other sources is approximately the same for all test depths, by comparing 

standard deviations obtained for a 10 cm interval versus the total 130 cm 

test depth range, one can obtain a preliminary idea of the variability con­

tributed by test depth effects. For example, standard ieviations of in-place 

vane shear measurements within the 0-10 cm sediment depth and the 0-130 cm 

test depth range are 6.3 g/crr?-, and 27.7 g/cm2 , respectively (see Tables 

E-2 and E-4). Therefore, the variability contributed by lateral effects, 

test method precision and natural variability only represents approximately 

25 percent of the total variability calculated for the 0-130 cm sediment 

depth range. The other 75 percent apparently is contributed by test depth 

effects. The validity of the assumption ma.de above also can be examined by 

ascertaining if the standard deviations for the in-place vane shear measure­

ments listed in Table E-2 change significantly between one sediment depth 

interval and the next. 

A third important aspect of examinin3 the sample statistics as a func­

tion of test depth interval size is that as the interval size is increased 

it has the effect of filtering noise from the data and in certain ins t ances 

mre clearly illustrating existing trends. An example of this is presented 

in Figures E-1 and E-3 for the vane she~r values. Average values plotted 

for the 10 cm interval size indicate a step-function trend between shear 

strength and sediment depth. This step-like behavior though present in the 

graph for the 5 cm interval size is not easily detected. Also, in the 20 cm 

interval size plot, the trend is lost by averaging over too large an interval. ,! 
Thus, the interval size over which sediment property values are averaged is 

of important consideration when attemptin3 to establish trends in the data. 

Trends Between Sample Means and •~Depth 

Trends for those sediment properties exhibiting significant correlation 

coefficients with test depth are briefly SUi.111D,~rized below. Results are based 

on the 5 cm depth interval profiles 1~hown in Figures E -1 through E -15. 

(a) In-place vane shear strength - Increases linearly with sediment depth. 
Change in slope occurs at approximately 
20 cm depth. 

28 
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(b) Lab. vane shear strength -
(original) 

I ncreases linearly with sediment depth. 
Change in slope occurs at approximately 
20 cm depth. 

(c) Lab. vane shear strength -
( Remolded) 

Increases linearly with sediment depth. 
Change in slope occurs at approximately 
50 cm depth. 

(d) Water content 

(e) Saturated unit weight 

( f) Pores i ty 

(g) Void ratio 

(h) Unit weight of solids 

- Decreases nonlinearly in the first 
60 cm of sediment depth, thereafter 
decreases linearly with depth. 

- Increases nonlinearly in the first 
6o cm of sediment depth, thereafter 
remains essentially constant. 

- Decreases linearly with sediment depth. 

- Decreases nonlinearly in the first 
6o cm of sediment depth, thereafter 
remains essentially constant. 

- Minor linear decrease in the first 
40 cm of sedimen t , thereafter remains 
essentially constant. 

Trends Between Sample Variances and Test Depth 

Investigation of the variances or standard deviations computed for 

each sediment propert y at 10, 20, and 50 cm test depth intervals (Tables 

E--2 and E-5) demonstrated that the magnitude of the var~ance for in-place 

and laboratory vane shear measurements and water contenL determinations 

changed noticeably with sediment depth. For the vane hear parameter the 

variability of the ~asurements i ncreases with test depth, and for the water 

content the variability of t he measurements decreases with test d·~pth. The 

variability of t he measurements for the other sediment properties examined 

do not change significantly with tes t dept h. 

The larger s t andard deviat ions obtained for t he water content measurements 

in the upper 20 cm of sediment depths we~2 expected as the water content values 

change significantly with slight changes :r. sediment depth in this depth ran~e. 

The increase in the variabili tJ of shear strength measurements with test 

depth is believed to be directly related to the i ncrease in the mean shear 

strength values. In other words, t he absolute magnitude of the standard 

deviation is increasing wi t h test depth since the range of shear strength 

values is also increasing. However, if one examines the relative variability 

29 



(i.e., coefficient of variation) for the vane shear measurements (Table E-3 

and E-6) one notices that in fact the ratio of the standard deviation to the 

mean is decreasing with sediment depth. This is illustrated in Table 4 for 

the laboratory vane shear measurements (original test). 

Table 4. Comparison of Absolute and Relative Variability for 
Laboratory Vane Shear Measurements (original test). 

Depth Absolute Variability Relative Variability 
Interval (Standard D~viation) (Coefficient of Variation) 

(cm) (g/cm) <i) 
0-20 6.9 61.7 

20-40 9.8 30.6 

40-60 11.l 23.2 

60-8o 9.8 16.5 

8o-100 11.9 17.7 

100-120 12.7 17.4 

Relative changes in the variance with test depth for all sediment pro­

perties investigated were examined through the coefficient of variation values. 

These results are presented in Tables E-3 and E-6. 

The importance of recognizing or identifying these variance trends is 

that they provide insight for the development of roore meaningful regression 

models for predicting these properties (Draper and Smith, 1966, pp. 86-91). 

Also, knowledge of the variability of each property at partic~lar sedi­

ment depth intervals enables determining the number of samples or tests 

required to estimate the population mean for any confidence level desired. 

A ioore thorough development of the subject on design of sampling and laboratory 

test programs for geotechnical properties is presented in Part 6. 

Comparison of Variability Differences for Sediment Properties 

Coefficients of vari~tion for each sediment property presented in 

Tables E-3 and E-6 are graphically Sl.unmarized for the 20 cm, 50 cm, and entire 

sediment depth investi~ated in Figures 6 and 7. From these figures o~e can 

easily identify those sediment properties. with high or low standard deviation 

to mean ratios. These figures also enable establishing the trend of the 

l, 

. l 
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(. 

coefficient of variation as size of test depth interval increases. 

Over the entire test depth range investigated, sediment properties 

exhibiting the highest relative variability are grain size quartiles, vane shear 

strength and percent sand. Medium range variability was exhibited by median 

grain size, water content, Atterberg limits, void ratio and percentages of 

silt and clay. The lowest variability was observed in s~turated unit weight, 

unit weight of solids, and porosity. 
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Part 2. Test Method Variability 

The principal objectives of this part of the study were to: 
(a) establish the test method variability for each of the geo­

technical properties measured, 
(b) determine if the test method variability exhibited any trends 

with test depth, 
(c) compare the relative magnitude of test method variability for 

the geotechnical properties measured. 

The test method variability is the smallest variability that can 
be determined for each sediment property analyzed. Since multiple mea­
surements of a single sediment property are not always possible on the 
same sediment sample, this variability is obtained by testing replicate 
samples or samples sufficiently close to each other to represent the same 
population. Therefore, the test method variability consists of two com­
ponents: (1) inherent or natural variability of the sediment property 
being measured; and, (2) precision of the test method used; 1 . e., its 
ability to produce the same results assuming the same sample could be 
tested repeatedly. 

Estimates of the test method variability for in-place and laboratory vane shear measurements were obtained by statistically analyzing results of 
replicate vane shear tests. The variability of the in-place vane shear test method was also evaluated using results of vane tests taken reasonably close to each other, which represent another form of replication. 

For grain size, saturated unit weight, and water content properties, 
no replicate measurements were made. Thus, the statistical analysis is based 
entirely on tests conducted in cores taken adjacent to each other. Table 
A-1 lists all cores and in-place tests obtained within each station. 

In-Place Vane Shear Tests 

Two separate approaches were employed to determine the variability of the in-place vane test method over the entire sediment depth investigated. 
In the first approach, a single classification analysis of variance 
(ANOVA) was used to examine the two series of replicate vane tests 
conducted at test stations 2-166 and 1-167, Seven replicate tests 
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were obtained at each test station in sediment depths varyin~ from 7 to 123 cm. 

Since replicate tests conducted at each station were less than 1 meter apart, 

test results are assumed to represent the same population. 

Structure of the analysis is shown in Table 5. Results of the analysis 

of variance are given in Table 6. Terms used in the analysis of variance 

table were explained earlier. 

Table 5. Structure of Analysis 

[ 
in-place vane meas. #1 

Test depth (z1)/Station (Xi)-------1 
in-place vane meas. #2 

-~----t[ in-place vane meas. #1 
Test depth (Zn)/Station (Xn) - -

in-place vane meas. #2 

Table 6. Analysis of Variance (1) 

Source of Variation 

Between replicate pairs 

Within replicate pairs 
(error) Total 

Degrees of 
Freedom (df) 

13 
14 

27 

Mean Square 
(MS) 
1637.9 

53.5 

Pair #1 

Pair#l4 

F ratio 

30.61~ 

~F ratio is significant at 99' confidence l~vel (i.e., probability of obtaining 
as high a ratio by chance alone is less than 1i). Tab~e value for 
F.01(14,14) = 3•7o 

Discussion: The mean square value (MS) for the "within replicate pairs" is 

the smallest variability measureable in the in-place vane shear data, based 

on the differences observed within each replicate pair of measurements. There­

fore, the test method vart abili ty is directly obtained from the MS value for the 

"within replicate pairs". Results indicate that the variance (s2) for a 

single in-place vane test is equal to 53.5 grr?-/cm4 and the standard deviation 

(s) is equal to 7.3 g/c~. Knowing this information, the precision of a 

single in-place vane test,over the test depth range examined, can be estimated 

for any desired confidence level. This is illustrated later in this section. 

35 



Another conclusion obtained from the analysis of variance 

results is that the variability "between replicate pairs" is significantly 

greater than the variability within each pair of replicate tests. This 

implies that at least one of the replicate pairs differs significantly from 

the rest. The high F ratio obtained also indicates that some other major 

source of variation ls present in the "between replicate pairs" class that has 

not been accounted for. In this design, a high F ratio was expected because 

the MS for the "between replicate pairs" includes effects due to the differ­

ence in the locations of station 2-166 and 1-167, and more importantly, 

effects due to differences in test depths. 

The second approach used for estimating the in-place test method 

variability consisted of examining all vane shear measurements within each 

station made at approximately the same test depth. Lateral distances between 

vane tebts at a station varied from about l meter for test pairs termed 

replicates, to as much as 30 meters for those termed adjacent. Both replicate 

and adjacent tests were used in this analysis. The purpose of this investi­

gation was to determine how closely the variability of the test method could 

be estimated using vane test results from more widely spaced locations. 

A two-level nested ANOVA with unequal sample sizes was used to examine 

the data. A description of this spe~ial design is presented in chapter 10 

of Sokal and Rohlf (1969). For purposes of brevity, the structure of the 

analysis and the analysis of variance table have been om:!.tted. 

Discussion: The variance or MS value for the in-place tests within 

stations was determined to be 114.8 based on 65 degrees of freedom. The 

stand.a.rd deviation of an in-place vane test calculated from this is equal 

to 10,7 g/crsi!,., which agrees closely with the 7,3 g/crrl!- value obtained when 

only the replicate vane shear measurements were considered. The F ratio 

computed using the error mean squares of the two ANOVA indicated that the 

variances were not significantly different at the 9~ percent confidence 

level (Fratio= 114.8/53 _5 or 2.15). It is therefore concluded that for the 
seafloor area investigated, a good estimate of the in-place vane test method 
variability could have been derived from measurements taken at locations 

more widely spaced within each station. 
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Precision of~ Single In-Place Vane Test 

One of the major benefits of having established the variability of 

the test method is that the precision of a single test can be estimated 

for any confidence level desired. From the results shown in Table 6, the 

absolute and relative precision of a single in-place test were determined 

using the following expressions: 

Absolute Precision + t 
= - (df) 

where 
V ' MS(error) (2) 

The t value is obtained from Student's t distribution for the degrees 
of freedom indicated and the confidence level desired. 

Relative Precision 

Absolute Precision 
= Average in-place vane 

strength for sediment 
depth of interest 

X 100 (3) 

Discussion: Absolute precision of a single in-place vane test at the 95~ 
2 confidence level was determined to be 15,7 g/cm. Using the average in-

place vane strength of 54.4 g/cm2- given in Table E-4 for the 0-130 cm sediment 

depth range, the relative precision of a single test was ca.lculated to be 2~. 

Changes in the Test Method Variability with Test Dep:h 

Although an estimate of the test method variability for a single in-place 

test over the entire sediment depth interval was presented in Table 6, an addi­

tional number of single classification AN0VA were performed on the in-place 

vane results to investigate if the test method variability changed with sedi­

ment depth. In-place data were grouped into seven discrete sediment depth in­

tervals, and data within each interval were examined using a structure similar 

to that described in Table 7. Since the replicate vane tests available were 

too few for these purposes, the analysis is based on all measurements within 

each station made at approximately the same depth. 

Table 7, Structure of Analysis 

Test Depth 
Intervals 

Between Stations/Within 
Depth Intervals 

Within Station 
(error) 

- -----------{ 21 

l -----------.1[: _________ --'-[ ~ 
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Table 8. Analysis of Variance (2) through (8) 

ANOVA # 
Depth 

Interval (cm) 

5-15 
25-35 
45-55 
65-75 
85-95 

105-115 
120-130 

Between Stations 
df MS 

17.7 
18.1 

163.5 
65.8 
48.6 

581.2 
241.3 

NS means F ratio not significant. 

Within Stat ions 
df MS 

7 

10 

12 

9 
10 

8 

9 

26.6 
46.9 

37-5 
84.9 

20.6 
118.1 

327.3 

* F ratio is significant at the 95i level, but not at the 9~ level. 

F ratio 

0.7 NS 

0.4 NS 

4.3 * 
0.8 NS 

2.3 NS 

4.9 * 
0,9 NS 

Discussion: Results indicate that the test method variability (i.e., the 

"within stations" MS value) fluctuates with test depth and the greatest varia­

bility occurs in the 105-115 cm and 102-130 cm depth intervals. This implies 

that at greater test depths, the standard deviation for replicate in-place 

vane shear measurements is larger. This is to be expected since the mean 

shear strength values increase with sediment depth. 

Absolute and relative precision estimates were obtained for each of the 

above intervals using the "within stations" MS values. 

Precision estimates derived are -presented in Table 9, Since these results 

also are based on a limited number of measurements, they are not conclusive and 

should be used with caution. 

Results suggest that to obtain a better estimate of the absolute precision 

of a single in-place test, within a selected depth interval, an ANOVA of similar 

structure as shown in Table 7 should be performed using only replicate test re­
sults. 

