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SUMIMARY 

A detailed geostatistrcal analysis was carried out for subgrade trrci~ti~iilus values inferred from falling 
wcjight tleflectometer (FWD) measuueinents for five different roads axoilxind the Statitr: of Mim iesota. Justified 
by the rt:sults of this analysis, subgrade modulus values for roads aroiixrnd the State of Minnesota can be 
efkctiwly modelled as spatially carrel ated lognormal random variables. 

The lognormal distribution model requires an uncommor~ sel of' quations to estimate the average, 
standai*d deviation, and percentiles. Iiti addition, the lognormal distribution inodt:l suggests a modified 
calcula tisn for the preliminary subgrade modulus design value 'These new equations are presented in this 
relport. 

Based upon the geostatistical riiodel, this report presents guidellimt:~ and ixloniiographs for selecting the 
prdimmary sample spacing for assessiing the subgrade modulus. The im;ixiirium sample spacing to achieve a 
ren pired precision is represented as a lurict ion of the average, standard deviation, and correlation length 





I'NrROIDUClT I ON 

Tlhis report presents some guidelines and procedures to help design the s;lII-ipling plan for subgrade 
charactwization on MnDCbT projects. In addition, ihis report presents some modified calcullations for 
arialyzing and summarizing subgrade modulus; data after they arc collected, and for determining preliminary 
subgraide modulus design values. 

These recommended guidelines and procedures are base( 1 upon two foundational observations from ,a 
recent detailed study of live road sectiions from different geololgic domains aroiind 11 he state of Minnesota 
(Moulkheir and Barnes, 1992). 

(I)  On any project the subgrade modulus i s  variable, but this variability does mot follow a classical 
symmetric bell-shaped curve. The distributions of subgrade msdulns are not symmetric: in general, 
there is a longer tail toward the higher values. 

(2) Oin any project the subgrade modulus is varxable, but this variability is not spatially random. Though 
there is a random component, on the average, two subgrade mo(Xidiis measiirements taken closer 
together are more sirmilar than two measurements taken further apaiil~ 

The first observation motivates the application of a ZognormZ dzstnihution model for. subgrade 
modulius (see Section 1 for rnore detaiils). The lognormal distribution model requires an uncornmon set of 
quatioris to estimate the average, standard deviation, and percentiles I[n a~dditioin, the logriorrnal distribution 
model suggests a modified calculation for the preliminary subgrade moduilu,s design value. These new 
equations are presented in Sections 2, 3, and 4 of this report. 

The second observation motivdtes the development of ,a xpatiar' cor?eZation model (e g. variogram) for 
subgrade modulus. The critical parmeter lrorn this model is tlhe corrdatioiz length The correlation length is 
a quantitative means of expressing how quickly the subgrade modulus changes along the project. In some 
geologic: settings the subgrade modulus varies rathei slowly in space (a long correlation length), while iin 
otlher geologic settings the subgrade niioclulus varies quite rapidly in space (a short correlation length). The 
esitimaition of the subgrade modulus correlation lerigtb for a projcct is tliwxsed in Section S of this report. 

Section 6 of this report presents guidelines m d  nomographs for selcctirig the prelimnary sample 
spacing for assessing the subgrade modulus. The maximum sarriiple spa(tiing to achieve a required precision is 
represerited as a function of the averaj:e, standard deviation, and correlatiorii length. For example, to achieve ii 
specified precision, as the standard deviation increases the necessary sarrqplt: spacing decreases On the other 
hand, ,as the correlation length increases so may the allowable sample spaciing. 

Appendix A present :; a partial glossary of statistical and geoslatkitical tcrms and notaition used in thiis 
rt:jp~rt. 

Each section of this report that presents a new tool (e.g. equation or nomograph) includes an example 
appplication of the tool. These examples are developed using the subgrade modulus data presented in 
Appendix B. 'These data were back-c,;rlculatecl from FWD measiirernents coMlec:ted along TEE!, between mile 
posts 123.5 and 126.1. 

