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ABSTRACT 

Advanced Sediment Characterization 

Marisol Salva Ramirez 

 

Soil data accumulated during the last century and more recent developments in sensors and 

information technology prompt the development of new geotechnical solutions for soil 

assessment. We have advanced three complementary tools: Lab-on-a-Bench, the soil 

properties database with corresponding IT Tool and the in-situ characterization 

Multiphysics Probe. Lab-on-a-Bench technology combines cutting-edge sensors and 

sensing concepts within compact devices and effective laboratory protocols to allow multi-

physics soil characterization: specific surface measurements for fine-grained soils and 

particle size distribution, shape, packing densities and angle of repose for coarse-grained 

soils using image analysis and corresponding devices. The soil properties database and 

complementary IT Tool provide a self-consistent set of soil parameters based on known 

properties. The advances in in-situ characterization focus on a Multiphysics Probe and 

include measurements of remnant magnetization to identify metalliferous sediments for 

deep-sea mining applications and shear wave measurements for stiffness assessments. All 

methods, protocols, devices and technology are applied to Red Sea sediments to establish 

a baseline for future industrial and economic developments.  
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Chapter 1 

Introduction 

1.1 Motivation 

Geotechnical challenges have changed since the birth of Geotechnical Engineering in the 

1920’s. However, there have been minimal changes in engineering practices over the past 

50 years (Francisca 2011). Two examples are the popular use of the Standard Penetration 

Test for in-situ testing, standardized in 1949 (Hvorslev 1949) and the continued application 

of the Laboratory Characterization Test procedures proposed by Casagrande (1932) and 

Terzaghi.  

By contrast, it is interesting to observe the evolution of changes in other fields such as 

medicine that have benefited from the revolution in IT, together with scientific and 

technological advances. Indeed, cutting-edge technology has revolutionized diagnostic and 

treatment methods (Figure 1.1). 

The development and miniaturization of sensors, wireless sensor networks, and 

communication systems, combined with algorithms, machine learning and big data enables 

the collection of real-time data. These advances open the door to new development 

opportunities, which have the potential to reinvent geotechnical engineering, with 

applications of new technologies in critical areas such as liquefaction, settlements, pore 

pressure changes, and active processes. The complex problems of sediment properties and 

the effects of spatial and temporal variability, the heterogeneity of geological materials and 

their behavior under natural and imposed environmental conditions also demand the 

development of advanced solutions.  
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Figure 1.1 Advances in micro medical technology (Nelson et al. 2010) 

Geotechnical engineers will play a fundamental role in defining and implementing new 

strategies to deal with more extreme conditions, environments (higher stresses, pressures, 

temperatures, and different fluid chemistry) and associated factors that include rapid 

population growth, microclimatic instability and higher sea levels, increased energy needs, 

depletion of resources (water and fossil fuels) and a rise in the proportion of land targeted 

by urban development which is ill-suited for housing. 
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Today, our responsibility as engineers is to interconnect, analyze and apply techniques to 

improve the characterization, knowledge and understanding of sediments. Yet field-testing 

requires large amounts of financial resources. Conversely, incomplete field-testing and soil 

characterization can result in geotechnical failures and/or an increased vulnerability to 

natural disasters.  

This research takes advantage of the geotechnical knowledge generated over the past 

century and the continuing revolution in sensors and IT. Our aims are to recognize and 

capture the most meaningful and information-rich soil properties for engineering design, 

and to rediscover the essence of geotechnical parameters and the relationships that exist 

between them. Potential outcomes of this work include lower-cost, faster and more 

efficient geotechnical engineering practices, based on the fundamental physical laws that 

govern the behavior of geomaterials. This thesis proposes the new, revolutionary 

geotechnical laboratory “Lab-on-a-Bench” which includes novel testing concepts and 

applications. We also present the development of in-situ characterization tools that 

incorporate highly advanced technology. 

1.2 Scope and Contributions 

This thesis develops new methods for geotechnical testing both in the laboratory and in the 

field. 
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Figure 1.2 Dissertation structure 

Chapter 2 compiles a soil database of engineering and index properties. The chapter 

investigates the relationships between these properties and aims to predict engineering 

parameters based on index properties and validates a self-consistent set of parameters. 