Another conclueion drawn from the results presented in Table 8 is that 

the ''between stations" variability is significant ( at the 95i confidence level) 

for the sediment depth intervals 45-55 cm and 105-115 cm. This indicates that 

at least one of the test stations within each of these sediment depth ranges is 

different from the others. 
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Table 9. Absolute and Relative Precision of a Single In-Place Vane Test 
for Various Sediment Depths at 95i Confidence Level 

Sediment Depth (cm) 

5-15 
25-35 
45-55 
65-75 

85-95 
105-115 
120-130 

Absolute Precision 

12.2 
15.2 

13.3 
20.8 

10.1 

25.1 
40.9 

1 Relative Precision 

90-3 
47.4 
28.6 

37,3 
15.1 

31.2 
43.5 

Note: (1) Same units as in-place vane shear strength. 

(%)2 

(2) Relative precision estimates were obtained using the average 
in-place vane shear strength within each of these depth inter­
vals. 

Laboratory Vane Shear Tests 

Investigation of the orig~~al and remolded vane shear strength results, 

as well as the computed sensitivity parameter (i.e., original shear strength 

; remolded shear strengt h) was undertaken using a single classification 

nested ANOVA. Estimate of the tes t method variability and the precision 

of a single vane shear test were obtained for the entire sediment depth range 

tested from analysis of 75 pairs of replicate original and remolded strength 

measurements made at var i ous depths in 29 cores. The general structure used 

to analyze the above three shear strength variables is similar to that illus­

trated in Table 5, 



Original Vane Shear Strength Measurements 

Results of the analysis of variance performed on the replicate pP.irs 
of vane measurements are presented in T&ble 10. 

Table 10. Analysis of Variance (9) 

Source of Variation 

Between replicate pairs 
Within replicate pairs (error) 
Total 

df 

74 
75 

149 

** F ratio is significant at m confidence level. 
Table value for F.Ol( 75 ,80) = 1.85. 

MS 

941.l 
21.8 

F ratio 

43.1 ** 

Discussion: The high F ratio indiates that significant differences exist 
between replicate pairs. This result was anticipated since by partitioning 
the total variability into two classes (a) between replicate pairs, and (b) 
within replicate pairs, the between replicate pairs variability component 
includes effects due to different stations and different test depths. 

Results in the ANOVA table also indicate that the MS value for the 
''within replicate pairs" is very small. The standard deviation for a single 
vane measurement, based on the replicate tests, was computed to be 

2 4.7 g/cm. 

A comparison of the "error" MS value for replicate laboratory and in­
place vane measurements demonstrates that the variability of the laboratory 
test method is in fact less than the variability of the in-place test method. 
The reader is reminded, however, that replicate laboratory vane t.ests were 
conducted 2 - 3 cm apart, whereas the in-place replicate tests were taken 
approximately 1 meter apart. 
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Absolute and relative precision estinates for a single laboratory vane 

test were determined by equations (2) and (3). the absolute precision was 

computed to be 9,3 g/c~ at the 95 percent confidence level. Thus, if a 

single laboratory test is made within the test area anywhere in the upper 

0-120 cm sediment depth interval, the 95 percent confidence limits of the 

measured value are! 9,3 g/c~. The relative precision computed for the 

same confidence level was 22.5i. This value was determined by using the 

average shear strength value of 41.3 g/crrl-- computed for the 0-120 cm depth 

interval. 

Remolded Vane Shear Strength Measurements 

Results of statistical analysis performed on 75 pairs of replicate 

remolded vane shear neasurements are presented in Table 11. 

Table 11. Analysis of Variance (10) 

Source of Variation 

Between replicate pairs 

Within replicate pairs (error) 

Total 

df 

74 
75 

149 

244.o 
5.8 

F ratio 

HF ratio is significant at the 9~ confidence level. Table value for 
F.Ol(

5
0,?0) which is more conservative (i.e., larger F value) due to less 

degrees of freedom, equals 1.82. 

Discussion: Results from the analysis of variance indicate that significant 

differences exist between the various replicate pairs. The explanation for 

this is due to the inclusion of tests from different stations and test depths, 

as explained in the original vane shear strength section. 

The standard deviation for replicate rP.molded vane shear measurements 

is 2.4 g/c~, and was obtained by taking the square root of the error MS in 

Table 11. Absolute and relative precision of a single remolded vane test 

at the 95 percent confidence level were determined to be 4.8 g/c'11f-- and 24.91,, 

respectively. The relative precision estimate was calculated using 19.3 g/c~ 

as the average remolded shear strength for the entire 0-120 cm sediment 

depth range. 
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Sensitivity Parameter 

Statistical analysis of the 75 pairs of calculated sensitivity values 

was also _performed to e1tabli1h the precision of a single sensitivity determina­

tion and examine if the sensitivity parameter changed within the teat area 
or sediment depth investigated. Results are given in Table 12. 

Table 12. Analysis of Variance ( 11) 

Source of Variation 

Between replicate pairs 

Within replicate measurements 

Total 

df 

74 
75 

149 

MS 

.210 

.039 

**F ratio is significant at m confidence level. Table value for 
r.01(50,70) = 1.82. 

F ratio 

5,33** 

Discussion: Interpretation of the above results indicates that the varia­
bility within replicate sensitivity determinations (i.e., standard deviation) 

is equal to 0.2. This small value demonstrates how consistent the ratio of 

original to remolded vane strength remains within the seafloor area inves­

tigated. This result is also supported by the smaller F ratio obtained. In 

spite of this, however, the analysis of variance :results suggest that at least 

one replicate pair differs significantly from the rest based on the F ratio 
test. 

Absolute precision of a single sensitivity determination was calculated 

to be 0.4 at a 95 percent confidence level. The relative precision, at the 

same confidence level, was determined to be 1a.1i using a value of 2.2 for 

the average sensitivity value for the 0-120 cm sediment depth range. 

Changes in Test Method Variability with Test Depth 

Replicate laboratory shear strength values, original and remolded, were 
also used to establish if the variability of the test method changed with 
test depth. A single classification nested AN0VA was performed for the shear 

strength data at three different depth intervals (20-30 cm, 40-50 cm, and 

8o-90 cm). These depth intervals were representative 
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of the overall sediment depths investigated and contain the largest number 

of replicate tests. Results of the nested ANOVA for the original and remolded 

shear strength values are presented ln Tables 13 and 14, respectively. The 

structure of the analysis has a torm similar to that described for the in­

place results in Table 7. 

Table 13. Analysis of Variance ( 12) through ( 14) 

Original Laboratory Vane Shear Strength 

Depth Interval Between Replicate Within Replicates 
Pairs (error) 

ANOVA # (cm) MS df MS df 

12 20-30 219.4 17 11.5 18 

13 4o-50 250.3 11 7.8 12 

14 Bo-90 146.8 14 19.2 15 

**F ratio is significant at 99~ confidence level; F.Ol(l6 ,18) = 3-~9, 

r.01(11,12) = 4 •22 , r.01(14,15) = 3- 56 • 

Table 14. Analysis of Variance (15) through (17) 

Remolded Laboratory Vane Shear Strength 

Depth Interval Between Replicate Within Replicates 
Pairs {error) 

ANOVA # (cm) MS df MS dt ---
15 20-30 6o.o 17 2.8 18 

16 4o-50 81.7 11 3.0 12 

17 Bo-90 29.8 15 8.0 16 

-HF ratio is significant at 99'fo confidence level; r.01(16,18) = 3.19, 

r.01(11,12) = 4•22 , r.01(14,16) = 3•45 • 

F ratio 

19.l** 

32.l** 

7.6** 

F ratio 

21.4·1H~ 

27 .4** 

3-7** 

Discussion: Results indicate that the variability of the vane test method for 

original shear strength measurements does not vary signifjcantly in there depths. 

This conclusion is based on the F ratio value obtained by dividing the error MS 

for AHJVA 14 by that for ANOVA 13. This represents the largest difference for 

the intervals considered. Results also demonstrate that a better estimate of the 

precision of a single vane test can be obtained by examining the repJicate vane 

results within the interval of interest. Note that the error MS values in Table 

13 are less than that presented in Table 10. 



F ratios computed for each of the ''Ms between replicate pairs" divided by 

the ''Ms within replicate" shown in Table 13 were found to be significant at 

the 99 percent confidence level. This means that significant dif'feren··es exis t 

between pairs of replicate measurements. These results were expected s i nce the 

variability of' the ''between replicate pairs" includes location and test depth 

ef fects. 

Results for the remolded shear strength values indicate that the mean 
squares for the ''within replicates" increase significantly between ANOVA 15 and 

ANOVA 17 (i.e., 2.8 versus 8.0). The implications are that remolded strengths 

are less consistent at deeper sediment depths and, correspondingly, the confi­

dence limits for a single remolded test at the Bo-90 cm test depth are wider. 

These conclusions are also corroborated by the standard deviations computed for 

all remolded shear strength values (see Table E-2). 

A comparison of the mean square values for the ''between replicate pairs" 

shown in Tables 13 and 14 indicate no significant changes with test depth inter­

vals. Absolute and relative precision estimates for each test method as a 

function of test depth can be obtained by use of equations (2) and (3) presented 

earlier. 

Analysis of Test Methods for other Sediment Properties Measured 

Analysis cf' tests conducted on adjacent core samples provided an excellent 

opportunity to examine the precision of the laboratory test method over the 

entire test depth range for median grain size, saturated unit weight, unit weight 

of' solids, porosity. and water content properties. Although the best precision 

estimate of a test method .1.s generally obtained from "true" replicate tests, 

use of test results from adjacent core samples were shown by the results of vane 

shear tests to be more than adequate for a first order estimate. Replicate 

tests within a single core sample for these properties is often impossible due to 

the destructuve nature Qf' the tests. 

The statistical analysis was performed with the aid of a single classifica­

tion nested ANOVA. The structure of the analysis used is illustrated in Table 15. 
All core measurements within each station at approximately the same test depth 

were grouped, and the variability within each group compared with the varia­

bility between groups. 
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Table 15. Structure of Analysis 
--

( Test res'.llts of ) 

Test depth interval (#)/Station (#) ( Cores within ) Group (1) 
( Station ) 

( Test results of ) 

Test depth interval (#)/Station(#) ( Cores within ) Group (n) 
( Station ) 

Statistical reaults for each sediment property a~e summarized below: 

Table 16. Analysis of Variance (18) through (22) 

ANOVA 18 (Median Grain Size-mm) 

Source of Variation df MS F ratio 

----------------------------·--------·----
Between gro11ps 

Within groups (error} 

Total 

21 

22 

43 

5.176 X 10-7 0.877 NS 

5,90 X 10-7 

NS - not significant (i.e., F ratio value< table value for F_ 05 (21 ,22 )). 

ANOVA 19 (i Water Content) 

Source of Variation 

Between groups 

Within groups (error) 

Total 

df 

121 

122 

243 

MS 

1745.7 
8o.l 

'*F ratio is significant at 99% confidence level. 

Table value for F.Ol(lOO,lOO) = 1.59. 

ANOVA 20 (i Porosity} 

Source of Variation df t,f3 

Between groups 44 9.23 

Within groups (error) 45 .63 

Total 89 

HJ' ratio is significant at 99~ confidence level. 

Table va.ue for F.Ol(40,40) = 2.11. 

F ratio 

• .1:atio 

14.70 ... 



Table 16 Continued. 

AN0VA 21 (Saturated Unit Weight-g/cm3) 

Source ot Variation df' MS 

Between groups 118 18.953 X 10-4 

Within groups 55 1.626 X 10-4 

Total 173 
**F ratio is significant at m confidence level. 
Table value for F.Ol(l00, 55 ) = 1.78. 

AN0VA 22 (Unit Weight of' Solids-g/cm3) 

Source of Variation 

Between groups 

Within groups (error) 

Total 

df 

41 

42 

83 

MS 

.0022 

.0010 

At ratio is significant at 9~ confidence level. 
Table value for F.Ol( 40 ,40 ) = 2.11. 

F ratio 

11.66** 

F ratio 

2.17** 

Discussion: Results of the analysis of variance for the median grain size 
parameter indicate that the F ratio obtained by dividing the "between groups" 

MS value by the "within groups" MS value is not significant at the 99 percent 

confidence level. Therefore, one can conclude that median grain size does 

not differ significantly throughout the test area or sediment depths inves­

tigated. These results were anticipated on the basis of preliminary grain size 

determinations nade on samples collected early in 1970 and 1971. 

Analysis of variance results for water content, porosity, saturated 

unit weight and unit weight of solids demnstrated that for these properties 

the variability "between groups" was significantly greater than the varia­

bility for the "within groups". This was anticipated because the varia­

bility for the "between groups" contains test depth and geographical location 

effect, and the first three sediment properties listed above are known to 
change significantly with test depth. A discussion of the areal and vertical 

variability observed in these properties is presented in Part 4. 

Estimate ■ of the test method variability for each sediment property were 

obtained using the error mean square value in each AN0VA and equations (2) 

and (3) given earlier. These results are presented in Table 17. 
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Table 17. Absolute and Relative Precision of Test 
Methods at 951 Confidence Level. 

---·---- ·------------------
Bcdlrnent. Properly Absolute Precision1 Relative Precision (i)2 
----------·---------------
Median grain size (mm) 

Water content (i) 
Porosity (i) 
Saturated unit weight (g/cm3) 

Unit weight of solids (g/cm3) 

.00153 

17.7 

1.60 

0.025 

o.o64 

Note: (1) Same units as shown for the sediment property. 

- -
41.4 

11.6 

2.0 

1.8 

2.5 

(2 ) Based on average value determined for each sediment property 
for the entire seafloor area sampled. (See Table E -4, Appendlx E ) . 

'. . As stated earlier, since some sediment properties change significantly 

I 
' . 

,, 
I . 

( • 

with test depth, absolute precision estimates will vary depending on the test 

depth interval considered (i.e., entire test depth, 50 cm, or 10 cm inte~vals). 

Thus, if a particular depth interval is of more interest than another, the 

appropriate absolute precision should be calculated based on replicate mea­

surements within this interval. 

Relative Precision for the Various Test Methods 

Another interesting result from these analyses is that one can compare the 

relative precisions of the test method for each sedlment property at a par­

ticular test depth or across all test depths. A comparison of relative pre­

cision estinates for the entire test depth interval is presented in ascending 

order for each property at the 95 percent confidence level. 