At the recommendation of the Mn/DCBT Technical Panel, Appendix C i s  a reformatled version of 
!kctiom 6 of this report, which is self-contained and suitable for physical separation from this larger report. 
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In most cases reported in the teclhnical literature, and in all of' the specific: cases studied by Aboulkheir 
aad Barnes (1992) within Minnesota, the distributions of subgitade modulus are itiot symmetric: there is a 
longer tail toward the higher values. Am exanrple is shown in Figure I below. 

li'igure '11. An example of a' non-symmetric histogram of subgrade rnoduliis. These 40132 data were back-calculated from 
IWD m.easuremerits collected in southern Minnesota, along 'lX30 bet.ween milie posts 57 axid 97. 

Such non-symietric distributions can generally be well-modelled by a two or three parameter 
loqnormul distribution. 'Ihis means that the histogram of the logarithm:; oi the subgrade modulus plots as a 
cammcm bell-shaped curve (i.e. the Normal distribution). A detailed di:v:uission (of the Log] iormal distrnbution 
for Civil ]Engineers can be found in Benjamin and Cl~r~iell (1970, p. 262-2W); a m  abbrevialed, but focused, 
yesentation of the Lognormal distribution for subgrade modulus can be found in Aboulkhexr and ]Barnes 
( I992)1. The practical consequences of the Lognomral distribution rnotkl for subgrade modulus are discussed 
in the next two sections of this report. 
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When it is necessary to estimale the average and the standard tlevialion of the subgrade modulus for a 
section of road from limited field mea!;ureinents, the common formulae ((2.8. those programmed into 
engineering calculators) are often inadequate due to the asymmetry of the d kstribution. A more appropriate 
prlocedure is based upon the three parametcr lognormal distribution. 

2,, 11. Manual Computations 

Given 'h" representative subgrade modulus data value!;, say {M13 M,, "..) Mn}l  the average and 
stiindard deviation can bc estimated as follows. 

Step 1) Using knowledge of the region, subjectively dr:termirie the likely minimum value for the: 
subgrade modulus witltiin the area of interest (2;). This value may be 0, but it must be less 
than the smallest measured value. 

Step 2) Compute the intermedtate variables, a and lj9 using Ecpiations (11) aind (2). 

ri 

Note: the parameters Tt(xTt and "p"  are merely intermediate place-holders lo simplify the presentation of the 
nccessairy formulae. The " C Y "  and "p"  in Equations (1) and (2) are nol. associated with the l lall  and "@" found 
in sonir: introductory statistical textbooks under hypo1 hesis testing <andl significance levels ~ While "a" and "/?" 
C R ~  be correctly interpreted as the average and standard deviation of ;t transformed variable y, = ln(M,-6), 
such an iinterpretation does not add any significant insight or utility. 

Step 3)  Finally, compute the estimated average (p') and standard deviation (a*) using IEquations (3) 
and (4). 
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2,.2,. Computer Comprtations 

Using Subgrade Gewtatistics, the microcomputer based program, crptimal estimates for the average 
and standard deviation are aiitomatically computed. hi addition, this pr(Pgrim mnputes the optimal shift 
parameter, along with confidence inteirvals on the mean and thle shift parameter. 

2 ! 3 .  ]Example Computations 

'The three step procedure for rnanually estimating the average andl standard deviation was applied to 
thc,: example data set presented in Appendix �3, with the following resi~lltc; 

Step 1) The smallest subgrade modulus value in the example data set is 19.2. Using external 
knowledge of the area from which this data was collected, the smallest likely value was 
selected to be: 6 = 15. 

Step 2) Using Equations ( I )  and (2), and a hind-held engineering ~ i d ~ ~ l i ~ t ~ ~ r ,  a and /3 were computed 
as 

a! := 2.123 
0 := 0.492 

Rexnernber, "a!" and "/3" are merely iititermediate place-holder!; and have n(r useful physical interpretation. 

Step 3 )  Using Epations ( 3 )  and (4), the estimated average and standard deviation were computed a!; 

p* = 32.2 
(TI = 9.0 

Using Subgrade Geostatistics, the estimated average (/LIP, standard deviation (o*), and shift parameter 
(ti), were computed for ihe example data set presented in Appendix J3: 

p* = 32.2 
fJ* = 9.2 
6 = 15"9 

3 





ESTIMATXNG PIER42 ENTILES 

11-'ercent iles are often used as a basis for selecting preliminary andl final design values for the subgrade 
mcuduluLs. 

