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ABSTRACT

This paper presents a new computational tool called SANDY© which calculates the sediment size dis-
tribution and its textural parameters from a sieved sediment sample using Matlab®. The tool has been
developed for professionals involved in the study of sediment transport along coastal margins, estuaries,
rivers and desert dunes. The algorithm uses several types of statistical analyses to obtain the main
textural characteristics of the sediment sample (Dso, mean, sorting, skewness and kurtosis). SANDY©O
includes the method of moments (geometric, arithmetic and logarithmic approaches) and graphical
methods (geometric, arithmetic and mixed approaches). In addition, it provides graphs of the sediment
size distribution and its classification. The computational tool automatically exports all the graphs as
enhanced metafile images and the final report is also exported as a plain text file. Parameters related to
bed roughness such as Nikuradse and roughness length are also computed. Theoretical depositional
environments are established by a discriminant function analysis. Using the uniformity coefficient the
hydraulic conductivity of the sand as well as the porosity and void ratio of the sediment sample are
obtained. The maximum relative density related to sand compaction is also computed. The Matlab®
routine can compute one or several samples. SANDYO is a useful tool for estimating the sediment tex-

tural parameters which are the basis for studies of sediment transport.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The size distribution (SD) and textural characteristics (TC) of
sediments are fundamental tools in Sedimentology, Geomorphol-
ogy and Soil sciences. This involves the estimation of the cumu-
lative mass percentage of established size fractions of the total
mass of sediment. However, the quantification of SD and TC de-
pends on the shape and density of the sediments, for this reason
different techniques have been developed to compute them,
which include: sieving, pipette-hydrometer, X-ray attenuation,
scanning electron microscopy and laser diffraction. In the particle
size analysis with sieves, the particles pass through a set of woven
wire screens, with square apertures (rigidly mounted in a shallow
cylindrical metal frame), and according to their size the sediments
are retained in the sieves. The sieving technique is useful when the
sizes of the sediment sample are between 2000 and 50 pm. The
main advantages of this technique are that it can be performed at
almost any location, and sieving is a simple, quick and reliable
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method of size analysis. On the other hand, the disadvantage of
this technique is related to the size range of fine sediments since
particles <50 pm need to be analyzed using other techniques
(Gee and Bauder, 1986). The pipette and hydrometer techniques
are used for particles with a size of <50 pm (clays and silts). The
X-ray attenuation technique is based on the pipette method: in a
vertical container with water, the number of particles which are
settling is inferred by measuring the attenuation of an X-ray over
time. The quantification of the attenuation allows the concentra-
tion of the particles to be determined. The X-ray attenuation
technique can be applied to samples with a size range of 0.1-
100 pm (McCave and Syvitski, 1991). In the scanning electron
microscopy technique, the particle sample is scanned with a high-
energy beam of electrons which produces an image of the surface
of the sample. Using image analysis methods, the particles can be
classified in different size fractions. The size range analyzed with
this technique is 1-0.005 pm (Cheetham et al. 2008).

The laser diffraction technique involves the analysis of the
patterns of scattered light produced when particles of different
size are exposed to a beam of light. The size distribution is com-
puted when the composite scattering pattern is analyzed by
measuring the angular variation in intensity of light scattered; the
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relative amplitude of each angular variation is a measure of the
relative volume of equivalent spherical particles of that size. The
laser diffraction technique is suitable for particle sizes between
0.017 pm and 2000 pm. Underestimation of the particle sizes can
occur for finer grains when the sediments have a lower sphericity
(Hayton et al., 2001).

In order to compute the statistical parameters of sediment
samples, graphical and statistical methods are used (Folk, 1964).
These allow the properties of the sediment sample to be expressed
in terms of statistics of deviations with respect to the normal
distribution function. It is also possible to express the frequency
analysis on the basis of statistical-mathematical principles which
cover the entire distribution of sample sizes, without practical or
theoretical limitations (Inman, 1952). Parameters that depend on
statistical measures, including the median, sorting, skewness and
kurtosis are applied with great ease using different methodologies
(moments, quartiles, logarithmic graphics methods, etc.).

