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Abstract Numerous studies have attempted to cor-

relate geotechnical properties and to produce semi-

empirical methods for estimating geotechnical param-

eters when sufficient field or laboratory measurements

are not available. In the case of Greek soil formations,

several studies have been presented that relate in situ

tests (standard penetration test, cross-hole, seismo-

cone) and laboratory tests for cohesive soils. Statistical

analysis of the data resulted in the formulation of

empirical correlations between various soil parame-

ters, often with reasonably high correlation coeffi-

cients. However, these relationships refer mainly to

cohesive soils, because the majority of tests were

carried out in such formations. In this paper, the

correlation of the particle size and the peak friction

angle for a wide range of Greek soil formations is

investigated. A simple, but rational approach for

estimating the friction angle is presented, which

allows prediction of the shear strength of soil forma-

tions. Since this investigation covered a wide range of

soils and the number of test results is significant, the

obtained empirical correlations can be considered as

reliable for Greek soils.

Keywords Peak friction angle � Direct shear test �
Grains size � Greek soil formations

1 Introduction

The effective cohesion (c0) and friction angle U0ð Þ are
two inherent properties required for shear strength of a

soil mass in any geotechnical analysis. Cohesion is

present only in cases of cemented soils, partially

saturated soils and heavily overconsolidated clays,

and, as mentioned by Kulhawy and Mayne (1990), it

gradually decays with time. On the contrary, in

uncemented soils (including clays) the shear strength

is mainly frictional and depends on the peak friction

angle (Ameratunga et al. 2016).

Several authors have presented correlations for

estimating the peak friction angle U0
p

� �
in an effort to

provide a tool to predict the shear strength of

cohesionless soils. Initially, the effective friction

angle (measured in triaxial compression tests) was

correlated with the particle size and the relative

density (Terzaghi and Peck 1967; Schmertmann

1978). Subsequent approaches correlated the peak

friction angle with one or more soil index parameters,

such as the soil type, the relative density, the unit

weight and the void ratio (Kulhawy and Mayne 1990).

Further research indicated that the peak friction

angle of the granular soils increases with the
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angularity of the grains, surface roughness and relative

density. Based on these results BS 8002 (1994)

suggests that the peak effective friction angle U0
p

� �

of a granular soil can be estimated using Eq. (1).

U0
p ¼ 30þ kA þ kB þ kC ð1Þ

where kA, kB and kC account for the angularity of the

grains (0�– 4�), grain size distribution (0�– 4�), and
relative density expressed in terms of blow counts

from the standard penetration test (0�– 9�),
respectively.

At the same time, Salgado (2008) stipulates that for

triaxial compression loading, the peak friction angle of

granular soils can be estimated by Eq. (2) which

includes the dilatancy angle.

U0
p � U0

CV þ 0:5w ð2Þ

where U0
p

� �
is the peak friction angle under triaxial

compression loading, and U0
CV

� �
is the critical state

friction angle, w is the dilatancy angle component.

In fine-grained soils, there is a clear trend of

decreasing peak friction angle U0
p

� �
with increasing

plasticity index (PI). Sorensen and Okkels (2013)

analyzed an extensive database of normally consoli-

dated, reconstituted, and undisturbed natural clays

from the Danish Geotechnical Institute, along with the

data from Kenney (1959), Brooker and Ireland (1965),

Bjerrum and Simons (1960) and Terzaghi et al. (1996).

The results indicate that the best estimate of the peak

effective friction angle for fine-grained soils is given

by Eq. (3).

U0
p ¼ 43� 10 log PI ð3Þ

where PI is the plasticity index.

For overconsolidated clays, Sorensen and Okkels

(2013) suggest that the best estimates of the peak

friction angle can be given by the Eqs. (4) and (5).

U0
p ¼ 45� 14 log PI for 4\PI\50 ð4Þ

U0
p ¼ 26� 3 log PI for 50\PI\150 ð5Þ

From the aforementioned literature review it is

clear that the estimation of the peak friction angle is a

difficult task, as it depends on multiple unknown

variables. Several studies attempt to develop semi-

empirical methods for estimating geotechnical param-

eters when laboratory measurements or field data are

sparse or not available. The majority of these formu-

lations apply to cohesive soils, and establish a direct

correlation between the undrained shear strength and

the CPT cone resistance (Zein 2017).