3.1 ., IManual Computations 

3.II.J. I'b/ledium and Large Data Sets (im > 50) 

When the representative data sct is not small (n > 50), the besl. 6:ngineering estimate of an 
intermediate percentile of the subgrade modulus in the area of inleresl (e.;:. the 16 percentile as; ii design 
value) i s  the associated percentile of the available data. 

3.11#,2. F311iall Data Sets (n < 50) 

'Though the direct computation of a percentile, as discussed in Se:ction 4.1.1 above, is the preferred 
method, when the representative data set is small (n <: loo), iit is often 1xl:ci:ssary to incorporafe additional 
inf ormatiion into the estimate of percentiles I Specifically, a distriibutiomal imodel is often necessary to augment 
the- available measurements. 

Given numerical values for thr.: average (p) ,  the standard deviation (G), and the shift parameter (6), the 
"p" percerntile of a three parameter lognormal distribution can be computed as follows. 

Step 1) Compute the interneditate variables, (Y and 0, rising Equa1,iiolis ( 5 )  and (6). 

Note: iis in the previous section, the parameters " C Y "  and "t!?'' are merely intermediate place-holders to 
simplify the presentation of the necessary formulae. 

!step 2) Compute the "p" percentile (call it MP) using Ikpation ( I ) .  

('a) 

where Z, cuts off (1-p)pn:rcent of the lower tail of the standard nonrial distribution. Specific values of Z, are 
given in Table 1 below. 
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Table 1. Z ,  cuts off ( I - Y )  percena of the lower 
tail of the standard normal distribution. 

3.2. Computer Computations 

Using Subgrade Ceostutistics, the microcomputer based program, estimates for a set o C percentiles arc 
automatically computed. In addition, [his program computes the associated confidence intervals on the 
esl.jimaites. 

3 .[ii ]Example Cornpitatiions 

Starting with the average, standard deviation, and shift parameter dwelspetl in Section 3.3 for tlhe 
example data set presented in Appendix B, 

p* = 322 
0% = 9 2  
6 = 15.9 

the two step procedure outlined in Section 3.1 was applied to (:slimate ~Lhe 20 percentile with the following 
results : 

Step 1) Using Equations (5)  and (f9), the intermediate va~rialiles o( aiid 0 were computed as 

cx :== 2.6529 
f i  :== 0.5258 
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Step 2) From Table 1 , the value for Z,, is 

%020 = 0.84 

and the ;ipplication of Equation (7) yielded 

MoZ0 = 25.0 

As the example data set, preseirted in Appendix B, contains 74 chiia values, a direct estimation of the 
2Q perc:entile can be carried out with rcasonable precision. 

0.20 * 74. :=: 14.8 

so, the 14th value in a sorted list of thc: data i s  a direcl estimate of the 20 ~~ercentile: 

Mo,20 = 25.0 . 

Thins, in this instance, both manual methods estimate identical values for the 20 percentile. 

IJsing Subgrade Gmstatistics, a,he estimated 20 percentile is also 2!§ .O. 
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41 D SELECTING PRlEl~IMPIVAJKY DESIGN 'V,!cPLUlES 

'The selection of' an appropnate subgrade modulus value lor preliminary tkslgn is a task made more 
diificult by two interrelated factors: uiicertaini y arid variability. The uricerl ainty is a consequence of 
estimating the average subgrade modulus based upon a relatively small Inmber of measurements. 'The 
variability is a consequerice of geology : soils are not Iiomogene(~u~, and the subgrade modullus will change, 
more or less, along any project. Given a preliminary design value for t h :  subgrade modulus, some lociitioI1s 
along a project will have a higher modulus, others a lower modullus. 