A methodology adopted to analyse the size distribution and
textural characteristics of sediments is to compute the statistical
parameters through a logarithmic expression which describes the
conversion of the diameter (d) in millimeters to a function of phi-
units (¢), using the equation ¢ = - log,d (Krumbein, 1936). In the
case of sediments, the mean diameter of the sample is taken as a
measure of central tendency. In a normal distribution, the mean is
the diameter that represents the center of gravity of the frequency
distribution (Inman, 1952). On the other hand, the dispersion of
the sediment size distribution of the sample can be measured by
means of the sorting, which is a measure of the degree of uni-
formity or classification of the particles of sediment. The relevance
of estimating this statistical variable lies in the desire to measure
the dispersion of the sediment diameters with respect to the
mean. Skewness is a statistical parameter that measures the de-
gree of asymmetry of a distribution function, and indicates the
proportion of coarse (positive asymmetry) or fine (negative
asymmetry) material in the sample. This characteristic is also a
measure of the distribution's deviation from normality. Kurtosis is
a parameter that is used to measure the peakedness of the sta-
tistical distribution. It relates to the flatness/peakedness of the
distribution in comparison to a normal distribution, and therefore
also represents a measure of the deviation from normality e.g.
when the sediments are poorly sorted, there is a tendency for the
distribution curve to be flat and therefore the kurtosis will be
considered platykurtic. If the distribution curve is strongly peaked,
it can coincide with sediment exhibiting a good sorting and its
kurtosis is leptokurtic (Friedman and Sanders, 1978).

The use of statistical parameters such as the skewness and
kurtosis serve as a mechanism for identifying the origin of sedi-
ment or sedimentary environments. Furthermore they can help to
identify whether there is a source of sediment that prevails in
quantity with respect to other sources or conversely, all the
sources of the area have sediment types with similar character-
istics (Folk and Ward, 1957; Selley, 2000).

The process for establishing the size distribution tends to be a
tedious task, since it requires setting the frequency distribution of
the particle size and using a graphical method or statistical mo-
ments, to determine the different percentiles of the size of the se-
diment. However, with the advent of calculators and personal
computers, the procedure for determining the size distribution of
sediment and its textural characteristics from a sample has become
simple (Kane and Hubert, 1963; Schlee and Webster, 1967; Mayo
1972; Slatt and Press, 1976; Sawyer, 1977; Benson, 1981; Pye, 1989;
Poppe and Elisaon, 1999; Awad and Al-Bassam, 2001; Poppe, Eliason
and Hastings, 2004). Moreover, the evolution of programming lan-
guages, the development of mathematical software and the growth
of the internet have enabled the scientific community to create and
share computational routines that help them to rapidly process the

data. At present, Excel™, Matlab®™, Python™ and R™ are the most
commonly used software to perform numerical calculations. For
example, Blott and Pye (2001) created a macro in Visual Basic®
named GRADISTAT® that is an easy-to-use tool for users who are
familiar with the management of spreadsheets; furthermore, Gallon
and Fournier (2013) developed G2SD® which is a library for R™; the
main advantage of G2SD® is that the code has been written for
freely available software.

This paper presents the computer program SANDY®©, a novel tool
which allows the use of statistical analysis to determine the size
distribution and the main textural properties of the sediment, using
Matlab®. The functioning principles are based on data from a sieved
sample of sediment taken from coastal and riverine environments.

The aim of this computational routine is to estimate the main
percentiles and statistical parameters of the sediment sample. In the
statistical analysis it is possible to define the parameters of the
distribution with the Trask (1932), Inman (1952), Folk and Ward
(1957), Kondolf and Wolman (1993) methodologies. The significant
moments of the distribution function are computed with arithmetic,
geometric and logarithmic procedures. SANDY© employs the
Wentworth (1922) and ASTM (2011) scales to classify the sediment
based on the skewness and kurtosis moments, and based on the
Unified Soil Classification System (SUCS) it is possible to identify
whether the sample is well or poorly sorted. SANDY®© is an in-
novative code developed with a powerful programming tool (Ma-
tlab®™), which is very easy to use and has many applications that can
make the calculation of sediment sample parameters efficient.

In the first section of the paper general considerations related
to SANDY© are provided. The next section describes the compu-
tational routine as well as its implementation process in Matlab®.
In order to validate the results of the program, in the section of
calibration and validation, the results of a RMSE and MSE analysis
are given. As a case study, the characterization of sands in the
Riviera Maya (Mexico) is presented. The characterization was
carried out using the results that were obtained with the program
SANDY®. In order to study the sediment, 107 sand samples were
extracted from 35 measuring stations along the coast of the Riviera
Maya; the sediment samples were subjected to field and labora-
tory analyses. SANDY®© proved to be a great tool when estimating
the textural sediment parameters

2. General considerations

SANDY®© is a computer program that has been developed for
coastal engineers, geologists, sedimentologists, coastal oceano-
graphers and other professionals involved in projects related to se-
diment transport along coastal and river margins, where sand is the
predominant beach material. SANDY®© is a Matlab®™ script which
allows the user to perform a size distribution analysis of sediment
from a sieved sample of sand from a beach profile, the bed of a river,
an estuary, the seafloor, or inland. The computation routine has been
tested for Matlab® version 6.5 (R13) to version 9.0 (R2016a). Fur-
thermore, the tool is programmed as a user function which does not
require any special toolbox and requires only that Matlab® is in-
stalled on a personal computer with an Intel® Centrino® Duo or
higher microprocessor. The user license is free and the script is
available on the website for this paper (Appendix B).