In Greece, several studies have been presented to

relate in situ tests (standard penetration test, cross-

hole, seismocone) and laboratory testing results

(Anagnostopoulos 1974; Zervogiannis et al. 1987;

Bouckovalas et al. 1989; Koukis et al. 1997; Zervo-

giannis and Kalteziotis 1988; Anagnostopoulos and

Koukis 2003) but they are mostly limited to cohesive

soils. Therefore, a simple but rational approach for

evaluating the peak friction of a wide range of soil

formations is considered to be desirable for practical

engineering applications.

The aim of this work is develop tools to estimate the

peak effective friction angle based on soil mass

properties. Data for this research were collected from

a number of major roadwork projects throughout

Greece. The laboratory results were obtained by

standard testing procedures applied to different geo-

logical formations, from Neogene to Quaternary in

age.

2 Data and Methods

A database of soil parameters was established, using

testing results obtained from site investigation projects

mostly conducted for public works. A limited amount

of data derived from private projects was also

included. Measurements were conducted by private

geotechnical investigation and design firms through-

out the Greek continental territory and some Greek

islands. In total, the testing results include 2200 soil

samples, collected from 80 different sites, 480 bore-

holes and 20 excavated pits.

Most of samples comprise allochthonous soils

derived from riverine, marine, lacustrine, marsh and

colluvium. In addition, a number of samples were

taken both from soft bedrock outcrops (marls, marly

sandstones, sandstones and mudstones) and weathered

bedrock, which commonly underlays alluvial or

colluvial formations.

The samples were collected from the ground

surface up to a maximum depth of 50 m. Undisturbed

borings were made using push and rotary samplers.

More specifically, the Shelby tube sampling method

was used to collect undisturbed samples of soft, fine-
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grained (cohesive) soils, while rotary core samplers

were utilized to sample coarse grained materials. In

dense coarse grained formations such as soft schist,

sandstone and sandy soils with a relatively high clay

content, fairly undisturbed soil specimens were

obtained through trimming, taken with a large diam-

eter sampler (90–114 mm). Disturbed soil samples

were collected from soils with high gravel content, as

the other sampling methods were ineffective. The

loose coarse grained material was screened by a #4

sieve, and the passing material was used for specimen

preparation. The packing density and water content of

the in situ material were approximated in the prepared

specimens.

For preserving and transporting the samples, stan-

dard practices corresponding with the various sam-

pling devices were followed. In any case, the ends of

the drive samplers, and sample liners used by rotary

drilling methods, were sealed by wax and properly

marked with all pertinent data. Sample extruders were

used to remove the samples from the sampling tubes.

The unified soil classification system was used to

describe the texture and grain size of the samples,

while ASTM standards were followed for the geotech-

nical testing. The database, apart from the index test

results for soil classification (ASTM D2487), includes

the strength parameters derived from shear testing

(ASTM D6528).

The direct shear test (DSS) conducted under the

in situ void ratio of the soil, was used to evaluate the

shear stress–strain response and strength parameters of

the soil formations. As stated by Boylan and Long

(2009) the DSS test has advantages over triaxial

compression testing because in the former, the sample

assembly is simple and the in situ failure mechanism is

better represented than in the latter testing procedure.

Moreover, shear tests require a shorter testing time

than triaxial testing. In addition, the measured values

in a triaxial test may be affected by higher order

uncertainties than shear testing.

In the present work, the testing procedure for direct

shear testing followed the ASTM D6528 standard

(undrained direct simple shear testing of cohesive

soils). Generally three or more specimens were tested

for each soil sample, each under a different normal

load, in order to determine shear resistance and

strength properties. The normal load range applied

was compatible with the depth of the sample. The

specimens, obtained mainly from the core of the

samples, were trimmed by hand into the rings for

direct shear testing. It is worth noting that in order to

meet the minimum grain size in the DSS test, particles

with size greater than 5% of the shear cell diameter

were manually removed, while at the same time, an

effort was made to retain the packing and moisture

content of the fines.

Moreover, considering that the engineering prop-

erties of the soils are primarily controlled by size and

packing conditions of the particles, the coarse to fines

weight ratio (c/f ratio) was estimated for each sample.