4.11 a 8tatistidy-basr?d Ilesign Vdoes 

II;ortunately, statistical modelliivg (cg.  the Lognormal clistributioix) offers ,a consistent, unified, 
objectivc, quantitative means of selecting a preliminary design value for the subgradle modulins, even in the 
face of uncertainty and variability. For example, the Minnesota JDepartmenf of Tra~isportation road design 
policy is typical of the IJpper Midwest. Nn/DOT (3982, Sectiori~ 7-.5.03.02, states: 

R-values are diJ'j"icult to determine . . As a result the design R-value must necessarily represent 
Ihe considered judgement of the Soils Engineer in the ressolutiovn of' tlcst data scatter. For 
preliminary design an R-value near the mean minus on(? Jtandavd deviation of the test values 
obtained during preliminary soil survey is gericmlly selected. 

This practice of using a value considerably below the mean is justified by the rule of engineering 
coxsenratism. This is reinforced by the observation that the life- time cost of somewhat under -estimating the 
subgratlt: modulus and over-designing [he: pavement section is less than t:quivalently over-estimating the 
su1,gratft: modulus and under -designing, the sect ion. 

The specific selection of "the mean minus one standard deviat.ioxi" given above, is histolrically based 
on an assumed bell-shaped normal distribution. If the distribution of subgrade modulus werc normal, and an 
equivalent design criterion were used, then the associal.ed design value .would be the 1 6th peircem1.ile. 

In order to allow for the varyiiig asyrnrnetry of the observed subgrade modulus distributions around 
thc state, yet maintain thr: same level of design conservatism, tlhe preliniiriary subgrade modulus design value 
should be computed as follows. 

"design 

where CY and 
data using Equations (1) and (2). Equation (8) is nothing more than Equiation (7) with Z, == 1 

are computed from p, 'ir, arid 6 by Equations ( 5 )  ; i d  (6), or computcd from representative 
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4.2. IZxample Computations 

Starting with the average, standard deviation, and shift p;irameter developed in Section 3 3 for the 
example data set presented in Appendix B, 

p* = 32.2 
o* = 9 .2  
6 = 15.9 

the interrntndiate variables, 01 and p, were computed using Equations ( S )  and (6) as 

a = 2.6529 
p = 0.5258 

Applying Equation (8) yit.:lded 

lMdesign I=: 24.3 . 
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5. II I'bImual Compul.ations 

In general, it is impractical to carry out the computations necessary to esliimaie the correlation length 
using olnlly a hand-held txigineering calculator. However, when there i s  lxttlr: or no represeniativt: field data 
frorn the area of interesi , there are lwta useful heuristics for rouglhly esl ixxiatjng the correlation length. 

First, if there are sufficient data from a neighboring area, and the geologic conditions are comparable, 
then the correlation length from the neighboring area can be usedl as an initi;il estimate of tht: correlation 
length for the area of interest. 

Second, when there are insufficient quantitative data from in and around the area of intcresi , then 
qualitative data can be used to form an initial t:stimate of the cori elation length. 1Jsing visible characteristics 
(e.g. soil color and texture, presence of rock outcrops, vegetation, and imoisture condition), partition the area 
of interest into qualitatively homogeneous zones. One third to oiie half ~f the average zone Gze can be used 
as an initial estimate of the correlation length. 

5.2:. Computer Computiations 

VJsing Subgrade Geostatistics, the microcomputer based Imgrain, estimates for the c,oritelation length 
can be computed using the variograrn modelling capabilities. 

5.3,, IExample Computations 

IJsing Subgrade Geostatistics, the estimated correlation length fbr the ex,mple data :jet., presented in 
Appendix B, was computed as 

0.043 miles (exponential varicrgratn model) 





6. IK'RELIMINARY SAMPI.,IN@ DESIGN 

6,,1. Introduction 

The preliminary sample spacing is a function of four factors: 

sarnpling objectivc, 
desired precision, 

0 project size, and the 
geologic setting as characterized by the correlation length 

The first two factors require engineering decisions; the object nve and the precision are not intrinsic 
var iablt:s, they must be selected based upon necd, cxxnomics, and engiiic:eririg judgement. The project size 1s 

the length of the project rxicasured as a number of correlation lengths, where the correlation length is 
er;ti~mated from existing data or inferrec L from neighborimg projects or pro] ecl of a similar geologic character 

There are three sampling objecfives considered in this dlocument : (1) to estimate the average 
suibgracle modulus value along the entire projeci ; (2) to establiah a prelrminitry design subgrade modulus 
value; and (3) to interpolate subgrade modulus values at various locations allong the: project. Elach of these 
three objectives will be considered in turn tielow. 