In order to compute the sediment parameters, the computer
program considers sediment and rock sizes ranging from large
boulders to very fine sand (Table 1), hence only the results of the
sieve technique are used as input data. Sieving is the most accurate
method for the general analysis of sand and gravel. Sediments
such as silts and clays should not be analyzed by the program.
Moreover, countries such as France (AFNOR), Great Britain (BS)
and the US (ASTM) have standard specifications regarding the wire
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Table 1
SANDY© considers the sediment size from the Udden-Wentworth scale (from
Wentworth (1922)).

From (in mm and ¢-units): To (in mm): Size terms:
256(—8) 128 Large boulders
128(-7) 64 Medium boulders
64(—6) 32 Small boulders
32(-5) 16 Very small boulders
16(—4) 8 Very coarse boulders
8(-3) 4 Very coarse gravel
4(-2) 2 Granular gravel
2(-1) 1 Very coarse sand
1(0) 0.5 Coarse sand

0.5(1) 0.25 Medium sand
0.25(2) 0.125 Fine sand

0.125(3) 0.063 Very fine sand

cloth and sieves used for testing purposes; the program recognizes
the ANFOR ISO 3310, BS 410-1 and ASTM E11-95 nominal sieve
openings standards (Table 2).

SANDY®© requires two input parameters: nominal sieve openings
and cumulative mass of material retained on each sieve. This in-
formation is provided to the program through a plain text file (*.txt)
arranged in two columns, which should be separated by a tab space
and must be located in a subfolder. This subfolder should be in the
same folder where the script is located. The data in the first column
correspond to the nominal sieve openings (in mm) and the second
column must refer to the mass of material retained on each sieve (in
grams). The data must be arranged in descending order, following
the nominal sieve openings. On the other hand, material in the pan
after sieving should be listed in the last row of the input file. Due to
the program algorithm which solves the method of moments, on the
last row, which corresponds to the pan after sieving, the value of the
nominal sieve opening immediately below will be used and the

Table 2
Standard nominal sieve openings recognized by SANDY®.

mass deposited in the pan will be listed in the second column.
Based on the statistical parameters of the distribution of sand
sizes, the script calculates the discriminant parameters in order to
identify depositional environments, as suggested by Sahu (1964).
In addition, the program provides the maximum relative density of
clean sand as a function of the 50 percentile grain size and
compaction energy (Patra et al., 2011); this latter parameter is
particularly important for beach nourishment projects. All the
equations used in the program are listed in Appendix A.

3. Sandy

SANDY© was developed in Matlab® because this numerical
software is commonly used at universities, research centers and
enterprises.

The data are loaded in scientific software as a numerical matrix,
where the first two columns contain the input parameters. From
the input data, the script generates a third column with values of
the fraction retained on each of the sieves as percentages of the
original test sample weight; in the fourth and fifth columns, the
cumulative percentages of oversized and undersized materials are
computed. The results can be readily analysed using graphical
methods; SANDY© uses a piecewise cubic interpolation for com-
puting percentiles from cumulative undersize distribution and the
nominal sieve opening values; once these percentiles are known
(5, 10, 16, 25, 30, 50, 60, 75, 84, 90, and 95, in mm and phi-units),
their values are plotted on a semi-log graph and statistical para-
meters are computed using Trask (1932), Inman (1952), Folk and
Ward (1957), Kondolf and Wolman (1993) methodologies. Statis-
tical parameters are also computed with arithmetic, geometric and
logarithmic approaches and the method of moments (Krumbein
and Pettijohn, 1938). The program uses the Folk and Ward's (1957)