Chapter 3 proposes a methodology to measure the specific surface of fine-grained 

sediments by colorimetry and image analysis techniques, based on the physics of dye 

adsorption in an aqueous solution. The specific surface is an important intrinsic property 

of fine-grained sediments that controls their behavior. Our new methodology uses a 

cellphone camera and an app to capture these measurements. 

Chapter 4 presents an analysis of the properties of coarse-grained sediments and describes 

the physics and interrelationships of these parameters. The chapter also introduces some of 

the Lab-on-a-Bench tools, which characterize coarse-grained sediments. 

Lab:      Fines

Soils Database 

& IT Tool

Lab:      Coarse

Red Sea Sediments

In-situ:  Magnetic

In-situ:  Vs
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Chapter 5 briefly examines sediment classification and presents the multi-physics In-situ 

Sediment Characterization Probe. It details the design of a magnetic module for 

identification of ferromagnetic layers. 

Chapter 6 builds on the earlier development of the multi-physics In-situ Sediment 

Characterization Probe and includes a shear-wave velocity module to determine sediment 

stiffness. 

Chapter 7 aims to characterize the behavior of Red Sea sediments. This involves the 

implementation of some of the proposed methodologies in Chapters 2 to 6 and combines 

traditional geotechnical testing with analytical chemistry.  

Finally, Chapter 8 summarizes the main conclusions and findings, and presents ideas for 

future research. 

1.3 Definitions 

Soils or sediments are granular materials that occur in nature by the process of weathering 

and transport. Due to their granular nature, they are inherently multi-phase, nonlinear, non-

elastic, porous and pervious. Shear failure occurs by contact sliding, rotation and dilation. 

There is a fundamental difference between coarse and fined-grained soils due to the 

governing forces at the particle level. Capillary and electrical forces such as Van der Waals 

attraction and osmotic repulsion are more important than self-weight and skeletal forces in 

fine-grained sediments (<75 µm, identified with the sieve #200); the opposite is true in 

coarse-grained sediments. This thesis presents the development of new tools to characterize 

both coarse and fine-grained sediments. 
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The adopted geotechnical engineering definition for different soils according to the grain 

size is clays (<2µm), silts (between 2 to 75 µm), sands (between 75 µm to 4.76 mm – Sieve 

#4), gravels (>4.76 mm). The terms sands and clays in this thesis reflect the grain size, not 

the mineral composition.  
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Chapter 2 

Soils Database – IT Tool 

2.1 Introduction 

Recent advances in communications, sensing, IT and data storage have had an enormous 

impact in different fields such as medicine, material science, biology. After 100 years of 

practice of modern geotechnical engineering, since Terzaghi and Casagrande in the 1920s, 

there is a vast amount of data regarding soil properties and behavior that has been generated 

in soil laboratories all over the world.  

If we can collect all this information into a database, we will be able to analyze 

relationships, identify trends and predict soil behavior, following similar IT-strategies used 

by internet retailers and by online distributors of video-on-demand. By measuring simple 

index properties, we will be able to anticipate engineering parameters related to mechanical 

behavior (strength, compressibility, critical state) flow (hydraulic conductivity, 

consolidation) that are required for the geotechnical design. 

A significant number of initiatives and efforts towards database creation and compilation 

have been previously proposed in the past and relate to unsaturated soils (Fredlund et al. 

2012; Fredlund 2005), compressibility parameters (Burland 1990; Kootahi and Moradi 

2017), strength (Andersen and Schjetne 2012; Bolton 1987; Ching and Phoon 2014; Mayne 

and Kulhawy 1982; Skempton 1985; Stark and Eid 1994; Vardanega and Bolton 2011), 

hydraulic conductivity (Chapuis 2004; Holtz and Kovacs 1981; Lambe and Whitman 1969; 

Terzaghi et al. 1996) and thermal conductivity (Salomone and Kovacs 1984). 
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In order to build reliable prediction models, the database needs to be populated with 

multidimensional data (i.e., for the same soil, measure several properties), but current 

databases based on published data are limited, composed mainly by binary data where just 

a pair of properties are reported for a single soil. Our project compiles a soil-property 

database and the analysis of causal links between properties and proposes the creation of 

IT-tools for soil property assessment and prediction. 