This is defined as the ratio of the percent weight of the

soil consisting of grains over 74 lm in size, to the

percent weight of the soil consisting of grains smaller

than 74 lm. This value is the direct product of wet

sieving analysis of the soil samples, and it is estimated

by a simple division of two values which are

determined by weighing. Hence, it is an inherently

accurate, impartial and cost effective index, which is

assumed advantageous in evaluating the shear strength

parameters.

It should be mentioned, however, that the grain

size, as determined by wet sieving, differs from the

naturally occurring grain size due to the partial

loosening or dissolution of segregated smaller parti-

cles during this procedure. In order to avoid misinter-

pretations and discrepancies in measurements this

research was conducted using wet sieving results.

The samples were grouped into four categories as

shown below and geotechnical analysis and correla-

tions were conducted for each individual category:

(1) Normally consolidated, fine-grained soils.

(2) Over consolidated, fine-grained soils.

(3) Loose granular soils.

(4) Dense granular soils.

For each soil group, descriptive statistics of the

estimated geotechnical parameters and their frequency

distributions are presented in Tables 1, 2, 3 and 4.

Also, histograms of the testing results are shown in

Figs. 1, 2, 3 and 4. They present the frequency

distributions of representative geotechnical parame-

ters and allow the inspection of the measured data for

their underlying distribution.

In this work, a soil formation was classified as fine-

grained, if the samples taken from this formation

contained 50 percent or more fines. As shown in

Tables 1 and 2, the average percent of fine particles
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encountered in the fine grained soil samples is more

than 50%. As a result, the data presented in tables and

figures with respect to the ratio value c/f, refer to soil

formations which meet the classification requirements

according to USCS and ASTM standards.

The histograms presented in Figs. 1, 2, 3 and 4

indicate that the statistical distributions of soil param-

eters are different for the different soil groups

identified in this study. As a result, uncertainty arises

when applying a unique correlation for estimating the

peak friction angle of soils for all soil groups. The

majority of soil properties are not normally dis-

tributed, while the coarse to fines weight (c/f) ratio

follows a log normal distribution in all soil groups. It is

clear from published literature that increasing plastic-

ity leads to a reduction in the peak friction angle

(Ameratunga et al. 2016). Results from the tested

samples, however, indicate that the peak friction angle

is only loosely related to their plasticity index.

Consequently, considering that the engineering

properties of the soils are primarily controlled by the

size and packing conditions of the particles, the use of

the c/f ratio is assumed advantageous in evaluating

shear strength parameters. Hence, an analysis was

carried out to establish a direct relationship between

the peak friction angle (a0
p) and the c/f soil ratio that

might be used to predict the shear characteristics of a

soil.

Table 1 Characteristics of

normally consolidated, fine-

grained soils

Parameter Min value Max value Mean SD Count

Gravel content (%) 0.00 34.00 3.06 5.036 467

Sand content (%) 1.00 47.00 19.11 12.544 467

5–74 lm grain size content (%) 19.00 83.00 54.87 12.547 467

\ 5 lm grain size content (%) 2.00 70.00 22.96 11.926 467

Moisture content (%) 5.83 81.21 28.825 12.055 467

Bulk unit weight (kN/m3) 13.2 22.6 19.28 0.127 381

Void ratio 0.396 2.034 0.837 0.262 358

Liquid limit (%) 12 78 36.58 10.253 467

Plastic limit (%) 8 55 20.11 5.717 467

Plasticity index (%) 2 49 16.46 7.150 467

Coarse to fines weight ratio 0.010 0.961 0.3348 0.275 467

Peak friction angle (deg) 4.00 30.50 16.76 8.117 467

Table 2 Characteristics of over consolidated, fine-grained soils

Parameter Minimum value Maximum value Average value SD Count

Gravel content (%) 0.00 45.00 2.29 4.012 703

Sand content (%) 2.00 49.00 18.82 12.133 703

5–74 lm grain size content (%) 19.00 91.00 55.17 11.597 703

\ 5 lm grain size content (%) 2.00 61.00 23.72 9.820 703

Moisture content (%) 5.15 51.03 24.08 7.999 703

Bulk unit weight (kN/m3) 15.7 23.9 20.1 0.124 581

Void ratio 0.240 1.427 0.672 0.176 564

Liquid limit (%) 14 79 39.40 11.444 703

Plastic limit (%) 8 39 19.23 5.061 703

Plasticity index (%) 2 55 20.17 9.226 703

Coarse to fines weight ratio 0.020 0.096 0.311 0.255 703

Peak friction angle (deg) 4.20 35.40 18.02 7.624 703
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3 Analysis of the Results

The peak friction angle and the c/f ratio were

correlated and the various relationships that were

derived from the regression analysis are presented in

Table 5. The significance of these relationships was

assessed by using the coefficient of determination

(R2). R2 values equal to 0.929 and 0.872 were obtained

for the normally and overconsolidated fine grained

soils respectively, while lower correlation coefficients,

0.480 for loose and 0.543 for dense soils, were

obtained for the granular soil samples.