Sieve (mm) ASTM E11-95 BSI 410-1 NF ISO 3310 Sieve (mm) ASTM E11-95

BSI 410-1 NFISO 3310 Sieve (mm) ASTM E11-95 BSI 410-1 NF ISO 3310

125 X X X 8 X
112 X X 71
106 X X X 6.7 X
100 X X X 6.3 X
90 X X X 5.6 X
80 X X 5
75 X X X 4,75 X
71 X X 4.5
63 X X X 4 X
56 X X 3.55
53 X X X 335 X
50 X X X 315
45 X X X 2.8 X
40 X X 25
375 X X X 2.36 X
35.5 X X 2.24
315 X X X 2 X
28 X X 1.8
26.5 X X X 1.7 X
25 X X X 1.6
224 X X X 14 X
20 X X 1.25
19 X X X 118 X
18 X X 112
16 X X X 1 X
14 X X 0.9
13.2 X X X 0.85 X
12.5 X X X 0.8
11.2 X X X 0.71 X
10 X X 0.63
9.5 X X X 0.6 X
9 X X 0.56

X X 0.5 X X X
X X 0.45 X X
X X 0.425 X X X
X X 04 X X
X X 0.355 X X X
X X 0.315 X X
X X 0.3 X X X
X X 0.28 X X
X X 0.25 X X X
X X 0.224 X X
X X 0.212 X X X
X X 0.2 X X
X X 0.18 X X X
X X 0.16 X X
X X 0.15 X X X
X X 0.14 X X
X X 0.125 X X X
X X 0.112 X X
X X 0.106 X X X
X X 0.1 X X
X X 0.09 X X X
X X 0.08 X X
X X 0.075 X X X
X X 0.071 X X
X X 0.063 X X X
X X 0.056 X X
X X 0.053 X X X
X X 0.05 X X
X X 0.045 X X X
X X 0.04 X X
X X

X X
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scale to classify the sorting, skewness and kurtosis measures.

Taking into account the mean diameter of the sand sample,
SANDYO classifies the sediment using the Wentworth (1922) and
ASTM (2011) scales. The script was subsequently written to es-
tablish the coefficients of uniformity and curvature. From these
coefficients, 1) the type of sand is identified according to the
Unified Soil Classification System (SUCS) either as well graded
sand (SW) or poorly graded (SP) (ASTM, 2011), and 2) the hy-
draulic conductivity is obtained (Carrier, 2003).

On the other hand, the percentage of gravel, sand and fine sand
determined by the computer program is set by the Wentworth
scale. The depositional environments are obtained using the
equations of Sahu (1964).

When the seabed or river bottom are studied in order to un-
derstand how the currents and bed interact to create ripples, sand
waves, dunes, antidunes and plane beds, it is necessary to de-
termine the depth-averaged current speed, which is a function
that relates the height above bed, frictional velocity, Von Karman's
constant and the dimensions of the physical roughness of the bed
(Soulsby, 1997). Using the size distribution, the script computes
the Nikuradse equivalent sand-roughness with the 50th percen-
tile; subsequently, the bed roughness length value, for a hydro-
dynamically rough flow, is calculated by the program.

SANDY®© calculates the porosity using the Vukovic and Soro
(1992) equation and the sediment voids ratio is a function of the
porosity. The final parameter obtained is the maximum relative
density of clean sand.

At the end of the analysis, a table of results with analyses of the
percentage weight of the sediment, the values of the different
percentiles, the statistical parameters, as well as the classification
of the sample, are exported to a plain text file (*.txt) (Fig. 1).

The routine provides the user a bar chart of sediment sizes and
the graphs related to: frequency, cumulative arithmetic and ar-
ithmetic probability, cumulative logarithmic and semilogarithmic
probability, the Folk and Shepard ternary diagrams, and a bar plot
with the gravel, sand and fine sand percentage (Fig. 2). For plotting
ternary diagrams, SANDY© incorporates the Arsenault (2006), Waite
(2006) and Richards (2006) m-functions in its code. All the graphs
created by the computer program are automatically exported as
enhanced metafiles (*.emf) and these files are moved to the sub-
folder where the input file of the sediment sample is located.

In order to perform the sieve analysis of one or several samples
of sediment, it is necessary to create a folder; this is the main
folder for the program. For each sediment sample that requires
analysis, a subfolder of the sample should be created and the input
file should be within this subfolder. The main folder should con-
tain the SANDY®© program and one or more subfolders. When the
program starts, the main folder is reviewed to determine whether
one (“a sample”) or several subfolders (multiple samples) should
be analysed. The routine performs a size distribution analysis for
each of the subfolders. When the calculations and plots have been
completed, the results are automatically exported to the sample
folder. The analysis and export of results will be repeated in a loop
depending on the number of subfolders identified by the program.
This feature allows the computational script to analyse multiple
samples of sand in a short processing time which depends on the
RAM memory and computer processor. For example, SANDY©O
performs the full analysis of one sand sample in 4 s on a computer
with an Intel® Pentium®™ 4 processor and 3.00 GB of RAM, Win-
dows platform® XP SP3 and Matlab® R2012a.