6 2 .  Relative Precision 

Throughout this document "precision" refers to the relative prec ~ S I I O I I  of the estimated or inferred 
quantity. 'The relative prt:crsxon is defined as to one standard deiviati~on (9F the estimation error expressed as a 
pelcentage of the estimated quantity. 1;oir example, a relative precision of 0 10, when estimating the average 
sutugrade modulus along the project, indicates that there is roughly a two-ibirds chance that the true average 
modulus is within plus or minus 10% of the estimated average modulus. 

I n  general, it is appropriate to use the comnon Normal Distribii~tim ("belll-shaped curvi.:") percentiles 
to develop approximate confidence intervais from the relative precision. Thus, there is a 68 % chance that the 
true value is within plus or minus one standard deviations, and a 95% c1ianc.e that the true value is within 
plus or minus two standard deviations. 

6.3;. Estimating the Project Average 

1I:igure 2, titled "Project Average", can be used as a noimograph for selecting an appropriate minimum 
sample spacing to achieve a desired prtxision lor the estimated average-aiby,rade imodulus over an entire 
prqect. For example, if the project size over the correlation 1enj;th is eight (8), then twelve (12) samples 
would achieve a relative precision of approximately 5 96. 

'This nomograph i s  based upon the following assumptions: (1) the project average is estimated by the 
arithmetic average of the available samples; (2) each sample is comprr.st:d [of the average of three or more 
FWD drops; and (3) the saniples are collected uniformly along the project. 

An atlas of the Si ate of Minneisota showing the approximate correlal ion length of roadway segments 
will be developed. Until this atlas is completed, previously collected FWD data can be processed through the 
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geostatisdic's computer pr~gr;am (Subgrade Ge,rtatistic~) to determine the correlation length. 

6.41.. Ekdirnating the D~slign Value 

Figure 3, titled "ljesign Value", can be used as a nomogiraph for iselecting an appropriate minimum 
smple  spacing to achieve a desired pnxision for tlhe estimated &&B-$ubprade modulus. For example, if the 
prqect size over the corrclation length is eight (S), then twenty (20) samples would achieve a relative 
prtxision of approximatdy 5 % . 

'This nomograph is based upon the foXlowixig assumptions: (1) the design subgrade modulus value xs 
the 'hean minus one standaird deviation" (e.g. Mn/DOl', 1982, Section 7-5 03.02), or equivalently, the 16 
percentik of subgrade modulus values along the project; (2) each sample is comprised of the average of 
three or more FWD dropis; and ( 3 )  thc samples are collected uniformly along the project. 

6.fL L , o d  :Interpolation 

IPigure 4, titled "1,ocal InterpoXatiom", can be used as a nomograph ior selecting an appropriate 
minimum sample spacing to achieve a desired precision for the i~iternol!,a~M~,n~ of the subgrade mdulus between 
sampled locations . For example, if the sample spacing over lhc correlation length is one ( I  .O), then the 
relative precision of an interpolated value midway between two1 samples ~7oiild be approximately 27 % . 

This nomograph Xs based upon the following assumptiom,: (1) the rnteqmlated subgrade modulus 
vallue is computed using linear interpollatioin between the two neighboiritig samples; and (2) each sample is 
comprised of the average of three or more FWD drops. 

6.6. Blackground Assumptions 

'There are three fundamental gcostat istical itnodelling decisions ittiat were made during the creation of 
tht: t h rx  riomographs. First, the spatial variation of tlhe subgrade I I ~ Q ~ I L ~ I I : ;  is well modeled by an exponential 
semi-variogram. Second, the relative short range variability (reldive nugget effect) is approximately 30 % . 
Third, the population cot:fficient of' vatiation for subgrade modulus is approximately 35 % . 'These three 
modelli~ig decisions are representative of the five Minnesota roads stud iied in Aboulkheir and Barnes (1992). 
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APPENDIX A. .- Glossary of" Terms arid IVotation 

a. Tho parameter 'la'' is merely intermediate place-holders to simplify the presentation of the necessary 
formulae. The "CY" in Equation (1) in not associated with the "(x" found in some introductory 
statistical textbooks under hypothesis tesling and significance levels. While ''a'' can be correctly 
interpreted as the average of' a transformed variable Y, = ln(M,-6), such an interpretation does not 
add any significant insight or utility. 