Table 18. Comparison of the Relative Precision of Different Test Methods 

Sediment Property Relative Precision (i) 

Median grain size 41.4 

In-Place vane test 29. 0 

Lab vane tests (rem.) 24.o 

Lab vane tests (orig.) 22.5 

Sensitivity 18.1 

Water Content 11.6 

Unit weight of solids 2.5 

Porosity 2.0 

Saturated unit weight 1.8 
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Part 3. ,Comparison of Different Test Methods 

Although thls study is primarily concerned with the variability of 

marine sed.lment properties, a section on the differences between field and 

laboratory vane tests has been included. One of the problem areas of great 

interest in the field of marine geotechniq11e is the assessment of changes 

introduced into sediment samples by coring procedures, pressure and tem­

perature differences between the seafloor and the laboratory, and testing 

techniques. These changes can be observed by comparing in-place and 

le~oratory measurements of the sediment property. 

The principal objectives in this part of the study were to: (a) determine 

the differences between in-place and laboratory vane shear tests and es­

tablish whether the differences are significant; and, (b) establish if the 

differences between vane test methods change with test depth. 

A secondary objective was to examine the various core data subsets gener­

ated by changes in handling procedures and laboratory test techniques which 

occurred during the four-year testing program. The purl?()se was to establish, 

whenever possible, if changes in test procedures h&d significantly affected 

the laboratory test results. 

Comparison of In-Place and Laboratory Vane Results 

Differences between in-place and laboratory vane test methods were 

determined using (1) paired in-place and laboratory measurements and (2) 

all in-place and labor,3.tory vane results obtained within the test area. 

Statistical analysis of the paired data was performed using two-way analysis 

of variance. An excellent discussion on the analysis of variance for 

paired data is presented in Sok.al and Rohlf (1969), pp. 328-333, Comparison 

of all in-place and laboratory vane shear results was accomplished by fitting 

the best least-square lines to each set of measurements and examining the 

differences in the sl~pes and intercepts for the fitted lines. The validity 

of the assumed linear relationship between shear strength and sedirmnt depth 

was statistically verified for each set of measurements. 

48 

• I 



r . 

I I 

I I • 

r. 

Approach 1. The structure of the analysis used· to examine the 104 paired 

measurements is presented in Table 19. The distinct advantage of using paired 

data to determine if two methods or test techniq~es are significantly different 

is that the variability introduced by differences in geographical location, 

teat depth, and changes in the other mass physical properties is essentially 

identical in both paired measurements. Therefore, any differences noted ln 

the meas~tements is attributed entirely to the test method d.lffere~ces. 

Table 19. Structure of Analysis 
-------------------------------------

Pair No. ( 1) [ In-Place Measurement (x1 ) 

Laboratory Measurement {y1 ) 

Pair No. (l04)-----[ In-Place Measurement (x104 ) 
Laboratory Measurement (Y104) 

Results of the analysis of variance are summarized in Table 20. The data 

analyzed are believed to represent the largest quantity of paired in-place 

versus laboratory vane shear strength values yet to be analyzed. 

Table 20. Analysis of Variance (22) 

Source of Variation d.f MS F ratio 

---------------------------·---·-----
Between Methods 

Between Pairs 

Error 

Total 

l 

104 

104 

209 

129.96 
869.01 

42.31 

NS-not significant, Table value for r_ 05 (l,l00) = 3.94. 

3.07 NS 

20.54** 

HF ratio signif j cant at 9~ confidence level. Table value for F.Ol{lOO,lOO)= 1.59. 

The analysis of variance indicates that there are no significant differences 

between the two test methods. Therefore, laboratory vane tests conducted on 

DEEP QUEST cores accurately represent the field conditions. These res~llts 

imply that for these particular cores, differences in testing techniques, 

temperature and pressure do not affect significantly the mean shear strength 

value. Another conclusion reached from the AN0VA results is that there are 

some major differences between separate pairs of in-place and laboratory vane 
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shear meas1lrements. This is indicated by the high F ratio value obtained 

tor the "between pairs" class. The latter results was anticipated since the 

shear strength values change signiticantly with test depth (see Table E-1, 

Apl)f:ndix E ) . 

Approach 2. Results of the second approach used to compare the two test 

methods are presented below in the form of regression equations. 

Yin-place (g/c~) = 11.2 + .652 x depth (cm) 
based on 250 measurements 

Y laboratory (g/cm2) = 9.5 + .693 x depth (cm) 
based on 375 measurements 

(4) 

( 5) 

An exam.i.nation of the two equations shows that the slope and intercep~ 

values are nearly identical, thus confirming the analysis of variance results. 

Correlation coefficients for each of the above equations are ,9077 and .8746, 

respectively, and are significant at the 99 percent confidence level. 

To estimate the difference between the two equations, similar sediment 

depth values were entered into the equations and the shear strength was computed. 

Results are shown in Table 21 and demons t.rate that the differences between 

vane test methods do not change significantly within the sediment depth 

investigated. 

Table 21. Comparison of Vane Shear Test Methods 

Vane Shear Strength (g/cru?,.) 
Sediment depth (cm) In-place test Laboratory test 

0 11.2 9,5 

20 24.2 23.4 

40 37.3 37,2 

6o 50.3 51.1 
8o 63.4 64.9 

100 76.4 78.8 

50 

Difference (g/ctrF-) 
(in-place - Lab) 

1.7 
.8 
.1 

- .8 

- 1.5 
- 2.4 

• j 
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Analyai.J3 of Data Subsets 

As a result of improvements made in the handling, storage and testing 

procedures during the four-year laboratory test program, the data subsets 

shown in Table 22 were generated. 

Examination of possible effects introduced by different proced~res 

was required prior to selecting the data to be used in the statistical 

analysis. Data found to be questionable or in error, e.g., measurements 

in grossly disturbed cores, were not used in the main analysis. Also, 

whenever definite differences were noticed in measurements from samples 

t,!sted by alternate methods, samples were retested using the best method. 

Due to the ins,_fficiency of paired measurements within each data 

subset, statistical an~lysis was restricted to data subsets (1) and (7). 

Results presented for the other subsets are of a qualitative natutt, based 

on a preliminary examination of the data. 

Data Subset 1 

In general, cores grossly disturbed exhibited lower shear stren~th 

values and erratic trends of shear strength and water content versus sediment 

depth trends. Disturbance effects were less obvious in the saturated unit weight 

and porosity determinations. 

Shear strength differences between disturbed and ,1ndisturbed CQres 

were examined in four paired (undisturbed-disturbed) cores using two way 

analysis of variance of a structure similar to that illustrated 1.n Table 19. 

Res11lts are presented in Table 23. 

Table 23. Analysis of Variance (23) 

Source of variation df 

Between methods l 

Between pairs 25 

Error 25 

Total 51 

**F ratio significant at 9n confidence level. 

Table value for F.Ul (l,25 ) = 7.72, F.Ol( 24,24) = 

51 

MS F ratio 

618.240 8.28** 
646.444 8.66** 

74.665 

2.66. 



Table 22 . Core Data Subsets 

SUBSET # DESCRIPTION OF DATA SHEETS 

1 

2 

3 

4 

5 

6 

7 

A: Core essentially undisturbed (good core). 

B: Core grossly disturbed (poor core). 

A: Core test section removed by cutting core barrel with 
a "hot wire". 

B: Core test section extruded through top of core barrel. 

A: Vane shear measurement made with standard Wykeham Farrance 
vane. Shear rate= 6°/min. 

B: Vane shear measurement made with modified Wykeham Farra.nee 
vane replacing torque springs with electrical strain gauges. 
Shear rate= 48°/min. 

A: Core samples refrigerated at 6°c duri ng storage prior to 
laboratory testing. 

B: Core samples stored at room temperature prior to laboratory 
testing. 

A: Grain size analysis made from original wet sample. 

B: Grain size analysis made from dry sample that's been 
subsequently wetted. 

C: Grain size analysis made from dry sample that was ground 
prior to wetting and testing. 

A: Salts removed from grain size samples via washing, allowing 
to settle, and decanti ng of wash water. 

B: Salts removed from grain size samples via "hot diffusion" 
method. 

A: Density of solids determined by helium-pycnometer method. 
B: Density of solids determined by standard cylinder method. 

Note that the description of these subJe t s corresponds to the information 
coded for each core under t he "Remarks Key" (Appendix C). Cores in each data 
subset are identified in page 118 of t he same appendi x. 
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These results confirm that shear strength measurements in disturbed 

cores are significantly different from those measured in undisturbed areas. 

Average shear strength values computed for the 25 undisturbed and disturbed 

core measurements are 32 .9 g/c~ and 26.0 g/crzf-, respectively. The ANOVA 

also indicates that significant difference exists between the various pairs. 

This was anticipated since the "between pairs" class includes test depth 

and location effects. 

Data Subsets 2, 3 and 4 

No major differences were noted between measurements within each of these 

three subsets. Testing of cores by extruding the sediment has been found 

to be B>re efficient, thus it bas been adopted as the standard procedure for 

our cores. 

In data subset 3, the modified vane shear device with the strain gauges 

is definitely considered the better system for testing low shear strengths 

and for obtaining continuous shear strength records. The only question is 

the effect introd11ced by shearing at different rotation rates. Prelimin!lry 

tests conducted at Lockheed using 6°/min. and 48°/m.in. on specially prepared 

sediment mixtures have shown that differences between the highest and lowest 

shearing rates are less than 10 percent and are not significant, particularly 

in view of the test method variability noted in Part 2 for laboratory and 

in-place vane tests. These results are also confirmed by Halwac.hs ( 1972). 

Results of his study indicated that the average shear strength at 6°/min. 

was 10 percent higherthan at 90°/min. 

For data subset 4, onl~ a. slrd.11 number of cores used i.n this study were 

not refrigerated while awaHing laboratory testing. These cores were obtained 

early in the program before a refrigeration unit had been acquired. However, 

these cores were tested immediately upon returning to the laboratory and 

organic decomposition was very minimal and restricted to the upper 5-15 cm 

of sediment. 

Data Subset 5 

Major differences were definitely encountered between grain size deter­

minations performed on samples initially wet or that had been subsequently 

vetted ~nd dry sa.qiples ground prior to washing and testing (i.e., samples 
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ceded A &nd B versus C in Table 22). To minimize problems in the statis­
tical analysis of the data, all earlier grain size determinations based on 
procedure "C" were re-run using procedures A or B. 

Data Subset 6 

No differences were determined between the two test _methods for removing 
the salts from the grain size sample. However, since the diffusion method is 
quicker and minimizes possible loss of fines during decanting of wash water, 
it has been adopted as the standard procedure for our cores. 

Data Subset 7 

Grain densities (unit weight of solids) derived from saturated unit weight 
measurements using the cyl inder met hod were found t o fluctuate significantly. 
Density results ranged from as low as 2.3 to as high as 3.1 g/cm3, with a mean 
of approximately 2.74 g/cm3. In contrast, grain density determinations using a 
gas-pycnometer (Beckman Instruments) method were more consistent and had a lower 
average value (2.53 g/cm3). Therefore, all grain density tests were re-run using 
the gas-pycnometer and these result s were used for t his study. 

For comparison purposes, grain density tests using the gas-pycnometer 
method were performed on the same sediment samples tested earlier by the 
cylinder method. Test method differences were examined using two-way analysis 
of variance for paired data values, and having a structure similar to that 
illustrated in Table 19, AN0VA resul ts for 170 paired density determinations 
are presented in Table 24. 

Table 24. Analysis of Variance (24) 

Source of Variation df 

Between methods 1 

Between pairs 170 

Error 170 

Total 341 

NS - Not significant, Table value for F_ 05 (1 ,150 ) 
** F ratio significant at 99% confidence level. 

Table value for F.Ol(lOO,lOO) = 1.59. 
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MS F ratio 

3,482 841.571 -H 

0.004 0.927 NS 

0.004 

= 6.81. 

• I 

. \ 

l I 



These results confirm that the two test methods are significantly 

different. The ANOVA also indicates that grain density does not change 

significantly between different pairs, which implies that the grain density 

is relatively constant in both lateral and vertical directions within the 

seafloor area samples. 

55 



Part 4. Areal and Vertical Variability of Sediment Properties 

The principal objectives in this part of the study were to: 

1. Establish the variability contributed by horizontal and vertical 

changes in each sediment property within the test area. 

2. Establish which sediment properties represented a single population 

throughout the test area. 

3. Determine if any trends were apparent t hat related changes in 

sediment properties with geographical location of sampling stations. 

Statistical Methods Used for Analysis 

Nested analysis of variance nethods were employed to examine the areal 

and vertical variability present in laboratory and field test results. 

Analysis of the laboratory vane shear data was performed using three level 

nested ANOVA with unequal sample sizes in the sublevels and having the general 

structure shown in Table 25. 

A similar model was described earlier in Table 1. This design allowed 

partitioning the total variability into four components: (1) test depth effects; 

(2) station location effects; (3) core location effects; and, (4) within core 

or replicate measurement effects. 

T~ble 25. Structure of Three Level Nested MOVA 

Depth -{ Stations 
interval (1) within depth 

interval 

Depth 
interval (n) 

_J Core within 

7 
each station 

-{ 

Replicate measurements 
within each core 
(error) 

For example, using the above structure, vane shear measurements within a 

specific test depth interval would be grouped as shown in Table 26. Note that 

in this exai:p~o equal sample sizes have been assumed for the sublevels. 
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Table 26. Example of Three Level Nested ANOVA 

Station 

Test #1 

1
-{ 

Core 1 -----Test #2 

Test #1 
Core 2 --~--Test #2 

Test #1 

Depth interval----41--- Station 2 
-[ 

Core 3 -----Test #2 

(0-10 cm) Core 4 Test #1 
Test #2 

Test #1 

Station 3 -[Core 5 -----Test #2 
Test #1 

Core 6 -----Test #2 

Analysis of the areal and vertical variability for the in-place vane shear 

strength and the other sediment properties measured was performed using a two 

level nested AN0VA with unequal sample sizes in the sublevels. In this design, 

the total variability for each sediment property was partitioned into three 

components: (1) test depth effects; (2) s t ation location effects; and, (3) 

within station effeds. The reason for using only a two level design is that 

replicate measurements are either very few or non-existent; therefore, the 

smallest source of variation is based on measurements made adjacent to each other 

within a station. Th,~ general structure of the AN0VA model is given in Table 27. 

Table 27. Structure of Two !..evel Nested AN0VA 

[ 

Stations 
Depth interval ( 1) -------t within depth 

interval 

Depth interval (n) 

57 
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Measurements 
--------t- within each 

station 



Sources of Variation in AlfOVA Models 

In the three level nested AlfOVA model, the "between test depths" source 

of variability refers to differences obtained by comparing groups of measure­

ments from the various test depth intervals. The "between sampling stations" 

refers to the differences obtained by comparing measurements from different 

test stations made at the same test depth intervals. The "between cores" refers 

to the variability between measurements in cores recovered at the same station 

and tested at the same depth interval, and the "within cores" refers to t he 

smallest source of .-variability present. This is the variability between replicate 

tests made on the same core, from the same station, and same test depth. 