The best fit trend lines and their mathematical

expressions, along with the resulting coefficient of

determination for the different soil formations, are

shown in Fig. 5.

The validity of the suggested correlations was

assessed using different (control) samples, collected at

the same sites as the samples used for formulating the

correlations. The control samples were tested using the

same laboratory equipment and personnel. In order to

circumvent any effects of systematic variation in

laboratory testing, irregular or extreme values of peak

friction angle were not excluded from the validation

Table 3 Characteristics of loose, granular soils

Parameter Minimum value Maximum value Average value SD Count

Gravel content (%) 0.00 94.00 21.90 20.720 464

Sand content (%) 5.00 97.00 50.07 19.639 464

5–74 lm grain size content (%) 0.00 48.00 16.78 10.292 464

\ 5 lm grain size content (%) 0.00 31.00 8.25 5.984 464

Moisture content (%) 0.56 43.51 15.62 8.285 464

Bulk unit weight (kN/m3) 15.0 24.5 19.6 0.1379 375

Void ratio 0.253 1.593 0.615 0.170 363

Liquid limit (%) 4 53 21.726 8.019 464

Plastic limit (%) 3 36 13.68 4.611 464

Plasticity index (%) 1 28 8.05 4.789 464

Coarse to fines weight ratio 1.041 99.000 5.386 8.290 464

Peak friction angle (deg) 31.00 51.80 40.24 5.611 463

Table 4 Characteristics of dense, granular soils

Parameter Minimum value Maximum value Average value SD Count

Gravel content (%) 0.00 92.00 16.99 21.680 475

Sand content (%) 7.00 99.00 55.42 20.796 475

5–74 lm grain size content (%) 0.00 45.00 19.00 11.138 475

\ 5 lm grain size content (%) 0.00 26.00 8.58 6.127 475

Moisture content (%) 1.01 39.25 16.43 7.522 475

Bulk unit weight (kN/m3) 16.1 26.0 20.8 0.151 313

Void ratio 0.189 1.007 0.526 0.148 300

Liquid limit (%) 2 54 23.62 9.55 475

Plastic limit (%) 1 37 14.62 5.66 475

Plasticity index (%) 1 31 9.00 5.31 475

Coarse to fines weight ratio 1.041 99.000 6.628 14.114 475

Peak friction angle (deg) 29.00 52.00 40.50 6.057 475

123

Geotech Geol Eng (2019) 37:1155–1167 1159



group. Also, for comparison, the suitability of

Sorensen and Okkels (2013) correlations to fit the

measured values of the peak friction angles was also

evaluated.

The proposed correlations were evaluated on the

basis of the following criteria:

(a) The predicted values of peak friction angles

were cross plotted against the values derived

from shear testing (Fig. 6). These scatter dia-

grams were constructed to provide evidence

regarding the relationship between predicted

and measured values. Irregular or extreme

values are evident in most of the diagrams.

The z-score method was used to detect outliers.

Any data point with a z-score greater than ± 3

was considered an outlier (Dithinde et al.

2016).

The number of points which may be considered

potential outliers are limited in fine grained soils (none

in normally consolidated, and 7 out of 530 points in the

data set of over consolidated soils). However, the

number of outliers increases in the granular soils

dataset. 40 out of 332 points (12%) in the loose

granular soils and 56 out of 387 points (15%) in the

dense granular soils can be classified as outliers.

(b) The overall suitability of the derived correlation

equations to fit measured values was evaluated

taking into account the mean value and the

standard deviation of the control data. The error

associated with the predicted values and the

Fig. 1 Histogram of data for normally consolidated, fine-grained soils

123

1160 Geotech Geol Eng (2019) 37:1155–1167



Pearson’s coefficient are also presented in

Table 6.