p. 'The parameter "p" is merely intermediate place-holders to sirinpliEj lht: presentakion of the irecessary 
formulae. The "6" in Equation (2) in not associated with the "p" €o:ound 111 Some introductory 
statistical textbooks under hypothesis testing and significance levels. While "6" can be correctly 
interpreted as the standard devcation of a transformed variable Y, == ln(M[,-6), such an interpretation 
does not add any significani in,oight or utility. 

6 .  The: parameter "6" represents the shift parameter in the three parameter lognormal distribution model for 
the subgrade modulus values. 

p. 'The parameter "p" represents the true underlying average of uhe distribution of subgrade modulus values. 
A superscript "*:" indicates thal the value is an estimate of the true average. 

0. 'The parameter 'lo'' represents the true underlying saandard deviation of the distribution of subgrade 
A superscript "*" indicates that the vailue is ,an estimate of the true standard modulus values. 

deviation. 

Cs. Thc parameter "Co '' represents the short- range variabilrty. Specificadly, it KS the repeal ability variance 
of subgrade modulus measurements. In the field of geoslatisticr;, (31 is often called the "nugget 
ef€ect" . 

coefficient of variation. The coeffnciemt of variation is a dimensionless ~ne;isure of variability It is defined 
;IS the standard deviation ((I) diivided by the average (p). 

coirrelation length. The correlation length is a quant if ative mearxs of e:q~rer~sing how quickly the subgrade 
modulus changes along the project In some geologic !;el tings thc subgrade modulus varies rather 
dowly in space (a long correlation length), while in other geslolgxc r,ettings the subgradle modulus 
varies quite rapidly in space (a short correlation length). 

expontmtiai variogram. The exponeritial variogram (ox exponential semivariogram) is a specific common 
semivariogram model. This model was found to be a ire;isoxnablle descriptor for subgrade modulus in 
Minnesota. 

lognormall distribution. 'I'he lognomi~al distribution is the most C O ~ I T ~ O K I  probability distributiion model for 
geologic variables. The loginormal disf ribution is a non-s yrnrnetxic: probabi1it.y distrilmtxcvn. There are 
two different forms of the lognormal distribution: a two paramcpter i'ognoumd distribution and a three 
parameter lognormal distribution. 

A- 1 



Mi. The subscripted variable "Ir/I," isl used to represent the i'th subgradr: modulus measurement I 

relative precision. The relative precision is a dimensionless measurt; ~ f '  precision. It is usually expressed as 
a percent error. F;or example, an estimate of 50 plus or minirs 10 would have a relative precision of 
20%. 

scdded relative precisiom. In thiis report, a scaled relative precision is a relative precision divided by the 
population coefficient of variiil ion. This scaling by the coefficient of variation allows the creation of 
a single plot or nomograph ericompassing a wide variety of" situations. 

SiilX. See t:he entry for "variogram silli". 

spaitial correlation. Thy spiitial corrdatron 1s a statistically formal meam ( ) f  capturing the j ollowing 
observation: on 1 he average, two subgrade modulus measureineds laken closer tog<-ther are more 
similar than two measurements taken further apart. 'I'lae spatial correlation quantifies the relatiomhip 
between the separation distance and the degree of similarity. 

standard normal distribution. The standard nonnal distribution is a specific normal distribution (the 
common bell-shaped curve) with average equal to 0 and standard deviation equal to I .  