When the computational script identifies that several analyses
have been performed, at the end of the calculation the program
automatically provides summary graphs of the 50th percentile
(Dso), sorting, skewness and kurtosis. SANDY© also creates plots to
show the relationship between the mean and statistical measures
of all samples, such as sorting, skewness and kurtosis (Fig. 3). The

SAND
SIEVE
ANALYSIS
RESULTS
sssssss AAAAAR N N DDDDDDD X Y
A A NN N D D > 4 - 4
A A NN N D D Y x
8sssss A A N N N D D &%
AAAAAAAA N N N D D :
A A N NN D Y
sssssss A A N NN DDDDDDD :
* Sample *
Sample: a
Date: 21/01/2016 17:49:08
* Sieve (mm) Wrete (g) Wrete pcte. *
4.000 7.600 1.5215
2.360 6.800 2.8829
2.000 3.800 3.6436
1.400 10.500 5.7457
1.000 27.100 11.1712
0.710 56.500 22.4825
0.500 114.100 45.3253
0.355 54.900 56.3163
0.250 123.000 80.9409
0.180 51.400 91.2312
0.125 42.300 99.6997
0.090 1.100 99.9199
0.063 0.200 99.9600
0.053 0.200 100.0000
* Size Distribution *
in mm: in phi units:
D5 = 0.166 2.593
D10 = 0.188 2.408
D16 = 0.231 2.113
D25 = 0.276 1.855
D30 = 0.293 1.769
D50 = 0.434 1.203
D60 = 0.550 0.863
D75 = 0.677 0.562
D84 = 0.839 0.252
D90 = 1.051 -0.072
D95 = 1.550 -0.632
D90/D10 in mm =  5.581
D90-D10 in mm = 0.863
D75/D25 in mm = 2.450
D75-D25 in mm = 0.401
Material distribution, percent:
Gravel = 0.000
Sand = 99.920
Very fine = 0.080
Particle classification:
sucs: sp
ASTM: Medium sand
Wentworth: Medium sand
»* Sample statistical parameters b
Method: Mean (mm) SD (mm) Skewness Kurtosis
Arithmetic moments = 0.625 0.676 3.692 18.637
Geometric moments = 0.461 2.043 0.705 0.339
N-root = 0.441 1.906 0.281 0.335
Trask = 0.477 0.639 0.992 0.232
Inman = 0.441 1.906 0.022 0.183
Log. Folk and Ward = 0.438 0.892 0.080 1.022
Geom. Folk and Ward = 0.438 0.516 0.312 0.742
(phi units)
Logarithmic moments = 4.277 2.063 -0.710 3.735

Geom. Folk and Ward statistical parameters classification

Standard deviation: Very well sorted
Skewness: Near symmetrical
Kurtosis: Mesokurtic

* Discriminant Function Analysis, adim (Sahu, 1964) *

Depositional environment:
2.141 -> Beach environment
98.756 -> Shallow agitated marine environment
-7.971 -> Deltaic deposition
7.173 -> Fluvial environment

Y1
2
¥3
Y4

* Roughness of the bed *

Nikuradse roughness, in mm = 1.0860
Bed roughness length, in mm = 0.0362

* Measures for sediment-water mixtures *

Porosity, adim (Vukovic and Soro, 1992) = 0.4030
Voids ratio, adim = 0.6751

* Permeability (Carrier III, 2003) *

Hazen uniformity coefficient, adim = 2.919
Coefficient of curvature, adim = 0.831
Hydraulic conductivity or permeability, in cm/s =  0.205

* Relative Density at max. dry unit weight of compaction (Patra et al., 2011) *

360 kN-m/m3)
600 kN-m/m3)
1300 kN-m/m3)
2700 kN-m/m3)

0.427
0.641
0.781
0.895

Reduce Standard Proctor (E
Standard Proctor (E
Reduce Modified Proctor (E
Modified Proctor (E

SANDY, copyright, 2010.