2.2 The Database 

We collected index and engineering properties from peer-reviewed papers. The compiled 

database has more than 7200 entries and is organized into (1) soil index properties based 

on simple characterization tests (coefficient of uniformity, fines content, particle size D10, 

D60, D50, liquid limit, plastic limit PL, specific gravity, specific surface, sphericity, 

roundness, roughness, emax, emin, and clay fraction) and (2) engineering properties (residual 

friction angle, constant volume friction angle, critical state parameters λ, κ, compression 

index Cc, recompression index Cr, and e1kPa intercept, coefficient of consolidation cv, 

hydraulic conductivity and coefficient of earth pressure k0). 

Figure 2.1 a) shows the logarithm of the amount of data for each pair of properties between 

the index and engineering properties b) the absolute value of the correlation coefficient 

between each pair of properties between the index and engineering properties. Strong 

correlations already reported in the literature immediately emerge like: 
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Figure 2.1 Soil database of engineering properties vs index properties. (a) Intensity map 

that illustrates the logarithm of data quantity. (b) The absolute value of the correlation 

coefficient between pairs of properties excluding the pairs with insufficient data. Black 

values correspond to high correlations, grey vales to log-log correlations and white values 

to low correlations. 

 

 Particle size, specific surface and hydraulic conductivity (Chapuis 2012; Hazen 

1892) due to the increase of drag forces in the pore walls in smaller particle size 

materials with high specific surface (Kozeny-Carman, Hagen–Poiseuille, Taylor 

1948). 

 Compressibility parameters, liquid limit and specific surface (Burland 1990; Chong 

2014; Sridharan and Jayadeva ; Terzaghi et al. 1996). 

 Roughness and constant volume friction angle, due to the interlocking of particles 

and rotational frustration. (Cho et al. 2006; Mitchell and Soga 2005) 
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 Liquid limit, clay fraction and residual friction angle, particle alignment (Mitchell 

and Soga 2005; Santamarina and Shin 2009; Skempton 1985; Terzaghi et al. 1996).  

Additionally, we identified new correlations such as compressibility parameters with emax. 

These relations might be due to an experimental procedure, as tests are run at a loose 

packing state and close to emax, however, this requires further investigation.  

We recognize that limited correlations might reflect missing data in the database, and not 

necessarily a lack of correlation. In fact, the major limitation of the current database is its 

binary nature. In other words, most entries (rows), relate only two parameters (i.e., values 

are only available in two columns). 

2.3 Prediction Models – The IT tool 

Several mathematical and statistical approaches have been developed to analyze databases. 

These approaches include Bayesian updating using a multivariate normal distribution 

(Ching and Phoon 2013; Ching and Phoon 2014); Montecarlo simulations (Wang et al. 

2016); linear regression analysis (Kootahi and Moradi 2017); machine learning and genetic 

programming (Mohammadzadeh et al. 2014; Mousavi et al. 2013). Geotechnical data 

analysis has used these techniques with most limited to a certain type of soil, specific 

property or location.  

Machine learning and statistical learning are a set of tools to analyze data. These tools can 

be classified as supervised or unsupervised and involve building a mathematical model for 

predicting an output based on one or more inputs. Algorithms build the model from training 

data and make a generalization. The main goal is to accurately predict unseen test cases, 

understand which inputs affect the outcome and how and assess the quality of our 
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predictions and inferences (James et al. 2013). Generalization is not representative if not 

enough statistical data is available and can lead to inaccurate predictions.  