For the two level nested ANOVA the above description also applies except 

that the "within core" so, . ce of variability is not known; therefore, the 

smallest source of variability is estimated from measurements within a test 

station. 

Results for Fi rst Series of ANOVA Models 

Results for each sediment property are summarized in Table 28. For purposes 

of brevity, the only information provided includes ( 1) the F ratio valueE:, which 

enable identifying significant variability differences, and (2) the components 

of variance, which estimate the relative variability contributed by each source. 

The components of variance are important f or designing similar sampling 

programs because they point out at which level cf the program most of the efforts 

should be concentrated. A disc~asion of their USP. in the design of efficient 

sampling programs is presented in Part 6. 

In-Place Vane Shear Strength 

Result s of ANOVA 34 indicat ed that significant differences exist between 

sample means for different test depth int ervals, and also that differences be­

tween sample means for different test stat ions are not statistically significant. 

Therefore, the test depth eff ects are the major items of consideration when 

at tempting to reduce the variability of the in-place vane shear strength mea­

surements in this seafloor area. 

This is best illustrated by the component s of vari ance which show that approxi ­

mately 85 percent of the total variabili ty noted in this sediment property is 

contributed by test depth effects. 
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These results were first suspected in Part 1, based on the inspection ~f 

the sample means and variances listed in Tables E-1 through E-6. However, only 

with the aid of the analysis of variance techniques could this hypothesis be 

definitely confirmed. 

One interesting aspect of the ANOVA structure used for analyzing the in­

place vane shear measurements is that the variability for the "within stations" 

closely resembles the value presented in Part 2, Table 6. The difference is 

that in ANOVA 34 all in-place vane shear measurements were examined as opposed 

to just using replicate test results. Thus, /iliOVA 34 also provides an estimate 

of the test method variability discussed in Part 2. 

Laboratory Vane Shear Strength ( Original and Remold.ed) 

Results of /iliOVA 35 and 36 indicated that significant differences exist 

for the "between test depths," "between sampling stations," and "between cores" 

at the 95 percent confidence level. Significant differences between sample 

means for different test depth intervals had been established earlier based 

on the correlation results shown in Table 3 and the sample statistics shown 

in Tables E-1 and E-4. However, significant differences between sample means 

for measurements from different test stations were not expected oased on ANOVA 

results for the in-place vane tests. In explaining the above results, it should 

be remembered that the significant differences in the "between stations" established 

by the F ratio test imply that at least one sampling station is really different 

from the rest. Possible reasons for detecting a difference in the laboratory 

vane data and not in the in-place vane data are: 

(1) A larger number of laboratory vane shear results were used in 

ANOVA 35 and 36, and these measurements provide a more complete 

picture of the shear strength parameter within the test area. 

Thus, a truly different sampling station may have been detected. 

(2) The laboratory vane shear test measures strength over a smaller 

area of sediment, therefore, it is more sensitive to minor local 

differences. 

Components of variance for the original and remolded vane strengths, ANOVA 

m:>dels 35 and 36 respectively, demonstrated that the test depth effect is the 

major item to consider when attempting to reduce the variability of the vane 
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shear strength data. Variabili ty "between sampling stations" represents less 

than 8 percent of the total variability and is less than the combined varia­

bility contributed by the "between cores" and "within cores"; therefore, the 

areal variability detected ia minor. 

Sensitivity Parameters 

Results in ANOVA 37 indicated that significant differences exist between 

sample means for sensitivity values from different test depths and from cores 

obtained at the same station. The first result illustrates the ability of the 

analysis of variance to detect the difference between the average sensitivity 

value for the 0-10 cm depth interval which is 4.1, and the average sensitivity 

value for the reminder of the sediment depth exa.mined which is approximately 

2.2 (see Table Frl). The fact that the sensitivity parameter remains essentially 

constant with test depth, below 10 cm is confirmed by the small value for the 

"between test depth" component of variance (-::: 20%). 

Based on the magnitude of the components of variance for the "between 

cores" and the "within oo res", it appears that the test method variability 

for this sediment property is the primary source of uncertainty. 

Water Content 

Results of ANOVA 38 showed that 78.2 percent of the variability is attributed 

to differences in sample means from different test depths. Vertical variability 

was determined to be significant at the 99 percent confidence ievel. These 

results were anticipated based on the high correlation of the water content with 

test depth, and the significant changes in. the average water content values 

calculated for 10 cm -and 20 cm test depth intervals shown in Tables E.-.1 and E.-.3. 

The results of the MfOVA simply confirm that some of these sample means are in 

fact different. 

Analysis of the "between sampling stations" indicated that the areal effects 

only represent 7. 7 percent of the total variability and are not significant at 

the 95 percent confidence level. Therefore, within an individual test depth 

interval, say 10 to 20 cm, the water content values represent the same popula­

tions throughout the sampled area. 
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L Median Grain Size 

'J'he purpose of analyzing the median grain size results through analysis 

of varlu.ni:e was Lw0fold. F'irst, to illustrate how Lhe ana.lysi.s of variances 

could successfully confirm that no correlation or trends existed between median 

grain size and test depth. This had been shown by simple linear correlation 

results in Table 3. The second reason was to establish whether the areal 

variability was greater than the vertical variability. 

Results of ANOVA 39 lndicated ths.t neither the vertical nor the areal 

variability are significant at the 95 percent confidence level. These results 

had been anticipated based on the sample statistics computed in Part 1 and the 

correlation results shown in Table 3, The largest variability found (59.8 

percent) occurs in grain size determinations within the same station. The next 

largest source of variation is contributed by differences between sampling 

stations (35.3 percent), and the smallest variability found occurred between 

sample means from different test depths (4.9 percent). Therefore, the area 

variability, though not significant, is greater than the vertical variability. 

Saturated Unit Weight and Porosity 

Results of ANOVA 40 and 41 for saturated unit weight and por0slty, res­

pectively, confirmed that significant differences exist between sample means 

for different test depth intervals at the 99 percent confiden~e level. Results 

also dem::>nstrated that measurements from different sampling statio:-is are nl)t 

significantly different. Therefore, the area variability ls not a major factor 

contributing to the total variability. 

Inas1111ch as both these sediment properties are related to the ws.ter 

content parameter, variability contributed oy test depth effects is of approxi­

mately the same magnitude and importance as shown for the water content v~riable. 

Unit Weight of Solids (Grain Density) 

Originally, no major lateral or vertical changes were anticipat ed for this 

sediment property. However, since simple linear correlation results (Table 3) 

indicated a significant correlation between grain density and test depth, it 

was decided to apply ANOVA methods to establi sh the variability components. 
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Results of ANOVA 42 dem::>nstrated that a significant difference existed 
between the sample means determined for different test depth intervals. These 
result• are partially confirmed by the aampl.e means shown in Table ~l, where 
the average grain denaity in the upper 10 cm is 2.51 g/cm3 and gradually in­
crease• with sediment depth to a m&xillDllll average value of 2.56 g/cm3 in the 
60-70 cm test depth interval and remains relatively constant below that depth. 

The second conclusion reached is that variability between sampling stations 
is not significant, thus, the area variability effects are of no consequence. 

Results for Second Series of AN0VA 

Inasmch as the only significant areal variability noted occurred in labo­
ratory vane shear measurements, further investigation of this sediment property 
was undertaken through a second series of nested analysis of variance. The 
geotechnical test area sh<:Mn in Figure l was subdivided into three smaller 
areas of equal size for purposes of examining if the vane shear strength values 
changed significantly in either north to south or east to west directions . 
An excellent discussion on the use of nested analysis of variance techniques 
for mapping problems is presented in Miller and Kahn ( 1962) , Chapter 17. 

Measurements within these subareas were examined at three separate depth 
intervalll ·(20-30 cm, 45-55 cm, and 8o-90 cm). These depth intervals were selected 
since (1) the largest nwd:>er of vane shear measurements were made at these 
three depths; and, (2) the measurements are representative of the entire sedi-
ment depth investigated. The structure of the three level nested AN0VA is 
shown in Table 29. 

Table 29. Three IA!vel Nested AN0VA 

-{
Stations ~Cores ---{ Replicate 

Area (1) within within measurements 
area station within cores 

Area (3) 
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ANOVA results for comparing vane measurements fro~ different subareas are 

&WM11\ri1.ed in Table 30. Only the F ratio values and the components of variance 

are presented for purposes of brevlty. In all cases except ANOVA 45, the 

largest variability noted occurs between cores recovered at the same station. 

The only situation where the area variability is significant occurs in M:JOVA 44. 

Thus, excluding sediment depth effects, the next met important source of varia­

bility is introduced by local effects. 

One additional approach used to examine for area trends in the vane shear 

strength measurements at these three depth intervals involved averaging all 

vane measurements for each station and contouring the data points. Results 

are presented in Figures 8 through 10. 

Contoured data suggest that the lower shear strength values lie along a 

diagonal band (~azimuth of 225°) which divides the test area in two. Shear 

strength values on either side of the diagonal increase with distance from 

the diagonal. 

Tentative direction of the trends within the test area possibly explains 

why M:JOVA 43-48 dld not demonstrate that the subareas differed significantly 

except in ANOVA 43 (20-30 cm depth interval). 

The trends shown are only tentative as they are based on contouring both 

single observations and averaged values where ioore than one observation was 

available, and as the ANOVA results deroonstrated, variability within a station 

is generally higher than between stations. 
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Part 5, r.hltiple Relationships Between Geotechnical 
Properties and Predictory Equations 

The primary objectives in this part of the study were to: 

(1) Establish important relationships between the properties measured. 
(2) Establish predictory equations for principal sediment properties, 

and determine the reliability of these equations over the range 
of values for the properties considered. 

(3) Establish the importance of test depth in the regression/correlation 
analysis performed for each sediment property. 

(4) Exemine the nature of the regression residuals in the context of 
developing better regression models. 

Data analyzed included all laboratory test results for the sediment pro­
perties listed in Table 2. 

Multiple correlation and regression analysis were performed using a modi­
fied version of the UCIA BIOMED forward stepwise regression program. 

The linear first order multiple regression model used can be described 
by the following expression: 

y = Bo + B1 X1 + B2 X2 + • • • • • + ~ 

where Y = dependent variable 
x1 Xn = independent variables 
B

0 B1 = parameters of the model 
( = random error with mean zero and variance <t2 ( unknown) 

Second order regression models in X of the form 
2 2 y = Bo + Bl X1 + B11 X1 + B2 ½ + B22 ~ + ••••• + €. 

werP. also considered for the laboratory vane shear strength data. Estimates of 
the m:>del parameters B

0
, ••••• Bn were obtained through the method of least squares. 

Forward Stepwise Regression Procedure 

A discussion on the use of regression analysis was presented earlier 
under statistical analysis methods. Some additional comments pertaining to re­
gression procedl.111!S are included here for information. The advantages of the 
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"forward stepwise" regression I rocedure over the "backward" or "forward" 
procedures is that at each step where a new variable is added to the regression 
equation, the partial correlation coefficients are recomputed, and the relative 
importance of all independent variables in the eq•.1ation are re-evaluated. The 
importance of this is that it enables one to identify if any one of the variables 
entered in the preceding steps have become insignificant because of their 
relationships with the new variables added. Thus, at each step every single 
variable is re-examined as though it had been the most recent variable entered, 
irrespective of its actual point of entry into the model, and any variable which 
does not provide a significant contribution is rem::>ved fro~ the model. An ex­
cellent description of the above statistical procedure and its advantages over 
other regression procedures is presented in Chaper 6 of Draper and Smith (1966). 

Preparation of Data for Regression Analysis 

One of the m::>st serious problems encountered in undertaking multiple 
correl~tion/regression analysis of any geotechnical data is that all sediment 
properties listed in Table 2 are seldom ever measured at the same test depth. 
Also, certain properties are measured mre f requently than others. Therefore, 
in preparing the data matrices for the regression analysis, one can expect to 
have numerous empty data cells ~nd be faced with the problem of either having 
to generate missing values by interpolation or preliminary regression techniques, 
or to eliminate incomplete data s1.1bsets or entries. 

For this study, a special approach was implemented to examine all data 
collected and avoid basing the entire regression analysis on a limited number 
of measurements or on data values generated by interpolation or regression results 
between two or three variables. 

Laboratory test results were grouped into the four major data sets presented 
in Table 31. Each set differs f'rom the others in the number 0f sediment pro­
perties it includes and the number of test results available for each property. 
To facilitate computer processing of d3ta, sediment properties were grouped 
into data partitions. The concept of d,1ta partitions and the sediment pro­
perties grouped under each partition are presented in Appendix C. 
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Table 31. Data Sets 

~ Set# 

1 
2 

3 
4 

Where: 

Used in Regression Analysis 

Data Partitions Included Size of Arra"¥_ 

A,B,D,E,F 25 X 18 
A,B,D,F 116 X 15 
B,D,F 176 X 9 
B,F 375 X 4 

n = number of measurements for each sediment property 

m = number of sediment properties incl uded in the 
partitions listed. 

~man) 

Dat.a arrays useful for regression analysis were obtained by the procedure des­

cribed below. For example, laboratory test results performed in a core usually 

provide a data array of the form shown in Table 32. The X denotes a set of 

measurements for the partition at the test depths indicated. 

Tabl e 32. Typical Data Array of Sediment Prope:('ties by Partiti ons 

Data Partitions A B D E F 
Information Gr ain Siz~ Vane Shear Densi t y Water Content Atterberg Limits 

Test Depth 
( cm) 

CJ-5 X X 

5-10 X 

10-15 X X 

15-20 X X 

20-25 X 

25-30 X X 

30-35 X X 

35--1~ X 

h0-45 X X 

From these results a complete data mat rix wi t h no empt y data cells can be 

formed if one groups different propert ies measured wHhin a reasonable test 

depth interval and assigns t hem a common test depth. For example, for the above 

matrix we ir.ight obtain the following: 
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Table 33. Completed Data Matrix for Sediment P ope~ties 
---------------------------·---------
Test Depth 
_lcntl,__ Gra~ She Vane Shear _Density Water Content Atterberg Lintts -

7.5 X X X )C X 

17.5 X X X X X 

32.5 X X X X X 

The assumption made in the above example is that the sediment properties do 
not change significantly within a ~5 cm depth interval. For this study, the 
optimum size of the test depth interval was established from the sediment versus 
test depth information presented in Part 1. A similar procedure was used for 
generating a data matrix for data sets 2 through 4. Use of this approach per­
mitted the examination of data at various stages of completeness (i.e., number 
of properties considered). 