Fig. 1. This figure shows the SANDY®© standard output file. The results of SANDY®
are exported to a plain text file that can be opened with any text editor.
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Fig. 2. Graphs generated by SANDY© to analyse the textural characteristics of a sample of sand: a) Bar plot, b) Cumulative Probability plot, c) Cumulative Arithmetic plot, d)
Cumulative Probability plot (log-log), e) Cumulative Probability plot (semi-log), f) Percent of sediments plot, panels g) and h) Ternary plots.
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graphs are saved as *fig files, allowing the user to edit them later.
SANDY®© is coded in a high-level mathematical analysis program
which uses a programming language that is very easy to learn; in
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. skewness, h)

addition it uses functions that allow the user to export the results
in different file formats, which can be opened with other types of
software.
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4. Calibration and validation of sandy

During the calibration and validation process, the 10th (Dyq),
50th (Dsg) and 90th (Dgg) percentiles were selected in order to
evaluate the level of accuracy of SANDY®©. These parameters were
chosen because their values are frequently used in the sediment
transport equations for beaches and rivers (Van Rijn, 2006). The
calibration and validation procedure was carried out by comparing
the results of SANDY©® with the GRADISTAT® spreadsheet (Blott
and Pye, 2001). Five test samples were analysed using both pro-
grams; the results are shown in Fig. 4. The Root Mean Squared
Error (RMSE) and the Mean Absolute Error (MAE) were used to
evaluate the level of accuracy of the Matlab® routine. Good
agreement of the SANDYO results were obtained for the 10th, 50th
and 90th percentiles. With regards to Dgg (Fig. 4a), only sample
four presented a small difference, but RMSE and MAE were still
small (2.44E-03 mm and 1.88E-03 mm, respectively). The Dsg
(Fig. 4b) for both models shows similar behavior, with only one
test presenting small differences; the RMSE and MAE for D5y were
7.59E —03 mm and 5.6E —03 mm respectively. In the case of Dy
(Fig. 4c), some differences were observed for tests one and three.
Values of 5.11E-03 mm and 4.28E-03 mm were obtained in the D¢
percentile analysis, for RMSE and MAE respectively.

It is difficult to obtain an exact value of Dsq with either of the
computational routines when using the sieve methodology.
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Fig. 4. The Dy, Dsg, Do of five sand samples calculated by SANDYO (triangles) and
with GRADISTAT®© (black dots). a) the comparison of Dgg, b) the Dso values and c)
the Do percentile value.

Different methods can be used to obtain the percentiles of a
sediment sample, either graphically, using a logarithmic or semi-
logarithmic scale, or by applying a mathematical equation. The
small differences observed between SANDY© and GRADISTAT® is
due to the fact that the first routine uses graphical interpolation
(piecewise cubic interpolation) to compute the different percen-
tiles, whereas the second uses a mathematical relation where the
16th (D) and 84th (Dg4) percentiles are calculated, and from
these values other different percentiles are obtained. Overall,
SANDY®© proved to be a good tool for estimating the statistical
parameters of sediment, the calibration and validation results
demonstrate the capabilities and skills of the program in the
characterization of a sediment sample.

5. Case study: characterization of sediments in Cancun and the
Riviera Maya

Mexico offers great cultural and natural richness, which make it
one of the the most popular tourist destinations in the world. The
most important tourist destinations in the country are the beaches
of Cancun and the Riviera Maya, on the Caribbean coast of the
Yucatan Peninsula. However, the degradation of the coastal eco-
system caused by the excessive growth of tourist infrastructure
along the coast and its natural vulnerability to hurricanes causes
the state of balance of the beaches to become unstable, resulting in
severe erosion (Murray, 2007). Since the textural properties of
sediments are a tool used for the characterization of beach mor-
phodynamics (Rice and Church, 2009; Trindade and Pereira, 2009;
Rajganapathi et al,, 2013), a total of 107 sand samples were col-
lected from 35 beaches in Cancun and the Riviera Maya in order to
describe the sediments of the region and contribute to the
knowledge of beach dynamics.

5.1. Study site

The Riviera Maya and Cancun are located between the co-
ordinates 20°01' and 21°10° N and 86°48' and 86°65" W, in the
eastern part of the Yucatan Peninsula. The territorial extension of
the study area is bounded by Yucatan State to the northwest, the
Gulf of Mexico to the north, Campeche State to the west, Belize to
the south and by the Caribbean Sea to the east (Fig. 5). The coastline
is approximately 160 km long with geomorphological features in-
cluding beaches with coastal sand dunes (Sian Kaan), restricted la-
goons (Laguna Nichupte), beaches protected by coral reefs (Akumal,
Puerto Morelos, Punta Brava) and dissipative beaches (Cancun).

5.2. Materials and methods

In order to characterise the sand in Cancun and the Riviera
Maya, 35 sampling stations where distributed along the coast. At
each station, three sand samples were collected, corresponding to
the backshore (berm zone), swash and surf (littoral) zone of all
beaches. The sediment was extracted from the surface of the beach
profile to avoid any effects of stratification. The collected samples
were subjected to a drying process, and then sieved to determine
the mass of sand retained by each mesh (Bunte and Abt, 2001).
The value of the different size percentiles of the particles of sand,
as well as the mean, the standard deviation, skewness and kurtosis
of the sample were obtained using the SANDY© routine. For the
characterization of sediments from Cancun and the Riviera Maya
the statistical parameters of the geometric method by Folk and
Ward (1957) were considered.