The interval constraint propagation model is a decision-making scheme where each known 

parameter constrains the maximum and minimum values that unknown properties can 

physically take. Subsequently, predicted self-consistent engineering parameters for a given 

soil fall within the intervals constrained by the known properties. The least squares fit of a 

linear regression between each pair of properties 𝑌1 = 𝑎 + 𝑏𝑌2 + 𝜀 determine the intervals, 

where the intercept 𝑎, the slope 𝑏 and the uncertainty 𝜀 define the trend. We recognize that 

trends linearize in linear-linear, linear-log and log-log scale. We selected this simple and 

robust method to operate the current database (Figure 2.2). Preliminarily results indicate 

that the properties with a higher correlation and lower uncertainty control prediction. Once 

the database incorporates more multidimensional data, other models will be implemented, 

including statistical models and machine learning.  

We also advanced the Revised Soil Classification System RSCS (Jang and Santamarina 

2015; Park and Santamarina 2017) to anticipate soil behavior by clustering sediments 

according to their mechanical and hydraulic responses. The IT Tool classifies soils using 

the RSCS as part of the analysis. 

Furthermore, we populate the database to increase the dimensionality and anticipate 

engineering parameters with the interval constraint propagation model  
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Figure 2.2 Interval constraint propagation model. Correlation between the liquid limit and 

the intercept of the compression line at e1kPa at σz’=1 kPa. Data points from the database, 

the line corresponds to 𝑒1𝑘𝑃𝑎 = 0.274 + 0.0287LL ±  0.3, 𝑅2 = 0.9 

2.3.1 Population of the database 

The database relies on data sets generated from other sources including the published 

literature, which can be inherently incomplete and is a limitation of the study. Yet, filling 

the database with robust known correlations from the literature will bias these results. 

However, the use of these correlations is justified as it enables multi-dimensional analysis 

since similar soils tend to behave similarly. The database is filled with the correlations 

summarized in Table 2.1.  
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Table 2.1 Correlations between soil properties collected from the literature 

Properties Previous correlations and relations between properties 

Specific surface 

𝑆𝑠 = 1.8 𝐿𝐿 − 34 (Fine grained soils) (Farrar and Coleman 

1967) 

𝑆𝑠 =
3(𝐶𝑢+7)

4𝜌𝑊𝐺𝑠𝐷50
 (Coarse grained soils) (Santamarina et al. 2002) 

emax 𝑒max = 0.544 + 0.145/𝑅 (Cu=1 Youd 1973) 

emin 
𝑒min = 0.359 + 0.082/𝑅 (Cu=1 Youd 1973) 

 

Shear wave velocity 

𝛼 = 13.5(m s⁄ )𝐶𝑐
−0.63 𝛽 = 0.17 log𝐶𝑐 + 0.43 (Cha et al. 

2014)  𝛽 = 0.73 − 0.29 log(
𝛼

m s⁄
) 1m s⁄ ≤ 𝛼 ≤ 500m s⁄  

(Santamarina and Cho 2004) 

 

Residual friction angle 
ɸ𝑟 = 32𝑒

−𝐼𝑃/250 (Santamarina and Shin 2009) 

 

Constant-volume friction angle 
ɸcv = 42 − 17𝑅 (Santamarina and Cho 2004) 

 

Critical state parameter λ 
λ = 0.00585IP (Schofield and Wroth 1968)  

𝜆 = 0.02 + 0.0045IP (Nakase et al. 1988) 

Critical state parameter κ 

κ = 0.00084(IP − 4.6) (Nakase et al. 1988) 

𝛤 = 1.2 − 0.4𝑅 (Cho et al. 2006) 

 

𝑒𝑐𝑠,100 = 𝛤 − 2𝜆 = 1.1 − 0.42𝜌, 
 𝜌 = (𝑅 + 𝑆)/2 (Cho et al. 2006) 

e1kPa 

𝑒1kPa =
5

4
𝑒𝐿𝐿 =

1

80
𝐺𝑠 𝐿𝐿 (Remolded NC low stress (Chong and 

Santamarina 2016) 

𝑒1kPa = 𝑒100kPa + 2𝐶𝑐   (Burland 1990) 

𝑒1kPa = 3.4𝐶𝑐 + 0.48  (Remolded NC, low stress) (Chong and 

Santamarina 2016) 

𝑒1kPa
natural = 1.6𝑒1kPa

remolded (Chong and Santamarina 2016) 