Regression analysis for the four data sets involved generating several 
hundred equations. In several instances, fourth and fifth sets of predictory 
equations were required to investigate the effects .::,f omitting certain inde­
pend~nt variables, transforming variables of the original data matrix, adding 
new variables by transgeneration of original variables (i.e., products, ratios, 
obtained by combining two or three independent variables), and omitting data 
point. outliers. The end goals of these efforts were to obtain the best equation 
in terms of (1) the percent of variation it explained, and (2) the correctness 
of the regression model. Accomplishment of the latter goal involved examining 
the residuals for each regression equation to determine if: 

(1) the variance of the regression was constant within the r nge of 
the independent variables; 

(2) linear or quadratic terms should have been included in the model; 
(3) or a combination of both of the above. 

It should be brought out that the residual s,.uns of squares obtained from 
the analyses of variance performed in conjunction with the regression can be 
separated into two components: (1) pure error or inherent variability of the 
property, and (2) lack of fit which results if the model is inadequate. In 
general, F tests performed for establishing the significance of the equation 
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showed the regression to be significant. However, in several instances exa­
mination of the residual plots versus each of the independent variables indi-
cated that the model could be improved. An excellent discussion on the importance 
and use of residuals for evaluating the adequateness of the regression model 
used is presented in Chapter 3 of Draper and Smith (1966). 

Results of Multiple Correlation 

The best correlation matrix derived for each data set is presented in 
Tables F-1 through F-4, Appendix F. From t ~1ese tables one can identify and 
rank pairs of variables with significant correlations, and also compare how the 
correlation coefficients for selected pairs of variables change between the 
various data sets. 

An overall summary of the correlation results presented in Appendix F 
is provided by the four diagrams presented in Figures 11 and 12. Each diagram 
corresponds to one of the dhta sets described in Table 31. Significant correla­
tions between data partitions are denoted by soli.d lines, and the numbers adjacent 
to the solid lines represent the order of importance. Dashed lines denote the 
absense of any significant correlations. 

In all data sets, high correlations were always found between sediment 
properties within an individual data partition. This was expected, since the 
properties grouped in each partit ion are all closely interrelated and/or derived 
from the same laboratory test. For example, data partition A includes the 
following grain size parameters: median grain size diameter, Q1 , '½' percent 
sand, percent silt, and percent clay which are derived fro~ the same cWDUlative 
frequency curve. Similarly, data partition D in~ludes saturated unit weight, 
unit weight of solids, void ratio, and porosity which are all derived through 
arithmetic manipulation of two or three basic laboratory test results. Because 
of the high interrelationship between properties within each data partition, 
only one or two properties from each data partition were used in the regression 
analysis. 

Multiple correlation results indicated that the sediment properties mst 
highly related are laboratory vane shear strength (original and remolded), 
water content, a~ · sediment depth. Correlation results for saturated unit 
weight and/or porosity versus water content are next in order of importance, 
and correlation results for the grain size distribution parameters or the 

Atterberg limits with the other sediment properties are of no statistical significance. 
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Note that the relative magnitude of the correl'3.tlon coefficient values 
changes from data set 1 to data set 4. These changes reflect the effects of 
increasing the number of measurements available for correlation purposes and 
also of having these measurements more evenly distributed thro•1ghout the sediment 
depth investigated. Since correlation results for grain size or Atterberg 
limits proved unimportant, the best correlation values for sediment properties 
in data partition Dare obtained for data set 3 (Table F-3). 

For sediment properties in data parttions Band F, best correlation values 
are obtained from data set 4 (Table F-4). 

One interesting question arising from the consistent high correlations 
found between vane shear strength, water content, and sedim:!nt d~pth is which of 
the latter two variables is the best indicator of shear strength changes. 
Assuming that the type of sediment remains fairly uniform with sediment depth, 
an answer to this question was obtained for the sediment depth investigated 
by comparing the gradients for (1) shear strength vers11s sediment depth, (2) 
water content versus sediment depth, and (3) shear strength versus water 
content. Results demonstrated that in the upper 40 cm of sediment the large 
decreases in water content values makes the property a mre sensitive indicator 
of shear strength changes. Below 40 cm sediment depth however, since the 
water content only changes very slightly, the sediment depth is a better 
indicator of shear strength changes. 

Results of Regression Analysis 

The best predictory equations for laburatory vane shear strength (original 
and remolded), water content, unit weight of saturated sediment, and porosity 
are presented in Tables 34 through 36. Within each data set two equations are 
usually presented for each sediment property, the first is based on the original 
variables measured, and the second is based on the variables after cert ain 
transformations. Although equations could have been derived for each of the 
18 variables listed in Table 2, the regression analysis was restricted to those 
variables of greatest importance. Also, obtaining predictory equations for 
several of the variables would be meaningless in terms of physical processes 
or cause and effect relationships. The purposes of including the best equatio~s 
for each data set are to enable: 
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(1) comparing the independent variables selected as mst important in 

each regression analysis performed; 

(2) comparing changes in the regression coefficients derived for each 

of the equations whenever the same independent variables were 

selected in alternate regression eq,.1ations; 

(3) comparing the variability explained by each regression equation and 

exaI1Lining its improvement as the numher of data entries increased; 

and, 

(4) determining the relative accuracy of each of the equations for pre­

dicting a particular sediment property. 

Equations listed include only those independent variables which provided the 

largest reduction in the unexplained variation. All ot her independent variables 

considered have been omitted since they added little improvement to the regres­

sion equation. In general, if all independent variables are included in the 

equation, an additional 5 - 10 percent reduction in the unexplained variation 

can be obtained. 

Auother reason for presenting the predi ctory equations with only one or 

two independent variables is to minimize the risk of confoundlng the regression 

results by considering highly interrelated independent variables. As stated 

in the correlation results, variables within each partition are highly corre­

lated because they are derived from the same laboratory test. Ther~fore, if 

one indiscriminantly treats all variables as truly ''independent:, the effec­

tiveness of the regression analysis is seriously decreased and in many instances 

totally voided. 

Vane Shear Strength {Original) 

Equations derived for laboratory vane shear strength (Table 34) iniicate 

that the remolded vane shear strength and water cont ent are the most important 

independent variables to include for prediction purposes. In all data se t s, 

regression results were improved by using the natural logarithms of the w1ter 

content values instead of the original wat er content values. Also , in the best 

regres~ion equation obtained (No. 9), both t he origi nal and remolded shear 

strength values were converted to natllral logarithms. The improvement in the 

regression was antic~pated since the logarithm transformation helped to correct 



the slope changes for the shear strength versus sediment depth profiles which 
were first noted in Part 1. 

An example of the accuracy of different equations derived ls presented 
below. Selecting the mean original shear strength of 14.9 g/crr?- and water 
content value of 238 for the 0-10 cm test depth interval from Table E-1 and 
entering these values in equations 4, 6, and 8 provided t he following three 
E•stima.tes for the ~riginal shear strength value: 

Equations No. 

4 y = 320.6 + 1.0(14.9) 

6 y = 286.4 + 1.1(14 .9) - 53.3 10~(238) = 11.1 g/cef-

8 y: 229.3 + 1.1(14.9) - 41.8 loge(238) = 16.9 g/cm2 

Comparing the above results with the average shear strength values of 14.9 g/c-ai2-
determined for this depth interval,one sees that eq1ation 8 based on data set 
4 provides the best estimates of the shear strength value, with an error of less 
than 15 percent. 

A similar procedure can be used to examine the accuracy of the equations 
derived for the other sediment properties and to determine changes in the 
accuracy as one looks at different test depth intervals, or different test 
depth intervals sizes. 

A second series of equations was ob tained for t he original shear s t rengLh 
para.meter omitting result s of the remolded shear strength tests (see eq~ations 
10 through 14). The purpose of this effort was to provide an alternate method 
of predicting shear strength and to assess the importance of the remolded tests. 

ThP. best predictory equat ion obtained (No. 14 ) is based on data set 4 ~nd 
explained 85.3 percent of the variation using test depth and the natural 
logarithm of the water content as the independent variables. 

A comparison of equations 9 and 14 shows that if the remolded strength is 
not included in the equation, the unexplained variation increases by approxi­
mately 8 percent. Thus, it appears t hat the remolded shear strength variable 
is of significant importance for accurately predicting the original vane 
shear strength. 
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Vane Shear Strength (~etoolded) 

Regression results for the reioolded shear strength (Table 35) showed that 

the original vane shear strength was the ioost important independent variable 

to consider in the predictory equation. Other individual sediment properties 

considered as independent variables proved to be of no real importance in 

terms of reducing the unexplained variation. Equations 2 through 4 are essen­

tially identical; however, since equation 4 is based on the largest n·..unber of 

measurements and ?xplains 85.2 percent of the variation, it is considered 

the best equation. 

Since in many instances it may be 1esirable to predict the rem.)lded vane 

shear strength when the original vane shear strength is not availab]e, a 

second set of equations was derived omitting the original strength results. 

These equations are shO'ii#n in Table 35, 

The best predictory equation (No. 7) was o~tained from data set 4 and is 

a function of the test depth and water content variables. The total variati,)n 

explained by the regression is approximately 71 percent. 

Water Content 

~~edictory equations for the water content variables are presented in 

Table 36. Equation 11 obtained from data set 4 explains t he greatest percent 

of variability (90,91,). Principal independent variables used in the equation 

are test depth and original vane shear strength. In this eq~ation both the 

water content and the original vane shear strength values have been transformed 

by use of natural logarithms. Therefor e , t o obtain the correct or predicted 

water content value one must take the antilog of the solution t o the equation. 

Equations 7 through 10 also have been included in Table 36 for purposes 

of enabling predicting t he water content value if 

(a) transformation by natural logarith.~ is not desired (equation 7), 
(b) original vane shear strength measurements are not available 

(eq~ation 8), 
(c) only the original vane shear strength is known (equation 10). 
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Saturated Jnit Weight and Porosity 

Predictory equations for the saturated unit weight and porosity are 

presented in Table 36. Regression results indicated that water content and 

test depth are the most important variables for predicting saturated unit 

weight. For the porosity equation, test depth and vane shear strength (original) 

are the most i mportant independent variables. 
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Part 6. Development of Sampling Criteria 

Variability results presented in previous study parts were analyzed 
further in this section to provide some insight into the efficient design 
of sampling programs for marine sediment properties . Although the specific 
results obtained are applicable primarily to the seafloor area studied, 
the sources of variability identified and the variance estimates obtained 
a.re useful for comparing the advantages of various types of sampling plans. 

Two types of problems usually encountered by an investigator when 
planning a marine geotechnical sampling program include: (1) selecting 
the method to be used for drawing the sample from the population of 
interest, and (2) establishing the number of samples and/or tests required 
to describe correctly the parameters of the population. Considerable research 
has been done on both the theory and practice of sampling , and the literature 
on this subject is extensive. Readers are referred to Cochran (1963) for a 
thorough discussion of sampling problems and experimental design. Chapter 17 
of SnedEL'Or and Cochran (1967) covers some of the methods for selecting a sample 
and establishi ng the optimum allocation of resources. Chapter 7 of Krumbein 
and Graybill (1965) is particularly appropriate as it discusses sampling prob­
lems in the geological sciences. 

In general, however, the t ype of information required to answer t he above 
questions involves the following. Selectionof the appropriate sampling method 
requires that the investigator defi nes the populat ion to be sampled , selects 
the variables to be measured , and identif ies the sources of variability of 
principal concern. An addit ional requirement of considerable importance is the 
determination of the statistical models that will be used to examine the data 
once collected; e.g., the des ign of t he analysis of variance models. 

To obtain some answers regarding t he nUillber of samples necessary to estimate 
accurately the popu l ation parameters requires that t he i nve tiaator have some 
information on the variability of t he populat icn he is sampling . Usually this 
information is obtained f r om previous publi shed data applicable to the seafloor 
area of interest or from a preliminary sampling survey, or from an intuitive 
guess. Surprisingly enough, in many instances a rc ~gh estimate of the variability 



of the population can indicate the approximate magnitude of the sampling 

effort required, thus suggesting to the investigator the appropriate course 

of action. 

rn the field of marine geotechnique, development of efficient sampling 

programs has not been feasible due to the limited id'ormation available on 

marine sediment properties, and to the fact that most published data fail to 

provide a statistical description of the variability of the data examined. 

At present, most seafloor sampling programs performed can be categorized under 

si111ple random sampling or systematic sampling methods. 

In simple random sampling, the investigator assumes he knows very little 

about the population h~ is sampling, thus, locations of sampling stations and 

sedimen~ depths at which tests are conducted are randomly selected. Although 

this rie~hod is designed to prevent biasing of the results, it does not insure 

that the best estimates of the sample mean and variances will be obtained, par­

ticularly if the sample means and variances change significantly with test depth, 

geographical coordinates, or another unknown variable. 

Systematic sampling is often used when the investigator wants to evenly 

spread the locationofthe sampling stations i J a grid for purposes of investiga­

ting trends, or when it is the least expensive way to collect the data. 

In the following discussion, some methods are presented to aid tbe reader 

in using some of the published data for purposes of developing a more effi-

cient sampling program. The methods presented apply to data from simple random 

samples, stratified sampling and nested sampling. Differences in these sampling 

methods will become clearer through the examples given. 

Sample Size-Simple Random Samples 

One of the simplest procedures for determining the number of samples required 

to accurately estimate the mean of a population is presented below. The proce­

dure assumes that population has a normal distribution and that an estimate of 

the population standard deviation, ti', is known. As stated earlier, usually 

this estimate is available from previous sampling of this population, or from 

published results for other similar populations. Essentially, the procedure 

requires that the investigator defines the maximum error be can allow in his 

estillate of the population mean and that he expresses the allowable error in 

terme of confidence limits. Given this information, the size of the sample 
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N can be obtained as follows (Snedemr and Cochran, 1967, Pg. 517): 

where t_P(df) = t - value from Student's t distribution for the 
probability (P) and the degrees of freedom (df). 

s = standard deviation of sample. 

E = allowable error for population mean (same units as 
population mean). 

(6) 

This particular method is extremely attractive for use with marine sediment 

data as more authors are beginning to provide standard deviations for the 

data analyzed. 