(c) The root mean square error (RMSE) of the

predicted values was calculated for each group

of soils (Table 6). RMSE is the square root of

the average squared difference between the

calculated (using the empirical equation) and

the corresponding values determined from shear

testing. RMSE was determined using

Eq. (6).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
1

ðup calc�upmeasÞ2
s

ð6Þ

where n is the number of data points, upcal is

calculated from the empirical equation, upmeas is

determined directly from shear laboratory tests.

The lower the RMSE value, the better the correla-

tion. This method has been adopted by several authors

(Alvarez Grima and Babuska 1999; Finol et al. 2001;

Ozer et al. 2008; Onyejekwe et al. 2015) to evaluate

the suitability of correlation formulas to fit measured

values. As reported by Chang and Phantachang

(2016), errors in this procedure are squared before

they are averaged, thus participating with a heavier

weight in the respective correlation equations.

The use of RMSE is considered advantageous in

evaluating these correlations, since it would expose

the potential to produce large errors which are

Fig. 2 Histogram of data for overconsolidated, fine-grained soils
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undesirable. However, RMSE values do not consider

precision (Onyejekwe et al. 2015).

(d) The ranking distance of the predicted to mea-

sured friction angle ratio (RD), (Cherubini and

Orr 2000; Orr and Cherubini 2003), was also

used to evaluate the performance of the empir-

ical equations for the different groups of soil

(Table 6). RD was calculated using Eq. (7)

(Cherubini and Orr 2000), where K is the ratio

of the estimated to the laboratory determined

peak friction angle.

RD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l Kð Þ

h i2
þ s Kð Þ
� �2

r
ð7Þ

where l and s represent the mean and standard

deviation of the series of analyzed data respectively.

The correlation is considered better when the RD

values are lower.

4 Results and Discussion

The scatter diagram in Fig. 6a shows that the points

which represent the normally consolidated soils are

grouped into a clear linear shape, indicating that the

predicted peak friction angles are directly related to

the laboratory measured values. The validation dia-

gram constructed for the overconsolidated fine grained

soils follows a similar pattern, although the points are

Fig. 3 Histogram of data for loose, granular soils
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Fig. 4 Histogram of data for dense, granular soils

Table 5 Correlations between U0
p

� �
values and c/f ratio value for all soil classification groups

Soil description Correlation equations

Polynomial Exponential/logarithmic

Normally consolidated fine-grained a0
p = - 36.847(c/f)2 ? 59.671(c/f) ? 3.6897

R2 = 0.929

a0
p = 32.958(c/f)0.5384

R2 = 0.917

Over consolidated fine-grained a0
p = - 34.269(c/f)2 ? 56.593(c/f) ? 5.9698

R2 = 0.903

a0
p = 7.2129 ln(c/f) ? 29.39

R2 = 0.872

Loose granular – a0
p = 5.697 ln(c/f) ? 33.401

R2 = 0.5343

Dense granular – a0
p = 4.2687 ln(c/f) ? 35.512

R2 = 0.480
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spread randomly within a wider zone around the

perfect fit line (Fig. 6b). Both correlations exhibit very

low RMSE values, equal to 2.54 for normally consol-

idated and 3.31 for overconsolidated soils. Therefore,

the recommended correlation equations are consid-

ered appropriate to predict the peak friction angle for

fine-grained soils. It should be noted that in overcon-

solidated soils the inter-granular bonds are able to

withstand a higher shear strength compared to nor-

mally consolidated soils. However, when the applied

loads are increased during shearing, the stresses at

certain interparticle contacts are assumed to reach the

bond strength, and amechanical bond degradation (de-

bonding) process is initiated (Smith et al. 1992;

Lagioia and Nova 1995).

Therefore, the low values of a0
p (5�–10�) for over

consolidated fine-grained soils can be attributed to the

effect of initial microstructure and structure degrada-

tion that involves damage to interparticle bonds and

changes in particle arrangement (Amorosi and Ram-

pello 2007).

The correlations for granular soils show a greater

variability and subsequent uncertainty when predict-

ing peak friction angles. Figure 6c, d indicate that a

number of points may be identified as potential

outliers. Although the plotted points show an overall

linear trend, the points are more scattered in compar-

ison to the samples of fine-grained soils. This results in

a general underestimation of predicted values of peak

friction angle for the loose and the dense granular

soils. The respective RMSE values, which lie between

4.74 for loose and 5.56 for dense granular soil, are

higher than those for fine-grained soils.