 

Compression index 

𝐶𝑐 = 𝐼𝑃 𝐺𝑆/200 

𝐶𝑐 = 0.008(𝐿𝐿 − 5) (Remolded NC, low stress) (Chong and 

Santamarina 2016) 

𝐶c
natural = 1.7𝐶c

remolded (Chong and Santamarina 2016) 

 

𝐶𝑐 =
𝐼𝑃

74
 (Kulhawy and Mayne 1990) 

Recompression index 𝐶𝑟 =
𝐼𝑃

370
 (Kulhawy and Mayne 1990) 

Hydraulic conductivity 

 
  𝑘 =

𝐶𝐹𝑔

𝑣𝑓 
 𝑆𝑠
−2 𝑒3

1+𝑒
 (Kozeny-Carman) (Taylor 1948) 

𝑘

𝑐𝑚/𝑠
≈ (

𝐷10

𝑚𝑚
)
2

(Hazen 1892) 

 

Coefficient of earth pressure 
𝑘0 = 1 − 𝑠𝑖𝑛ɸ (NC) (Jaky 1944) 

𝑘0 = (1 − 𝑠𝑖𝑛ɸ)(𝑂𝐶𝑅)𝑠𝑖𝑛ɸ (NC) (Kulhawy and Mayne 1990) 
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2.4 Lessons learned 

This study developed a soil properties database that can accurately predict engineering 

properties and soil behavior. Table 2.2 summarizes major observations and key learnings. 

Snapshots of the database for different properties is presented in Chapter 3, 4 and 7 of 

this dissertation. 

Table 2.2 Major observations and key learnings from the database 
Property Observation 

Residual friction angle High correlation with liquid limit and specific surface (log(LL) and 

log(Ss)).  

Constant volume friction angle High correlation particle shape parameters, especially roundness and 

roughness.  

Critical state parameter λ High correlation with liquid limit and specific surface. Packing (emax) 

Some correlation with roughness and clay fraction. 

Critical state parameter κ High correlation with liquid limit and specific surface. Some 

correlation with clay fraction. 

e1kPa High correlation with liquid limit and specific surface. Packing emax 

but spuriously not high with emin. 

Some correlation with roughness. 

Compression Index High correlation with liquid limit and specific surface. Packing emax 

but spuriously not high with emin. 

Some correlation with clay fraction. 

Recompression Index High correlation with liquid limit and specific surface. Packing emax 

but spuriously not high with emin. 

Some correlation with clay fraction. 

Coefficient of Consolidation It does not show high correlation with any index property. Some 

correlation with fine content (pass 200) 

Hydraulic Conductivity High correlation with particle size (D10 and D60) and specific surface. 

Some correlation with D50 and fine content and clay fraction. 

Coefficient of earth pressure k0 High correlation with emin and surprisingly not emax. 

Some correlation with specific surface and liquid limit. 

Specific gravity There is not much correlation with specific gravity and the 

engineering properties. It is used for calculating densities and 
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porosities. It is relevant for volcanic soils such as fly ash. It has some 

correlation with residual friction angle and critical state parameter κ. 

Plastic Limit It is correlated with liquid limit. It does not give more information 

than liquid limit. It is important in diatomaceous soils. 

D10 It is only correlated to hydraulic conductivity. It is used to calculate 

the coefficient of uniformity Cu  

Coefficient of uniformity It is not highly correlated with any property by itself, but when used 

with particle shape parameters gives relevant information about soil 

behavior related that can be used for classification purposes. (ASTM 

2011; Park and Santamarina 2017) 

 

2.5 Multidimensional data 

We encourage the international community to report a complete set of multidimensional 

data when presenting any experimental results and soil analyses. Index properties that 

should be reported for coarse and fine-grained soils with methodologies and simplified 

procedures are suggested in Table 2.3. 