Subgrade Geostatistioi. Within thiis xeport, Subgrade Geostulistics is a large computer program for carrying 
out statistical analysis of FWII and subgrade rmodulus data. This pii'ograrn was written for Mn/I)O'T 
by Dr. R.J. Barnes of thle Ilniversity of Minnesota. 

three parameter lognormal distribution. The three parameter lognonrd (listribution is a particular form of 
the general lognormal di.i.tribution with thxee defining parameter j: Khe average (p) ,  the standard 
deviation (a), and a shift pararneter (6). There: is a simple relatimship between the three parameter 
lognormal distribution arid the classic normal distribution (the bdX- shaped curve): if X is distributed 
according to the three parameter lognormal distribution with averags: (p), standard deviation (a), and 
shift parameter (h) ,  tlhen Y = lin(X-6) is distributed normally with average (a) arid sflandard deviation 
(P> . 

two1 parameter 1ognorm:nl distribution. The two parameter lognormal dist w ibukisn is a particular form of 
the general lognorml distribukioiz with two deiining parameters: the average "p," avid the standaud 
deviation "a". The two parmneter lognormal distribution is the ,$arrne as the three parameter 
lognormal distribution with the shift parameter (6) set equal to z(:xo. 

variogrami. The variogram (or semi-variogram) is a COIIHIIO~ representiitiom of spatial correlation. The 
vairiogram is csmioilly used in geostatistics. The variogram is connmamly descr ibetl with three 
lpairameters: Co, Sill, and Correlation Length. 

variogrami sill. The variogram sill is a measure of the population viiridlility. I.Jncler fairly general modelling 
coinditions, the v;uiograrn sill YS equal to the population variance (standard tlevial ion squared). 
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APPENDIX B - ]Example Data Set 

THI52 - Mile Post 123.5 to 126.1 
(Mile Post, Subgrade Modulus) 

123.511 28.5 
123.531 35.0 
1X1.550 33.6 
123.570 23.0 
123.587 27.6 
123.606 46.2 
123.625 39.7 
123.643 22.5 
123.665 43.4 
123.683 45.9 
123a'701 29.9 
1:%:3.'720 34.9 
123.'739 26.0 
123.758 37.6 
123.777 39.7 
123.'796 24.7 
123.814 20.1 
123.833 26.1 
123.852 25.0 
12.3.2371 24.4 
123.890 25.3 
1:23.909 28.7 
1:23.928 26.0 
1'23.947 22.5 
1'23.966 23.2 

123.985 
1 24.000 
124.002 
124.019 
I 24.02 1 
124.038 
124.039 
1 24.057 
124.058 
1 24.076 
124.077 
124.095 
1 24.1 1 7 
124.134 
324.153 
124.171 
124. I89 
1124.21 1 
1124.227 
124.247 
124.265 
124.284 
1124.303 
3124.322 
124.341 

26.9 
32.9 
25.9 
26.7 
41.3 
27.4 
2%. 8 
33.1. 
27.7 
39.8 
36.0 
311.9 
4:5 I 8 
43.5 
49.1 
63.9 
25.3 
29.5 
39.2 
33 "4 
3:1*9 
26.7 
25.5 
33.7 
25.2 

124.360 48.'7 
124.379 37.8 
124.398 45.4 
124.417 24.6 
124.436 24.'7 
124.156 24.0 
124.495 32.0 
124.600 48.8 
l24.'700 24.8 
124.800 48.6 
124.900 33.0 
125 .OOO 25.1 
125.100 2,7.7 
125.200 29.6 
125.300 22.3 
125.400 27.5 
125.500 19.2 
125.600 26.5 
125.697 28.6 
125.797 27.0 
125.900 31.4 
126.000 32.7 
126.097 35.7 
126.14 47 7 
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APPENDIX C -- Preliminary Samipllling Design 

1. I"TIR0DUCTION. The preliminary sample spacing is a function of' four f. <t( : tors: 

sampling objective, 
desired precision, 
project size, and the 
geologic setting as characterized by the correlation length . 

The first two factors require engineering decisions; the objective and the precision are not intrjnsic variables, 
they must be selected based upon need, economics, and engineering jixdgerncmt. 'The project size is the length 
of ~ltie project measured as a number olF correlation lengths, where the CI[)X irelation length is estinnated frorn 
existing data or inferred from neighboring projects or projecl of i t  sirnillar geologxc character. 

There are three sampling objectives cousidered in this document: ( 1  ) t c i  estimate khc average subgrade 
rrmcluluis value along the entire project; (2) to establish a preliminary desj gri subgrade modullus value; and 
(3) to interpolate subgrade modulus values at various locations along the prcuject. Each of these: three 
olbj~ectivcs will be considered in turn bdow . 