According to the geomorphological features observed along the
beaches where the sediments were collected, the sampling sta-
tions were grouped into 5 groups (Table 3). For each group, only
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Table 3 0.18
Classification of the sand extraction sites related to geomorphological features. '
® Swash
Group Geomorphological feature Site of sand sample i
extraction -
=
A Straight shore with degraded coral reef in Sian Kaan, Puerto (=N 0.16 —
front of the beach Morelos b
B Beaches influenced by a healthy coral reef =~ Tulum =
C Straight shore with no coral reef in front of Playa del Carmen, Pun- .2 -
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D Hyperstable or metastable beaches Cancun o
E Pocket beaches with degraded coral reef Akumal, Bahia Principe ﬂ>) 0.14 —
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. . [ ]
considered and these values were averaged to obtain a re- _‘g
presentative value for the group. The samples corresponding to = 012 —
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Cancun and the Riviera Maya, according to their geomorphological N Berm
features. 7 o
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Fig. 6 shows a scatter diagram which relates the mean sand size
(X axis) and the standard deviation (Y-axis). For Cancun and the
Riviera Maya, the graph shows that the sand is of medium size and
the grains are very well classified. On the other hand, it is clear
that the swash zone is an energetic region, where wave breaking

Mean grain size (phi)

Fig. 6. Relationship between the standard deviation and the mean size of the sand;
the samples were grouped according to the area from which they were obtained on
the beach: the backshore (Berm), swash and surf zone (Littoral).
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Fig. 8. Characterization of the 50th percentile of the sand size distribution in the
Riviera Maya and Cancun.

and littoral currents move the sediment along the seabed or result
in the suspension of the grains, causing the arrangement of par-
ticles to be less homogeneous in comparison to the backshore.

Fig. 7 is composed of 6 scatter diagrams, which relate the statis-
tical parameters of the sand samples to the depositional environ-
ments (Moiola and Weiser, 1968). Fig. 7a shows that the sediments
along Cancun and the Riviera Maya coastline are medium to fine
sand and very well classified. The ratio between the mean grain size
and the standard deviation reveals that the sediments deposited on
the beaches are mostly driven and selected by the waves that reach
the coasts, as well as the littoral currents. On the other hand, Fig. 7b
shows the relationship between the mean sand size vs. skewness;
the graph indicates that in the size distribution the coarse particles
predominate with respect to the fine particles, and the skewness
classification indicates fine sediments and is predominantly positive.
Fig. 7c shows the relationship between the fourth moment and the
statistical mean of the sand size; the diagram shows that the sedi-
ments are classified as very platykurtic, indicating that the sand of
the beach is mature. The analysis of the standard deviation vs.
skewness (Fig. 7d) reveals that the sand particles are very homo-
geneous and the grain size in the study zone is considered as med-
ium. To differentiate the depositional environments of the sand
samples, the linear discriminant function analysis proposed by Sahu
(1964) was performed, where, on the basis of the statistical para-
meters of the size distribution of sand, it is possible to infer the de-
positional environments through the interpretation of energy varia-
tions and how the sediment flows over surfaces. In order to establish
whether the sediments had been stored by the action of wind or
coastal processes, Fig. 7e shows all the sand samples that were ex-
tracted from the swash zone and backshore. The graph demonstrates
the relevance of wind on the deposition of the particles. To analyse
whether the sand samples correspond to a river or marine en-
vironment, the trend in the values of the discriminant functions of all
the samples are presented in Fig. 7f. In the study area there are no
surface rivers; terrigenous sediment input to the coast is null, as
demonstrated by the behavior shown in the graph, which shows that
the predominant depositional environment is marine and that
coastal processes are the natural mechanisms responsible for de-
positing sediment along the beaches.

According to the sampling stations of geomorphological features,
the results of the sand samples were grouped to establish the degree
of similarity between the sizes of the sand particles according to
their zone of extraction from the beach. For each zone the average of
the mean sand size and the standard deviation or sorting were
calculated. Fig. 8 presents a bar plot which corresponds to the
characterization of the 50th percentile of the sand size distribution,

and it shows that the greatest diameter sands are found in the
Cancun area. In October 2005, hurricane Wilma passed across the
beaches of Cancun and as result, the coast suffered substantial
erosion. The Mexican Government conducted beach nourishment in
order to rescue the beaches; prior to hurricane Wilma the beaches
had a Dsq of 0.317 mm. The increase in sand size in Cancun is mainly
due to the characteristics of the sand used in the beach nourish-
ment. In contrast, the smallest Dsg was identified in Tulum where
the depositional environment is influenced by segments of healthy
coral reef. The protection offered by coral reefs in Sian Kaan and
Puerto Morelos makes the Dsg smaller than Akumal and Puerto
Principe; however in the two pocket beaches studied, the coral reef
is highly degraded. From this comparison of Dsg, in beaches where
the coral reef is considered healthy, finer sand is produced com-
pared to beaches with a degraded coral reef.