An example will help to clarify its usefulness: 

Example l. Suppose one wishes to estimate for the San Diego Trough the mE!an 

in-place vane shear strength for the 0-130 cm sediment depth interval, at the 

95 percent confidence level. Based on hypothetical engineering requirements, 

the maximum error allowable is set at: 10.9 g/cm2, which represents: 20 

percent of the mean in-place vane shear strength reported in Table 2. The es­
timate of the population standard deviation is also obtained from Table 2 and 

is equal to 27.7 g/cm2. Solving for N: 

( 
27. 7] 

2 

N = ( l. 96) * ( 10 . 9) = 24.8 or 25 

* t from Student's t distribution for oo degrees of freedom, value 
at the 95~ confidence level. 

The above results indicate that 25 samples randomly selected within the seafloor 

area studied and the upper 130 cm of sediment depth are necessary to insure 

that the population mean lies within X : 10.9 g/cm2 at the 95 percent ccnfi­
dence level. The X value in this case is equal to 54.4 g/cm2 and is obtained 

from Table 2. 

An interesting aspect concerning the relationship between sample size 

versus the magnitude of the error allowed is that in order to reduce the error 

of the population mean in hal:, the size of the sample has to be quadrupled. 
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For example, if the allowable error for the in-place vane shea strength 
population mean was reduced to 1~ or 5.4 g/cm2, the sample size, N, required 
increases to 101. This illustrates the importance of realistically defining 
the error that iR tolerable tor the population mean. 

Estimating The Standard Deviation 

When the standard deviations for the marine sediment data are not furnished, 
an estimate ot the standard deviation for a population which is believed to have 
a normal distribution can be obtained by multiplying .24 times the range (R) 
of the sample (i.e., highest minus lowest value). Similarly, for a skewed 
distribution shaped similar to a right triangle, an estimate for the standard 
deviation is obtained by multiplying .21 times the range (Snedeoorand Cochran 
1967, pg. 517). 

Sample Size-Stratified Random Samples 

The above method can also be used to determine sample size requirements 
within discrete sediment depth intervals. 'l'he purpose of sampling by depth 
interval is to allow division of the population into sub-populations or strata 
that are less variable than the original population,. This method is parti­
cularly useful •. :~en the ·population mean is known to change significantly with 
sediment depth, such as is the case for vane shear strength and water content. 
The sample statistics presented for the 10 cm, 20 cm, and 50 cm test depth in­
tervals (Tables 'E-1 through E-6) typify results of a stratified sampling pro­
gram. However, within each strata samples are still assumed to be randomly 
selected throughout the test area. 

The advantages of stratified sampling for reducing the effort required to 
accurately estimate the population mean is illustrated in the next example. 

Example 2. Suppose one needed to determine the sample size required to 
estimate the population mean for each of the sediment properties examined 
from the San Diego Trough at a 95i confidence level. For illustration pur­
poses, only two depth intervals are of interest--the 0-50 cm, and 50-100 cm. 
Also, the m&Ximum error allowable for each sediment property is arbitrarily 
set at lOi of the sample mean values l:ls ted in Table E-4 for the respective 
depth intervals. 
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Uning the standard deviation values listed in Table E-5 and the allowable 

error for the mean of each sediment property, the following sample size re­

quirements were obtained . Note that these results pertain primarily to sampling 

in the San Diego Trough. However, if sediment properties in another seafloor 

area were believed to be roughly the same, these results would provide a good 

first estimate of the sampling effort required (Table 37). 

Table 37. Size of Sample Required for Estimating Means Within ~ lOi Erro1· 

Sediment Property 

In-Place Vane Strength 

Lab Vane Strength (Original) 

Lab Vane Strength (Remolded) 

Wnter Content 

Saturated Unit Weight 

Unit Weight of Solids 

Porosity 

Median Grain Size 

Depth Interval 
0-50 cm 

Error 1 No. of 
Allowed ( ) Samples ( 2 ) 

2.9 107 

2.7 153 

1.2 190 

17.6 20 

0.14 1 

0.25 1 

8. (; 1 

3.8 X 10-4 22 

Note: (1) Same units as sediment property. 

Depth Interval 
50-100 cm 

Error No. of 
Allowed Samples 

6.0 18 

6.2 17 
2.9 33 

12.5 2 

0.14 1 

0.25 1 

7.7 1 

3.6 X 10-4 31 

(2) Number of samples specified above would be obtain~d by simple 

random sampling techniques within the entire test area and 

sediment depth interval under consideration. 

The above results demonstrate that if the allowable error is a function of 

the sample mean value for these two sediment depth intervals, then substantial 
reduction in the sampling effort can be accomplished for several sediment 

properties by using a strati f ied sampling technique. As an example, for the 

vane shear strength and water content variables the number of samples required 

between the upper and lower 50 cm intervals decreases by a factor of six. 

In -those cases wher( the allowable error is a fixed value regardless of 

the changes exhibited by sample means ••Ii th depth, the above described procedure 

can be applied also. 



Sample Size -~ Sa.,npling in Stages 

Multistage sampling was the principal technique employed in this study to 
enable answering the questions posed in the previous sections. 

Basically, it involves sampling in a manner which will allow partitioning 
the total variability into the sources of variability of major concern. This 
type of sampling was first illustrated in Table 1. Among the advantages of this 
sampling method is that with fewer samples one can assess the variability 
introduced by several factors. Also, the data obtained can be examined using 
the analysis of variance technique and components of variance derived from the 
ANOVA can be used in conjunction with cost information to determine the most 
efficient sampling program. 

An example is presented below to illustrate the advantages of this sampling 
method and the use of the components of variance for evaluating the relative 
merits of alternate sampling designs. 

Optimal Allocation of Resources 

In Table 28, the components of varianc,: were presented for several of the 
sediment properties examined in this study. As an example, results given in 
AJ.~OVA 35 identify the variability within a selected depth interval attributed 
to (1) station location effects, (2) core location effects, and (3) within core 
or replicate measurement effects. Assuming that additional sampling were to be 
performed in the San Diego Trough area, or in another similar seafloor area, 
the above information ~ould be used to optimize the sampling program relative 
to cost or to the variability allowed (Snedecor and Cochran, pg . 531-33). 

where 

The equation for the cost of sampling at a station is: 

CT = 

cl = 

c2 = 

c3 = 

Total cost 

Cost of occupying a station (other than coring and core 
testing operations) 

Cost of taking a core 
Cost of one measurement in a core 
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f . 

f 
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l . 

f 

f. 

nl = Number of stations at which cores are taken 

n2 = Numb< of cores at each stat ion 

n3 = Number of measurements in each core 

In the above expreRsion, the total number of measurements N is equal to 

(nl) (n2 ) (n3). 

T:1e equation for the estimated variance s-2 of the sample mean within y 
a d,o;.pth interval is: 

2 s 2 s 2 
2 sl 2 3 (8) s- = -- + - + -y n1 nln2 n1n2n3 

where 
2 is the component of variance due to station location effects, 81 

2 is the component of variance due to core location effects, 82 
2 is the component of variance due to within core measurement effects. 83 

'!Yo types of problems can be solved from this information. First, if one 

specifies a desired variance V for the sample mean (Vis analogous to the 

allowable error for the population mean described earlier),one can determine 

the least expensive way to attain this value. Second, if one specifies the 

maximum cost allowable CT, one can determine the smallest variance that can 

be expected. Both of these problems have essentially the same solution and 
entail minimizing the prod1ct 

= (:{_ 

2 2 ) VCT 
s2 S3 

(9) + + clnl + c2nln2 + c3nln2n3 nl nln2 nln2n3 

It can be shown that this expression has the smallest value when 

n2 = [
01•( 
c2sl 

and "3 
_g2s/ 
- 2 

C3S2 
(10) and (11) 

n1 is then found by solving either the cost or the variance equation. 
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Example 3. Assume one wishes to investigate the vane shear strength of sedi­
ments in the San Diego Trough at a selected depth interw.l. The problem is to 
design a sampling plan that will give the highest precision for the resources 
to be expended. For purposes of this example, assume that the total ~unds 
available for a s~~~ling program are $10,000. Also assume that, based on pre­
vious at-sea operations, the cost of occupying a station is $500, the cost 
of taking a core is $125, and the cost of performing a single vane test in the 
core sample is $25. 

Using the components of variance given in Table 28 for the laboratory vane 
shear strength (original) and equations (10) and (11) given earl · er, the 
optimum number of samples required at each leve~· can be obtained as follows: 

The optimum number of measurements within a core is calculated to be 

(125)~21.8~ 
(25) 38.3 

Also, the optimum number of cores is 

n ={i: 2 2 
2 1 

solving the cost equation (7) for 1 

10 000 
{500 + (125){2) +(25)(2)(2)) 

12 stations 

= 

= 

= 

1. 76 or 2 

2.17 or 2 

10,000 = 11.76 
850 

Therefore, for the amount of money allocated, the most efficient sampling program 
involves occupying 12 stations, taking 2 cores per station, and making 2 mea­
surements in each core at the sediment depth of interest. Location of stations 
is determined by subdividing the area to be investigated into smaller units of 
area of approximately equal size, and randomly selecting 12 subareas to be 
S&mi ~ed. An assumption in the above plan is that the area to be sampled 
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representn a single population. If the investigator suspects that there is more 

than ont' vnne :1hear ntrength population within the area, then a sampling plan 

for each population has to be defined. 

For the above sampling design, the expected variance of the mean vane shear 

strength is: 

s-2 = 32.6 
y 12 

+ 38.3 
(12){2) 

+ 21.8 
(12)(2)(2) 

s-2 
= 4.8, or S- = 2 , 2 g/cm2 

y y 

Note that the total cost of the sampling program using the n1, n2 , and n
3 

values obtained :.:; equal to $10,200. This is a result of round-off error in 

having to use integers for n1 , n2, and n3. 

Example 4. Changing the above problem slightly, assume that the problem is 

to design a sampling program such that the variance of the sample means for 

the vane shear strength is not to be greater than (5.4 g/cm2)2 . The individual 

cost estimates listed above still apply, however, the total cost of the pro­

gram is not known. 

Using the variance equation (8) and the values for n
2 

and n
3 

derived 

earlier, one can calculate the new n1 value: 

+ + 
21.8 
n

1 
(2)(2) 

n = 1 
= 1.97 or 2 

Therefore, if one takes 2 stations, 2 cores per station, and 2 measurements 

per core, the standard deviation of the sample rr.~an will be 5.4 g/cm2. The 

cost of this sampling design can be evaluated using equation (7) given earlier. 

= 

= 

(500)(2) 

$1,700 

+ ( 125 )(2 )(2 ~ + (25 )(2 )(2 )(2) 
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I l 
A comparison of the costs for sampling design used in Example (3) versus . J 

Example ( ,~) iL\-u•strates the importance of establishing how accurately the sample 

means r.eed to be known. In this example, by allowing the standard deviation of 

the sample mean t o increase from 2.2 g/cm2 to 5.4 g/cm2 , the sampling program 

required is only one-fifth as expensive. 

The above examples demonstrate the advantages of sampling in stages and 

the importance of the components of variance for the development of an effi~ 

cient sampling program. 

94 

l l 



I . . 

L 

I 
• I 

[ . 

L 

SEC'rION 4. SUMMARY AND CONCLUSIONS 

A comprehensive analysis of the variability of marine sediment properties 

from a deep ocean depositional environment was performed in this study. Al­

though the results were obtained through analysis of sediments in the San Diego 

Trough test area, a practical approach was developed that is applicable for ex­

amining seafloor sediment properties in other sedimentary environments. 

The study has shown that it is feasible to assess the major sources of 

variability in marine sediment prope~ties through the proper design of a samp­

ling and laboratory testing program, and the selec~ion of appropriate statis­

tical models for data analysis. One important requirement for the efficient 

analysis of large quantities of marine sediment data is the availability of a 

general purpose computer data management system capable of manipulating and 

interfacing the sediment data with widely used statistical programs. Such a 

data management system was developed for this study and should have broad ap­

plicati.on for the processing of marine sediment property data. 

The use of a submersible capable of recovering high quality cores and per­

forming in-place vane shear strength measurements was particularly advantageous. 

This approach provided the unique opportunity to select the precise location of 

sampling stations, and to obtain replicate cores, r.eplicate in-place vane tests, 

and paired core and in-place measurements. Replicate and paired samples were 

essential for assessing the principal sources of variability, and for comparing 

the laboratory and the in-place vane test methods. 

Conclusions Pertaining to The Study Approach 

l. Sampling in stages was shown to be the best approach for collecting 

the sediment data necessary to evaluate major sources of variability 

in the San Diego Trough area. 

2. Determination of sample description stat~stics for each sediment prop­

erty as a function of test depth interval was found to be a valuable as-

I pect of the overall data review. This approach enabled 1) comparison 

I . 
95 



of sample nieans and variances, 2) identification of sample mean and 

variance trends, 3) preliminary identification of regression models, 

and 4) preliminary estimates of sample size requirements. 

3. The statistical methods found to be most ap~licable for the detailed 

examination of the sediment properties considered included analysts 

of variance techniques and linear multiple stepwise regression analy­

sis. In particular, nested analysis of variance techniques were ex­

tensively used to identify important soorces of variability and to 

provide estimates of the components of variance which are essential 

for the design of efficient sampling programs. 

4. Use of the UCLA (BIOMED) multiple stepwise regression program proved 

advantageous because of its capability to 1) examine large numbers of 

lndependent variables, 2) perform numerous transformations and gener­

ation of new ,ariables from the original data, and 3) plot the resid­

uals. 

5, Finally, development of a versatile computer data management system 

facilitated the efficient sorting, retrJeving, and interfacing of 

sediment data with major statistical routines. 

Conclusions Pertaining to the 
San Diego Trough Sediment Properties: 

l.. Grain Size Distribntion - In the San Diego Trougt:i area examined, the 

sedin•ent within the upper 1. 2 meters is classified as clayey silt. 

Analysis of grain size distribution demonstrated that particle size 

does not change significantly in either lateral or vertical directions. 

Of the total variability mE·asured, the largest portion ( 60%) is con­

tributed by micro-areal effects (i.e., within station differences). 

Evidence of the large variability in samples tested from the same sta­

tion was also shown by the large uncertainty determined for a single 

grain size determination. 

It was determined from the above results that an increase in the ac­

curacy of the mean median grain size requires more replicate cores 

within a station and replicate testing (sample splits) within each 

core. Results also suggest that the procedure employed for grain size 

determinations (i.e., hydrometer method) may be a source of inconsistent 

results. 
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Water Content - Profiles for the water content sample means demon­

strated that this property decreases logarithmically with sediment 

depth, and that t he greatest water content changes occur in the first 

O.u m. The best equation derived for predicting water content (ex­

pressed as the natural logarithm) is a function of test depth and the 

natural logarithm of the original vane shear strength (Equation 11, 

T~ble 36). This equation explained approximately 91% of the total 

variation measured in the upper 1.2 meters of sediment. Analysis of 

variance results showed that over the entire test depth range 78% of 

the variability determined for this property is contributed by test 

depth effects. Ji:>wever, within discrete depth intervals the variability 

contributed by micro-areal effects (within sampling stations) was found 

to be the most important source of var iability. Macro-areal effects 

throughout the test area at similar depths were shown to be of minor 

importance. 