2. RELATIVE PRECISION. Throughout this dociirnent "precision '' rcfe~x to tlhe relative prt:cision of the: 
estirnated or inferred quantity. The rellative Precision 11s defined as to one standard deviation o f  the 
estimatucun error expressed as a percentage of the estimated quantity. For example, a relative precision of 
0.10, when estimating tht: average subgrade modulus along the project, ntidicates that there is, roughly a two- 
thirds chance that the true average modulus is within plus or minus 1096 of the estimated average modulus. 

In gene:ral, it is appropriatc; to use the icomnon Normal Distributiion ("bell-shaped curve") percentiles to 
develop approximate coniidemce intervals from the relative precision. 'Hhus ~ there is a 68 % chance that the 
true value is within plus or rninus one standard deviations, and a 95% c:hmc.e that the true viilut: is within 
plus or rninus two standard deviations. 

3. ES'II'IIMATING THE lIpROJEC'T AVERAGE. 'The figure titled Troject Average" can be used as a 
nowmogiraph for selecting an appropriate minimum saniple spacing to achiwe a desired precision1 for the 
estimated average sublzrajltt moduluq over an entire project. For exmiple if the project size over the 
CIDN relation length is eight (8), then twelve (12) samples would achieve a rel,itive prccision of approximately 
5 % ) .  

This nomograph is based upon the following assumptions: (1) tlhe pr.qjec:k average is estimated by the 
arithmetic average of the available samples; (2) each sample is comprised of the average of three or more 
FWD drops; and (3) the samples are collected uniformly along the project. 

PLXL atlas of the State of Minnesota showing tlic: approxirnate corri:latxon length of rotadway segments will be 
deve1op:d. Until this atlas is completed, pIevitrusly collected FW D data can be processed through the 
geostatistic's computer program (Subgrade Gextatistics) to determine the correlatiorl length. 



4 ,  ESTIMATING TIHE DESIGN VAILIX. The figure titled "Design Value" cam be used as a nomograph 
for seXectiing an appropnate minimunii sample spacing to achieve a desired precision for the estimated des ip  
-- sul9grade modulus. For example, if the project size over the correlation leirrgth is (eight (8), then twenty (20) 
samples would achieve I X  relative precisitom of approximately 5 % . 

This rnomlograph is based upon i.he fcdlowing assurnptisns: ( I ) the design subgradle modulirs value is the 
"mean minus one standard deviation" (e g. MdDO'T, 1982, Section '7-5.03 02), or equivalcntly, the 16 
ptircentile of subgrade rriioduilus values along the project; 
lhxee or more FWD drops, and (3) the ,samples are collected imiformly along the project 

(2) each sample is comprised of the average of 

5. LC)CAL, INTERPOI[,ATIO:N. The figure titled "Local Imterpolatiom" can be ixsed as a nomograph for 
selecting an appropriate minimum sample spacing to achieve a desired precision for the interpolation of th 
:subgrade   modulus between sampled locations . For example, if the sample spacing over the correlation 
llength is one (1 .O), then the relaitive 1:)rec:ision of an interpolated value midway between two samples would be 
approximately 27 % . 

'Tlris nomograph is based upon the following assumptions: (1) the iri1eirpoIated sulbgrade modulus value is 
computed using linear interpolation bctween the two neighboring sarnplm; and (2) each sample is comprised 
of the average of three or more FWD drops. 

6. BACKGROUND AbiSIJMPTIQP4S. There are three fundamental geoslatistical modelling decisions 1 hat 
wcre made during the creation of the rihrlee nomographs. First, the spatcal variahoii of the subgrade modulus 
3s well modeled by an exponential seini-variogram ~ Second, the relat ivc shmt range variability (relative 
nugget effect) is approximately 30 % . Third, the population coefficient (of variat ion for subgrade modulus is 
approximately 35 % I These three modelling decisions are represenlalive oE [.he live Minnesota roads studied 
in .Absulkheir and Barnes ( 1992). 

'7. CITE11 REFERENCES. 
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