6. Conclusions

SANDYO is a computational routine that has been developed in
Matlab® to optimize the estimation process of the statistical size
distributions of sediment. This routine is useful when the data on
sediment size distribution have been obtained using the dry
sieving technique. Textural parameters of the sediment sample, for
example the mean, sorting, kurtosis and skewness can generally
be identified using five methodologies. The software calculates the
main percentiles of the sand size distribution in order to evaluate
sediment transport. SANDY© provides results and plots of the
textural parameters of sand from coastal or river environments,
which can help engineers, geologists, sedimentologists or profes-
sionals whose studies involve the coast or rivers, to understand
the manner in which the sediments are deposited. However, cor-
rect interpretation of the results will be the responsibility of the
user. SANDY© takes advantage of the data storage structures and
the programming language of Matlab" to export the results and
plots as separate files.

A short case study application was presented in order to show
the type of studies that can be carried out using the results that
SANDY®© offers to the user. The main conclusions from the case
study are: a) the study sites assessed show a mean size of 3.05 mm
with well classified grains of sand in the swash zone; b) the se-
diments that comprise the surf zone are medium sands (2.85 mm),
where the physical forces responsible for depositing the sediment
on the beaches are the waves and littoral currents; and c) the
material of the berm on the beach consists of fine sands.
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Appendix A. Equations used in SANDYO

Table A1 shows the equations used by SANDY®© to compute the
textural and physical parameters of the sediment sample.
Appendix B. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.cageo.2016.04.010.
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Table A1
Equations used by SANDY© to calculate the statistical parameters of sediments and physical parameters.
Graphical methods
Mean Sorting Skewness Kurtosis Approach
- [ 0.5)(dhs — )0 Arithmetic
Inman (1952) g =Pt b e (03)(#s )=,
2 2 [ep} oy
_ - ithmetic
Folk and Ward Sk = (2R (2)(¢50) b+ s (2)(¢<0) o Arit
R oterte bt TN 0) @A) | Ky i
(1957) . - 75 25
log D, —log Dy, log D, +log Dy, —(2)(log Dy, ) Geometric
Folk and Ward eXP[ — 4, T NioeD.. —loa D +e _ logDs—logDy,;
exp log D, +log Dy, +log Dy, 4 (2)(log Dy, ~log D, ) (244)(log Dy, ~log Dy,
(1957) 3 +IogDS—logD%) I log D; +log D,; —(2)(log Dy, )
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05 _ Mixed
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Moments method (Krumbein and Pettijohn, 1938)
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Discriminant function analysis of depositional environments (Sahu, 1964):

Y, =—3.5688M +3.70160,> —2.0766SK, +3.1135K,,

Y, =15.6534M_ +65.7091c,*
Y, =0.2852M. —8.76040,> —4.89325K , +0.0482K

—18.10718K, +18.5043K ;

Y, =0.7215M_ +0.4030,% +6.7322SK, +5.2927K,,

Relative Density Max. dry unit weight of compaction (Patra et al., 2011)

Test Type E(kN/m/m’) A B
Reduced Standard Proctor 360 0.3786  0.145
Standard Proctor 600 0.5864  0.107
Reduced Standard Proctor 1300 0.7332  0.075
Modified Proctor 2700 0.8321  0.087
D, =AD"

Nikuradse roughness: &, =2.5D;,

and bed roughness length: z, = [1)—2

50

Coefficient of curvature: C, =

2
DJO

DIUD(

60
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Table A1 (continued )

3

n
o(n)= Ty

Hazen Uniformity coefficient: C, = %
Porosity: n= 04255(1 +0.83% )

Void ratio: &= o
1-n

Taking into account a water temperature of T, =20°C, N =8.3x10° and g =980 cm/s’
P, =3.1x107°7,7 +7.0x10°7,> +4.19x107°T,, +0.99985

1==7.0x10"T,’ +1.002x10°7,> =5.7x10*T, +0.0178

Hydraulic Conductivity: K :% No(n)D,,’

10
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