These results show that minor local variations in the sediment, com­

bined with differences in the water content values resulting from in­

consistencies in testing at the identical sediment depth, csn cause 

larger uncertainties than those contributed by areal effects. To ob­

tain better estimates of the mean water content value for a selected 

depth, laboratory tests should be performed at the same sediment depth. 

This is particularly important in the upper 0.6 m where the water con­

tent changes rapidly. Results also indicate that replicate coring, and 

replicate tests within core3 should be performed to reduce the varia­

bility introduced by local effects. 

Vane Shear Strength - Results of laboratory vane shear strength measure­

ments (original and remolded) correlated highly with sediment depth 

and water content. Regression analysis for the original vane shear 

strength demonstrated that approximately 85% of the total variability 

in the upper 1.2 meters is associated with test depth and water content 

changes. 

These results were also confirmed by the analysis of var iance conducted 

on the in-place and laboratory vane shear strength measurements. Com­

ponents of variance for each of the properties showed that approximately 
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8 ,1, of the total variability detennined is contributed by te:J1. depth 

differences. Within discrete depth intervals however, the variability 

contributed by micro-areal ef fects and the testing technique are the 

major factors to consider. 

The above findings suggest that the test depth effects are the primary 

factor to consider when attempting to reduce the variance of the vane 

shear strength sample mean. Furthennore, when estimating the mean 

within a discrete depth interval greater attention should be given to 

the micro-areal variability. This source of variability can be re­

duced by replicate sampling and replicate testing of core samples. 

Despite the small magnitude of the variability attributed to macro­

areal effects, analysis of variance results indicated that significant 

differences exist in the laboratory vane shear measurements between 

some of the sampling stations. Contouring of the in-place and labor­

atory vane shear strength at three separate depth intervals showed 

that lower shear strength values exist along a NE-SW diagonal band 

which bisects the test area. Shear strength values increase with dist­

ance from both sides of this low strength band (Figures 9-10). Par~ly 

because the greatest number of vane measurements were made in central 

and eastern portions of the test area, the indicated trends are some­

what tentative and would require additional data for confirmation. 

4. Saturated Unit Weight - This sediment property was shown to correlate 

best with sediment depth and water content. Descriptive statistics 

showed that in the upper 1.2 meters the saturated unit weight linearly 

increases with sediment depth in the first 0.6 meters, but remains 

nearly constant below this depth. 

The above relationships were confirmed by the results of the regressiai 

analysis which selected the water content and sediment depth as the 

two most important independent variables for predicting saturated unit 

weight. 

Analysis of variance results indicated that approximately 85~ of the 

total variability is contributed by test depth effects; micro-areal 
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differences and testing technique effects were determined to be of 

minor consequence. It is therefore concluded that within discrete 

depth intervals the saturated unit weight represents a single popula­

tion throughout the sampled area. 

Analysis of the test method variability of sat urated unit weight (Table 

18, Part 2) showed that the results from tests performed on cores from 

the same station are more consistent than those of other sediment 

properties. 

5. Porosity and Void Ratio - Sin~e these properties are calculated from 

results of the laboratory tedt for saturated unit weight, sources of 

variability for these properties are the same as for the saturated unit 

weight. 

Excluding test depth effects, both of these propert5es represent a 

single population throughout the area. Correlation results indicated 

that porosity and void ratio are related to the water content, sedi­

ment depth, and shear stren1~th. Regression results for porosity in­

dic~~ed that the best predictory equation is a function of test depth 

and original vane shear strength (T~ble 36). 

Conclusions Pertaining to Different Test Methods 

Results of this study demonstrated that over the sediment depth range ex­

amined the laboratory and the in-place vane shear strength tests provided nearly 

identical results. Statistical analysis of a large number of paired measure­

ments showed that at the 9~ confidence level, there is no significant differ­

ence between the two test methods. Thus, laboratory vane test results on these 

cores accurately represent the field conditions. These findings indicate that 

disturbance effects in DEEP QUEST cores due to coring, pressure and temperature 

changes, if th~y exist, are not significant when final results are compared. 

Changes in the test results due to differences in the in-place and laboratory 

testing techniques used are also not detectable. 

Recommendations for Future Work 

The ultimate goals of these research efforts are to obtain the information 

necessary to understand and predict the variability of sediment properties in 
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1111.jor depod t1.onal environments, and to dete 1:-mine the accuracy with which 

laboratory test results represent the actual field conditions. 

1. Inas1111ch as the mjority of sediment property data resulting from 

various studies is obtained thro, ,gh the use of surface coring techniquP.s 

as opposed to the highly specialized investigations undertaken by sub­

mersibles, the unknown sediment disturbance factors associated with the 

use of surface coring devices should be determined. It is essential 

to evaluate the accuracy of sediment property data resulting from these 

studies in order to determine actual in-place conditions, and to assess 

sediment property variability in other depositional environmentb. 

Evaluation of the uncertainties in widely used surface corers would 

involve a planned sampling program using a few of these devices in the 

now defined San Diego Trough test area, and comparing the results of 

sediment property tests conducted in these cores with the information 

available in the Geo·~echnical Data Bank. 

2. After estt.blishing the differences in thf, various sampling devices, the 

coring system producing the mst reliable results should be used for 

pilot sampling studies in other major depositional environments. As 

shown in this study, taking replicate samples at a small number of 

stations can provide an adequate estimate of the existing variability. 

Such an approach would not only facilitate better design of future 

sampling plans, but would also provide a standard for comparing sedi­

ment property measurements taken in other areas or with other devices. 
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T11bl e A-1. :..iumm,u·,v '-'.1' J.M::c ,:eotechnical Data Collected in 

The San Diego 'l'rou ~h Using DEEP QUEGT 

Station No./ 
DF.F.P QUEST Latitude Lockheed Equipment Year 

a 
lJ.ivt: Longitude Depth (meters) Vane Test Core No. Collected 

1-111 J?
0 3J .9'N ]230 ¾ 22 l(flO 

11'(
0
?'(. 3 'W 

l-ll2 32°34.1' 1234 2,3,4,5,6 23,24,25,26, , I 

117°27.7• 27 
C 

1-114 32°33.9• 1230 28 II 

117°27.3• 

2-114 32°34.1 1 1230 29 II 

117°28.0 1 
C 

1-121 32°34.1 1 1230 7 
II 

111°28.0 1 

l-122 32°33.9• 
117°27.3' 

1230 8 II 

1-124 32°33.9• 1230 30,31 II 

111°27.3• 

2-124 32°33.9• 1235 9 32 II 

111°27.4' 

3-124 32°33,9' 1235 10 33 II 

117°27.6' 

4-124 32°33.8• 1236 11 34 II 

117°27.8• 

5-124 32°33.9• 
111°27.3' 

1240 12 II 

1-135 32°33.9• 1230 13 35 1971 
117°27,3• - I 

2-135 32°33.8• 1231 14 " 
117°27,4 I 

.. 

1-136 32°33.9' 1234 36 II 

: I 117°27.6' 

2-136 32°34.1' 1230 37 II 

117'28.0' 

1-137 32°33.4' 1236 38 " 
11'f'27.3• 

2-137 32°33.0' 1236 39,40 " 
117°27.1• 

1-138 32°33.8• 1239 41,42 " j I 
11'f'27.7• 

2-138 32°33.8' 1240 43,44,45 " 
111°28.3' 

3-138 32°33.2' N.A. f f " 
117°28.8 
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1 I 
Table A-1 ( Cor.t) 

Station Wo./ 

I. DDP QUEST Latitude Lockheed Equipment Year 

Dive longitude DeEtha {l'letersl Vane Test Core No. Collected 

1-139 32°34.4 1 1325 f f 1971 
117°27.5• 

2-139 32°34.9 ' 1325 f f " 

I 117°28.0 1 

3-139 32°3,.4 1 1325 f f " .. 
117°27.4' 

1-146 32°33.9• 
111°28.6 1 

1219 52,53,54 1972 

I 
1-150 32°33.9• 1230 (55),56c ,57e 

I 117°27,3' 58e, (59) ,6od 
I ' 

1-151 32°33.8' 1219 15 (61) " 

I . 117°21.4 1 

2-151 32°33.8' 1250 16 (62),(63) " 
117°27.4' 

3-151 32°33.2' 1250 17 (64) " 
117°28.8 1 

4-151 32°33.1 1234 18 (65) " 
111°28.0' 

1-152 32°33.6' 1250 19 (66), (67) " 
117°27,9• 

2-152 32°33.3• 1250 20 (68), (69) " 
117°28.4 1 

3-152 32°33.0' 1250 21 (70), (71) " 
117°28.9' 

1-153 32°33.5' 1210 
111°29.3' 

22 (72), (73) " 

2-153 32°33.5' 1210 23 (74), (75) " 
117°29.9' 

3-153 32°33,5' 1219 24 " 
117°30.6 1 

1-154 32°34.5' 1250 76 " 
117°28.0' 

2-154 32°35,0' 1244 77 " 
111°28.1 1 

3-154 32°34.9' 1244 78 " 
117°28.8 1 

4-154 32°34,9' 1247 " 
J 

79 • 
117°29.3 
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Table A-1 (Cont) 

::t.Jt.1. Lon No./ 
IJF:F.l' QUJo:~l'T' T11.I 1.t.ude Lockheed Equipment Year a Dive J.onsitude De:eth {meters~ Vane Test Core No. Collected 

5-154 32°34.8 1 1249 8o 1972 
117°29.8• 

1-166 32°33.4' 
117°27.3• 

1221 f f II 

2-166 32°32.8 1 1226 (33) 103), ( 104) " 
117°27.9• 

3-166 32°32,5• 1223 34 ( 105) , ( 106) " 
117°28.5' 

4-166 32°32.4' 1219 35 ( 107) , ( 108) II 

117°29.1• 
1-167 32°34.l~ I 1234 (36) ( 109) , ( 110) II 

111°29, 1} I 

2-167 32°34.J' 1234 37 111,112 II 

117°30,j' 

3-167 32°34.3• 1230 38 ( 113) , ( 114) II 

117°30.7• 
1-168 32°33.1• 

117°29,2 I 
1233 39 II 

2-168 32°32.5' 1231, 40 " 
117°29.5 

3-168 32°32.8 1 1235 41 " 
117°30.2• 

2-175 32°35.4' 1216 (115), (116) July/August 
111°28.4 1 1973 

1-178 32°35,1' 1217 42,43,44, II 

117°30,2 I 45,46,47 
1-179 32°35.0' N/A 117,118,119 November 

117°30.3' 120,121,122 1973 
l-18o 32°34.4' 1234 123,124 " 

111°29,7• 
2-18o 

0 

32 j~ 6' 117° :1• 
1231 125,126 " 

3-18o 32°33.2• 1234 127,128 " 
117°30.4' 

1-181 32°33.0' 1234 129,130 " 
117°28. 4' 

?.-181 32°33,9' 1220 131,132,133 " 
117°28. 61 

1-182 32°34.a' 1219 134,135 " 
117°29.1 • 
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Table A-1 (Cont) 

a - Depth measured from DEEP QUEST 

b - Penetration test only 

c - Cores given to UCLA 

1 - Cores badly disturbed - not used in analysis 

e - Core 0 not tested 
f - Dive devoted to Lehigh Uliversity, !MSC geotechnical equipment inoperative 

NOTE: l. Number in parenthesis indicate that replicate vane tests were 

conducted in these cores or at these test stations. 

2. In-place tests 2, 3, 4, 5, 6 are approximately 6.1 meters apart. 

3. In-place tests, 42, 43, 44, 45, 46, 47 are approximately 6.1 

meters apart. 

4. Legend of test stations at Site land Site 2: 

Site l includes stations 1-111, 1-114, 1-122, 1-124, 1-135, 
1-150 which are within a 12 meter radius of the location 

marker. 
Site 2 includes stations 2-114, 1-121, 2-136 which are within 

a 6 meter radius of the location marker. 

5, All cores collected during November 1973 dives have not been tested 

yet. 
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laboratory Test Procedures 

As stated in Section 1, laboratory testing procedures used in this 
study are in general agreement with accepted standard methods. However, 
because different core handling operations and methods for determining 
sediment properties have been compared, some further description of these 
techniques seems appropriate. 

Core Handling 

The possibility of core disturbance could be observed at several 
stages between sampling and laboratory testing. These were while experienc­
ing difficulty during sampling, after jarring of cores during handling on 
d~ck, upon initial inspection aboarn ship, in the laboratory before testing, 
and upon extrusion for testing. 

Cores numbered through 66 were tested or subsampled in the core bar­
rel without extrusion. A fresh core section was exposed for testing by 
cutting through the coring tube with a hot wire and removing the overlying 
section of coring tube containing the previously tested sediment. The 
faster method of extruding the sediment upward after each test to the next 
test level, and removing the sediment above the top of the coring tube was 
estabh shed at core 67. 

laboratory Vane Shear 

Sediment strength was tested wi t r. a laboratory vane shear device manu­
factured by Wykeham-Farrance Engineering, Ltd. The vane blades are 1.27 cm 
in length and width, and the vane was inserted with its shaft parallel to 
the longitudinal axis of the sediment core. Shear strength was computed 
from shearing resistance by the usual formule (Carlson, 1948). 

Before modification of the laboratory vane shear device, the motorized 
vane rotated at 6 degrees/minute and the shearing resistance was computed 
from the torsion developed in a standard factory-calibrated spring. After 
modification, the vane tests were run at a rate of 48 degrees/minute, and the 
shearing resistance was determined from the output of an electrical strain 
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i,:1111.v,e. '.!'ht! strain p;uage was calibrated before testing began on each new 
v,roup of corer;. This change in methods took place after core 34. Rerrolded 
tests were perfonned in each of the above methods by manually turning the 
vane through several revolutions without changing the vane position within 
the sediment mass, and then ilrlllediately retesting the shearing resistance. 

Water Content 

Water content was determined from the weight of ~amples before and after 
drying for 24 hours at 105°c. It is defined as the weight loss (water) in 
drying divided by the dry sample weight, expressed as a percentage. Results 
have been corrected for salt content by assuming a pore water salinity of 
35 ppt. 