Table 2.3 Index properties for coarse and fine-grained soils, methodologies and 

simplified procedures 
Type Index Properties Methodologies 

Fine-grained soils 

Specific surface Dye adsorption (Chapter 3) 

Liquid limit with different pore 

fluids (deionized water, 2 M 

brine, and kerosene) 

Sensitivity to pore fluid chemistry (Jang and 

Santamarina 2015) 

Coarse-grained soils 

Grain Size distribution (D50, Cu) 

Sieve analysis 

Microscopy: equivalent diameter (ImageJ)  

Sedimaging (Ohm and Hryciw 2013) 

Particle shape parameters 

(sphericity, roundness, and 

roughness) 

Microscope and computational geometry 

(Zheng and Hryciw 2015) 

Image analysis (Chapter 4) 

(Cho et al. 2006) 

Packing densities (emax and emin) 
Simplify methodologies tilting and tapping 

(Lade et al. 1998) – JGS Chapter 4 

All soils Classification  RSCS (Park and Santamarina 2017) 
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2.6 Conclusions 

After nearly one century of geotechnical engineering, there is a significant amount of 

information about soil properties, characterization and behavior available that to date have 

yet to be collected into a single database.  

Databases enable users to detect cause-effect relationships, test hypotheses, explore new 

correlations, recognize patterns, identify and fit trends. The use of multidimensional data 

is critical in order to obtain proper and robust correlations and predict soil behavior.  

Interval constraint propagations permit estimates of a range of engineering property values 

based on index properties and state variables and validate a self-consistent set of 

parameters. 

Given the current state of the database we can anticipate correlations between the following 

parameters: grain size and hydraulic conductivity, particle shape parameters and packing 

(emax and emin) for the constant volume friction angle, the liquid limit, specific surface, clay 

and fine content with the residual friction angle; compressibility parameters (e1kPa, Cc, Cr) 

and critical state parameters (λ and κ) with the liquid limit, specific surface and packing 

and the coefficient of earth pressure (k0) with emax and particle shape. 

One of the inherent limitations of this tool is that unlike Netflix and Amazon, which 

generate their own data, this database relies on geotechnical data collected by companies 

and researchers worldwide and is consequently sparse, disperse and difficult to analyze due 

to formatting considerations.  
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The selection of self-consistent properties in multidimensional problems that involve 

thermo-chemo-hydro-mechanical coupled processes allows us to benefit from the 

accumulated knowledge of the geotechnical community and to run simulations 

consistently. There is a need for a web-based tool for best engineering practice that is 

available worldwide. We strongly encourage the engagement of the community to increase 

the potential and implications of the database. 
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Chapter 3 

Lab-on-a-Bench: Fine-grained Sediments (Specific Surface) 

3.1 Introduction 

The specific surface is the surface area per unit mass of mineral. Therefore, the specific 

surface determines the balance between surface-related particle level forces (such as double 

layer repulsion and van der Waals attraction) and Newtonian forces (e.g., buoyant weight 

and skeletal forces). Specific surface emerges as the counterpart to grain size for fine-

grained sediments and it helps understand plasticity, pore size, fabric, compressibility, 

swelling and shrinkage, the extent of capillary phenomena, and all forms of coupled 

processes. Notably, the specific surface determines the hydraulic conductivity: a larger 

surface area per unit volume implies higher drag resistance along the grains surface and 

lower hydraulic conductivity (Chapuis 2012). It also controls adsorption and retardation 

during advective-diffusive-reactive transport, and geophysical parameters such as 

electrical conductivity and permittivity (Santamarina et al. 2002). The specific surface is 

critical to industrial applications; for example it anticipates the effectiveness of mineral 

separation by froth flotation or magnetic/electrical processes (Wills and Finch 2015). 

Clearly, routine geotechnical characterization surveys should include the measurement of 

the specific surface for fine-grained sediments. 

Table 3.1 summarizes current specific surface measurement methods, including the 

common dye adsorption method using either spectrometers or filter paper. Overall, these 

methods have ill-defined end points, are time-consuming, require expensive devices, use 
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dry procedures (inadequate for swelling clays), or do not lend themselves for detailed 

physical analysis (Santamarina et al. 2002; Yukselen and Kaya 2008). 