Furthermore, the estimated Pearson coefficient is

slightly higher for the fine-grained compared to the

granular soils; both indicate a marked degree of

correlation based on the guidelines suggested by

Franzblau (1958).

Statistics of the ratio of the estimated to the

measured peak friction angle (denoted by K), give a

slightly lower mean value for loose and coarse-grained

soils when compared to fine grained soils. In terms of

the proximity of the average K to 1 (accuracy), the

proposed correlations gave a reasonable prediction,

with a K value ranging between 1.08 and 1.02 for the

normally consolidated soils and between 0.98 and 0.97

for loose and dense granular soils, respectively

(Table 6).

In terms of precision (standard deviation of K

ratio), the correlations for granular soils gave the best

prediction. S(K) values were equal to 0.112 for loose

Fig. 5 Measured peak friction angle vs coarse to fines weight

ratio, for all soil groups
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and 0.118 for dense granular soils. Contrarily, the

corresponding value for normal consolidated fine-

grained soils is equal to 0.235 for both normal and

overconsolidated samples. The lowRD values for both

fine-grained and granular soils (Table 6) indicate that

all calculation methods have both high accuracy and

high precision.

The inferior correlation results obtained for the

granular soils compared to the fine-grained soils

(based on Pearson’s coefficient and RMSE values)

can be attributed to the following:

According to ASTM D6528, the specifications for

direct shear testing require that all soil particles pass

through the #4 sieve. Removal of large grains

generates a grain size distribution which is different

than the grain size distribution of the undisturbed or

natural soil. Hence, considerable variation is expected

for samples with a high gravel content that does not

pass through the #4 sieve, when compared to samples

with a lower gravel content.

Also, there is a marked discrepancy between the

measured size of soil grains (based on wet sieving),

and the natural state of the grain size of the specimens

used for shear testing. A quantity of large grains is

formed of segregates which partly disperse during wet

sieving, giving a nominal grain size that is smaller than

the natural size found in the field (undisturbed

samples). Following this specification, the result may

not provide representative parameters of the tested soil

samples. Hence, considerable variation was produced

in shear testing results for samples with a high gravel

content, even though their c/f ratio was similar or

identical.

The aforementioned problems are exacerbated in

the group of dense granular soils, because they mainly

contains material from weathered soft or semi-hard to

Fig. 6 Predicted vs

measured peak friction

angles for: a Normally

consolidated fine-grained.

b Over consolidated fine-

grained soils. c Loose
granular soils and d Dense

granular soils
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moderately hard rocks or very stiff, fissured and flaky

clays that do not totally disperse their segregates

during wet sieving. Also, in many cases this group of

soils contains segregates cemented by calcite material.

Finally, it should be mentioned that based on the

deviation statistics of the predicted and measured

values as well the RMSE and RD index values, the c/f

ratio correlations for predicting peak friction angles in

fine-grained soils is advantageous compared to the

relationships proposed by Sorensen and Okkels (2013)

(Table 6).

5 Conclusions

The relationship between the grain size and the peak

friction angle for different USCS soil types was

investigated and empirical equations were developed

between the effective peak friction angle and the

coarse to fines weight ratio (c/f). A large database was

used for this analysis and the statistical results were

compared against a control subset of the tested

samples which was not utilized in the statistical

derivations.

The empirical relationship between the effective

peak friction angle and the coarse to fines weight ratio

for the fine-grained soils, is expressed by polynomial

equations. The proposed equations for normally con-

solidated soils exhibit higher coefficients of determina-

tion than those for overconsolidated soils. Comparative

results also show that the c/f ratio correlations for

predicting effective peak friction angles in fine-grained

soils are advantageous compared to the relationships

proposed by Sorensen and Okkels (2013).

Furthermore, a linear relationship between the

effective peak friction angle and the natural logarith-

mic value of the coarse to fines weight ratio was

determined through this investigation for granular

soils. This relationship, however, shows a higher

variability and, therefore, higher uncertainty, when

predicting peak friction angles. As a result, the

relationships generated for predicting the effective

peak friction angle in dense granular soils, although

acceptable, should be supported by additional data.
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