Un it Weights 

Before acquiring the gas-comparison pycnometer, saturated unit weight 
was determined from the weight of an 8o cm3 sample obtained by pushing a 
stainless steel ring into the core. Dry unit weight (grain density), was 
computed from the above test by assuming grain interstices to be completely 
filled with 35 ppt sea water (100 percent pore water saturation). 

In later testing using helium gas and the pycnometer, the volume of a 
known weight of dry sediment was measured directly. 

Poro~ity and Void Ratio 

The values for both porosity and vold ratio w~re computed from water con­
tent and density measurements by assuming 100 percent pore water saturation. 

Grain Size Analysis 

All grain size determinations were made according to the ASTM technique 
of wet seiving the total sample through a standard 0.062 DIii seive followed by 
hydrometer analysis of the fine fraction. Differences existing in the com­
parative tests were due only to preparation of the samples for wet seiving. 
Early samples were washed several times by stirring the sample with distilled 
water, allowing t ime for settlement, and decanting the supernatant wash water. 
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lri ,.vldit. t,m, m,.mples th111.t had been oven-dried prior to size analysis were 
broken up wlt.h mortar and pestle prior to seiving. The innovation of wash­
ing the salt• from samples by allowing them to diffuse into distilled water 

0 at a temperature just leas than 100 C reduced the possibility of sample 
loss during decantation of wash water. Because this proc~ss also softened 
dried samples, grinding became unnecessary. After comparative tests the 
technique was adopted for all grain size determinations. 
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APPENDIX C 

l) Data Format and De.ta Entry 

2) Core Sumnary Data Card Format 

3) Laboratory Core Analysis Remarks Key 

4) r,n-Place Data Card Format 

5) rln•; Place Test Remarks Key 
I' 

6) Data Record Structure 
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1. DATA FORMAT AND DATA ENTRY 

All data from in-place vane shear measurements and from the laboratory 

testing of the cores recovered were reviewed, cataloged, organized, and pre­

pared tor key punching onto standard 8o column Hollerith cards. The dsta • 

were keypunched 1n a format which allowed their being later read by a large 

scale digital computer for generation of data files. The types and number of 

parameters obtained from the in-place tests and the laboratory analyses of the 

cores required two somewhat different format styles for data entry. These 

specially iesigned formats are given under the Core Data Card Format and the 

In-Place Data Card Format sections. 

A brief description of these formats follows. The first card for each 

core includes the core number, special case flag, station number, dive nwr.ber, 

project titles, date and location· of sampling station, water depth and core 

length. The first card for each series of in-place tests includes the tes t 

number, special case flag, station number, dive number, project title, date and 

location of the test series, water depth and number of corresponding cores. 

Following the first card for either the core or the in-place d~ta decks 

are two cards into which remarks and other supplementary data are punched. 

Certain phrases which are used repeat~dly to describe test conditions have 

been assigned a code letter to av~id repetitious key punching and to Jbtain 

more efficient utilization of card space and computer storage. All pertinent 

code characters are entered as a block into t he leading portion of the first 

remrka card, the first occurrence of a space i .1~ used as the delimiter for 

t.~e coded phrases. The cards containing the measured parameters ,Jf the in­

place shear strength data or the results from the laboratory analyses of the 

cores then follow the second remarks card. 

For the in-place data set, the next cards are those containing the in­

place shear strength data which contain the sediment test depth and the corres­

ponding shear strength values. These cards are followed by a set of cards 

describing cores recovered close to the in-pace vane shear test location. 
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Each of these card.a lists the core n•.mi>er, station riwnber, dive number, dis- f I 
tance and true bearing from the in-place series to that core, and the core length. 

The wider variety of measurements available fro~ the core analyses neces­

sitated special consideration in the design of data card format and data 

storage. The concept of data partitions was introduced for the st.orage of 

these values from the laboratory core analyses. Since certain tests were always 

done together at identical depths, it was efficient to group parameters into 

six data partitions. For convenience, these are called "Partition A• through 

"Partition F". A partition is defined as a data set of certain collectiona 

of parameters and their correspondent core depth ( in cm). A list of the 

sediment properties included in each partition is presented in the Core SWllll&ry 

Data Card Format section. 

The concept of partitions was incorporated for efficiency of data entry 

and storage procedures. The partition concept also allows for growth in that 

future parameters not now allowed for can be added to the standard data record 

block as addttional partitions. This would not affect those partitions ~ow 

in use in the data file, nor necessarily change the size or format of the 

existing record block of the file. 

As part of the overall data file management and processi~ system, 

certain programs were written which pack, unpack, retrieve, ani store data 

within the standard records block formats. Examples of computer outputs for 

core and in-place data are presented in Appendix D. 
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2. cam SUJIWlY DATA CARD FORMAT 

CARD 1: 
Format Type or Card 

Pita Item Fortran Element Columne 

1. Core Number 14 Integer 1-4 
... Special Case Flag Al Alpha 5 ,. 

.). Station Number I5 Integer 6-10 

4. Dive Number 15 Integer 11-15 

5. '!be word: "CORE" A4 Alpha 17-20 

6. Project Title 5A4* Alpha 21-40 

7. Month A4 Alpha 41-44 
8. Day I2 Integer 46-JJ!, 

9. Year I2 Integer 49-51 

10. Lat. Deg I2 Integer 52-54 

11. Lat. Tenths or Min F5.l Real Float 55-59 

12. Hemisphere (North or South) Al Alpha 60 

1.). Long. Deg I2 Integer 62-64 

14. Long. Tenths or Min F5.l Real Float 65-69 

15. Hemisphere (East or West) Al Alpha 70 

16. Water Depth (meters) 15 Integer 71-75 

17. Core Length (cm) F5.0 Real Float 76-80 

*Adjustable to cCDpl:, with computer word size. The above is tor an IBM .)60. 
For an 1108 the format 4A5 ma:, be more efficient, although to maintain Program 
cCDpatibillt:, the 1108 can uae 5A4 with no difficult:,. 
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f . 
The format or the re•inder or each data partition card is as shown below. 

Note that all fields in these areas are read by Fortran format Fl0.3 • I 

Field 1 Field 2 Field 3 
Partition Data Item Card Qol,amp Q.m Q01WPP Card Qol•ppp 

A Depth (cm) 11-20 
Grain Size (DIil) 21-30 

Q1 (DIil) 31-40 

Q3 (DIil) 41-50 • I 

Sd (j} 51-60 
St (%) 61-70 
Cl (%) 71-80 

B Depth (cm) 11-20 41-50 
Vane ~iginal) 21-30 51-60 

(g/ ) 

Vane (remolded) 31-40 61-70 
(g/cm2) 

C Depth (cm) 11-20 41-50 
Cohesion (gm/<d-) 21-30 51-60 
Phi (degrees) 31-40 61-70 

D Depth (cm) 11-20 
Den. Sat (g/cm3) 21-30 
Den. Solids (g/cm3) 31-40 
Den. Submerged (g/cm3) 41-50 
n (por<'sity) 51-60 
e (void ratio) 61-70 

E Depth (cm) 11-20 
Wp (%) 21-30 

Wt (%) 31-40 
Ip (%) 41-50 

., Depth (cm) 11-20 31-40 51-60 
Water Content(%) 21-30 41-50 61-70 
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CARD 2: 

Data Item 

Remarks (1 thru 60) 

CARD 3: 

Data Item 

Remarks (61 thru 120) 

Format 
Fortran 

60Al 

Format 
Fortran 

60Al 

, ype or 
Element 

Alpha 

Type or 
Element 

Alpha 

Card 
Columns 

21-80 

Card 
Columns 

21-80 

Following the above cards are those containing t he data for par-

titions A thru F. 'lbe partition cards must be in ~,lphabetical sequence. 

On all partition data cards fields 1, 2, and 3 are as shown below. 

Field Data Element Card co111mp 

1 Core Number 1 thru 4 

2 Special Case Flag 5 

3 Partition Identification 6, 7, 8 
and Card Sequence 

4 Null Partition Flag 9, 10 

'nle n ull partition flag is set to -1 to denote a null partition and to go to 
the next partition in the alphabetical sequence. 'nle last data of each non­

empty partition will be flagg~d by a negative depth. 'nle computer will 

sense this, and assume the end or the partition. 'nle next card read will 
be trea-~M as thu next partition of the alphabetical sequence. 
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3. LABORATORY CORE ANALYSIS RiMARKS KEY 

A: Core essentially undisturbed (good core) 
B: Core slightly disturbed (fair core) 
C: Core grossly disturbed (poor core) 
D: Homogeneous appearance 
E: Layered appearance 
F: Shells or shell fragments incorporated in core sample 
G: Core tast section removed by cutting entire core barrel with 

a "hot wire". 
H: Core test section extruded through top of core barrel. Bottom 

or sediment column se&led with styrofoam plug and pressure 
applied to force sediment column upward. 

I: Vane shear measurement made with mechanical torque wrench 
rotating at 6°/min. 

J: Vane shear measurement made with electrical strain gauge rotat­
ing at 48°/min. 

I: Core samples refrigerated at 6<>c during storage prior to labo­
ratory testing. 

L: Core samples stored at room temperature prior to laboratory 
testing. 

Ma Grain size analysis made from original wet sample. 
N: Grain size analysis made from dry sample that has been subse­

quently wetted. 
01 Grain size analysis made from dry sample that was ground prior· 

to vetting and testing. 
Pa Salts removed from grain size samples via washing, allowing to 

settle, and decanting of wash water. 
Q1 Salts removed from grain size samples via "hot diffusion" method. 
Ra Adjacent to Lehigh's in-situ vane shear measurement. 
S: Adjacent to Lehigh's nuclear densitometer probe. 
T: Adjacent to Lockheed's in-situ vane shear measurement. 
U: Qi in grain size data determined via extrapolation for size 

determinations smaller than .001 mm. 
V: Density of solids determined by air-pycnometer method using helium. 
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4. IN-PLACE DATA CARD FORMAT 

CARD 1: 
Format Type or Card 

Data Item Fortran Element Column@ 

1. In place teat number 14 Integer 1-4 

2. Special Case Flag Al Alpha 5 

.3. Station Number 15 Integer 6-10 

4. Dive NUllber 15 Integer 11-15 

5. The Word: "SITU" A4 Alpha l'/-20 

6. Project Title 5A4* Alpha 21-40 

7. Month A4 Alpha 41-44 

8. De.1 I2 Integer 46-48 

9. Year I2 Integer 49-51 

10. Lat. deg I2 Integer 42-54 

11. Lat. Tenths or Min. F5.l Real Float 55-59 

12. Hemisphere (North or South) Al Alpha 60 

1.3. Long. Deg 12 Integer 62-64 

14. Long. Tenth or Min. F5.l Real Float 65-69 

15. Hemisphere (Fast or West) Al Alpha 70 

16. Water Depth (meters) 15 Integer 71-75 

17. Number or Corresponding 15 Integer 76-80 
Corea 

*Adjustable to ccnpl7 with computer word size. The above is for an IBM 
)60. For an 1108 the format 4A5 ma.1 be more efficient, although to maintain 
Program 0011p&tibility the 1108 can use 5A4 with no difficulty. 
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Data Itp 
CARD 21 

Remarks ( 1 thru 60) 

CARD .3: 

Remarks (61 thru 120) 

Fortran Format 

60 Al 

60 Al 

Type of 
Element 

Alpha 

Alpha 

'Ibe next cards are those containing the in-place shear str~ngth data. 
'Ibe format of the cards containing the DELFAC fields is as follows: 

Fortran Card Col. Card Col. De.ta l!ement Format Lef~ F!eld C111tS2r Fj.elg Depth or Test (om) F5.1 21-25 41-45 Field Shear Strength 
(g/cm2) F5.l 26-.30 46-50 

Card 
ColWIU'ls 

21-80 

21-80 

Card Col. 
Riibt fhisl 

61-65 

66-70 

The last depth is flagged by its entry as a negative depth. If no data exist, a 
blank card must be inserted. 

The next set of cards contain information of corresponding cores to the In-place 
test. Item 17 of card one gives the number of corresponding cores. 'Ibeir format 
is as followsz 

Data Element Fortran Format Card Columns 
Core Number 14 1-4 Station Number 15 6-10 Dive Number 15 11-15 Core Distance FJ.O.J 20-;!9 Core Bearing Fl0 . .3 .30-.J9 Core Length no 41-50 
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5. IN-PLACE TEST REMARKS KEY 

A: Axial load reading only. No vane measurements recovered. 
B: Unusually high axial load encountered. 
C: Test adjacent to Lehigh University's ~~-situ vane test. 
D: 

E: 

F: 

Test adjacent to Lehigh University's r,uclear densitometer 
measurement. 

Distance to sediment surface observed. 
Distance to sediment surface assumed. 

G: Vane test run simultaneous with Lehigh's nuclear densitometer 
probe. 

H: Depth of vane read from depth counter in DEEP QUEST. 
I: Depth of vane calculated from running ''extend vane" mode for a 

known duration . 

121 



6. DATA RECORD STRUCTURE 

Core Suaar, 

In Place File 
lA• Strugtura 

Km structure Core I 
l In place Teat I 

. I 
Special Case 

2 Special Case Station I 
3 Station I 

. ! 
Dive I 

4 Dive II "CORE" 
5 "SITU" PROJFX:T 

6-10 PROJFX:T 
I 11 

Date 
12 

Date • l 13 

14 

~ l 
Geographic 15 

Geographic 
Position 

16 Position 
17 

I .. 18 
19 Core Sample Length 
20 Water Depth Elctra Flag 
22 Extra Flag Remarks 

23-52 Remarks Ho. or Partition A 
53 Number of levels in 

. I 
Profile Ho. or Partition B 

54 Number of Correspond-ing Corea Ho. or Partition C 55 55-94 D (40) Ho. or Partition D 56 95-134 F (40) No. or Partition E 57 135-154 Core II (20) Ho. or Partition F 58 155-174 STATION II (20) 

' 
ARRAY (1) 

59 175-194 DIVE I (20) • 
195-214 CORE DIS. (20) • 

• 215-234 CORE BEAR (20) • I ARRAY (196) 
254 235-254 CORE LEl«lTH (20) SP.ARE 

255 SPARE SP.ARE 
256 SPARE 

fl 
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APPENDIX D 

!. 
1) Examples of Computer Outputs for Core 

and In-Place Data Summaries 

2) Examples of Computer Outputs for Special 

Data Subsets 

3) Examples of Comruter Plots for Geo-

I. technical Data 

I. 
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