The recent developments in sensors and cellphone technology have brought affordable 

solutions to all engineering areas. In particular, smartphones are widely available 

worldwide and include tools for image analysis and colorimetry that are already being used 

in applications that span from science education (Kehoe and Penn 2013; Knutson et al. 

2015; Rice et al. 2014), to spectroscopy (Scheeline 2010), bio-medical applications (Lin et 

al. 2018; Teengam et al. 2017; Wang et al. 2011) and soil testing (Choodum et al. 2017). 

This study presents a simple yet physically tractable wet-method based on colorimetry that 

is implemented with smartphone technology to accurately measure the specific surface of 

fine-grained soils.  

3.2 Underlying Concepts 

3.2.1 Adsorption 

Uncompensated crystal boundaries and isomorphic substitution render mineral surfaces 

charged. Coulombian forces attract counterions to neutralize the surface charge. In the 

presence of water, counterions and precipitated excess salts hydrate; the distribution of 

hydrated ions around the particle is predicted by the Helmholtz-Gouy-Chapman-Stern 

diffuse double layer theory.  
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Technique Description Limitations Standards 

Direct 

Measurement 

AFM or SEM area and 

weight  

measurements 

Agglomeration 

of particles in 

dry conditions 

under vacuum. 

Difficult to 

distinguish 

individual 

particles 

Not available 

Crystallograph

y analysis 

Average weight, unit 

cell calculation by 

XRD and  

chemical analysis 

Unit cell 

dimension 

uncertainties 

Not available 

Gas 

Adsorption 

Physical adsorption 

BET, nitrogen 

(Brunauer et al. 1938) 

Pores smaller 

than the 

adsorbate.  

 

A dry technique 

that results in 

phyllosilicates 

collapse and 

closed pores.  

ASTM B922-17 Standard Method for Metal 

Powder Specific Surface Area by Physical 

Adsorption. 

ASTM D4567 - 03(2013) Standard Test Method 

for Single-Point Determination of Specific 

Surface Area of Catalysts and Catalyst Carriers 

Using Nitrogen Adsorption by Continuous Flow 

Method 

ASTM C1274-12 Standard Test Method for 

Advanced Ceramic Specific Surface Area by 

Physical Adsorption 

Water vapor adsorption 

(Akin and Likos 2016) 

Pores smaller 

than the 

adsorbate. 

Not available 
Ethylene Glycol 

Monoethyl Ether 

(EGME) (Akin and 

Likos 2014; Cerato and 

Luteneggerl 2002) 

Adsorption of 

Molecule  

in Solution 

Chemical adsorption of 

dyes, proteins and acids 

in solution  

and spectroscopy 
Uncertainty in 

the contact area 

between the 

adsorbate and the 

adsorbent. 

 

Not available 

Methylene blue 

adsorption by the spot 

and titration methods 

ASTM C837-1634(2014) Standard Method for 

Methylene Blue Index of Clay 

Protein Adsorption 

(Paykov and Hawley 

2013) 

Not available 

Calculation 

from Pore  

Size 

Distribution 

Mercury intrusion 

porosimetry 

Isolated pores, 

pores only 

accessible 

through smaller 

pores, pores 

smaller than the 

adsorbate. 

Not available 

Calculation 

from  

Permeability 

Measurements 

Permeability test 

Based on 

constitutive 

models (e.g. the 

Kozeny-Carman 

equation) 

Not available 
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Table 3.1 Specific surface measurement techniques, limitations and standards. 

Dye adsorption techniques use cationic dyes, which dissociate to form positively charged 

hydrated ions in an aqueous solution. The hydrated dye ions exchange the counterions on 

the charged mineral surface. Given sufficient dye and time, a monolayer of dye ions 

adsorbs onto the surface of the mineral particle forming ionic bonds, i.e., chemisorption. 

Dye adsorption can be used to determine the mineral specific surface in terms of the mass 

of the adsorbed dye mdye [g], the mineral msoil [g], and the contact area of the dye molecule 

with the mineral surface 𝑆𝑑𝑦𝑒 [m2/molecule]. Then, the mineral specific surface 𝑆𝑠 [m
2/g] 

obtained by dye adsorption in an aqueous solution is 

Ss =
1

Mdye
AvSdye

mdye

msoil
        (3.1) 

where Mdye is the molecular weight of the dye [g/mol], and Avogadro’s number is 𝐴𝑣 =

6.02 × 1023 molecules/mol. The goal is to detect the moment when adsorbed dye has 

formed a monolayer around mineral and excess dye starts remaining in the water.  

Adsorption studies typically use the titration spectrometer method with dyes such as 

methylene blue (Hang and Brindley 1970; Hegyesi et al. 2017; Kahr and Madsen 1995; 

Santamarina et al. 2002), crystal violet, methyl red, congo red and orange II dyes (Bulut et 

al. 2008; Därr and Ludwig 1973; Sarma et al. 2016), or proteins such as hemoglobin 

(Paykov and Hawley 2013). Methylene blue molecules may adsorb in a tilted orientation 

Inferred 

Thermal, electrical, 

diffusiveness of X-ray 

diffraction  

patterns (Santamarina 

et al. 2001) 

 Not available 
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(Duan et al. 2018; Hegyesi et al. 2017). Tilting affects the contact area 𝑆𝑑𝑦𝑒 assumed for 

the analysis and it may result in high specific surface values (Equation 3.1). 

The pH-dependent mineral surface influences adsorption (Hegyesi et al. 2017). In 

particular, clay minerals can exhibit strong affinity for cationic or anionic dyes depending 

on pH (Yagub et al. 2014). Figure 3.1a shows a compilation of pH-dependent adsorption 

studies for different dyes on clays: rhodamine-B and hemoglobin adsorption are very 

sensitive to changes in pH. During adsorption, there is a competition between protonation 

and dye cation exchange. In general, the adsorption maximum is attained near the mineral 

buffer pH (Causserand et al. 2001; Khan et al. 2012; Postai et al. 2016; Ralla et al. 2010; 

Selvam et al. 2008; Shaw et al. 2003; Yagub et al. 2014). Collision frequency and surface 

coverage control adsorption, thus, adsorption increases with time. Steering avoids 

diffusion-limited reactions and promotes shorter adsorption times (Nandi et al. 2008); 

under steering conditions, methylene blue, crystal violet and rhodamine-B reach stable 

conditions within ~30 minutes (Figure 3.1b) (Damiyine et al. 2017; Fu et al. 2011).  

Adsorption kinetic studies focus on evaluating the rate of adsorption. The first-order 

kinetics models assume that the reaction rate is diffusion-controlled (Lagergren 1898) - 

Table 3.2 Second-order kinetics models assume that adsorption is reaction rate controlled 

(Ho and McKay 1999). Kinetic studies of dye adsorption in soils suggest second-order 

kinetics; these include results with crystal violet in kaolinite (Nandi et al. 2008), 

rhodamine-B in Moroccan clay (Damiyine et al. 2017), and methylene blue in fly ash 

(Kumar et al. 2005). 
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The asymptotic adsorption is a function of the adsorbent concentration. Adsorption 

isotherms describe the relationship between the amount of adsorbed dye and the solution 

concentration at equilibrium. The shape of isotherms reflects underlying adsorption 

mechanisms as function of temperature, time, and pH. The most common models for 

aqueous solutions are the Langmuir and Freundlich isotherms (Table 3.2). 

Kinetic models First-order kinetics: 

 

 Physical adsorption:  rate 

controlled by diffusion. 

 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘(𝑞𝑒 − 𝑞) 

BC: 𝑞 = 0; 𝑡 = 0 

𝑞 = 𝑞𝑒(1 − 𝑒
−𝑘𝑡) 

1/𝑘: time scale to reach 

equilibrium. 

Second-order kinetics: 

Chemisorption: rate 

controlled by the chemical 

reaction. 

 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘(𝑞𝑒 − 𝑞𝑡)
2 

BC: 𝑞 = 0; 𝑡 = 0 

𝑡

𝑞
=

1

𝑘𝑞𝑒2
+
𝑡

𝑞𝑒
 

Adsorption 

Isotherms 

 

Adsorption capacity or 

uptake 

 

𝑞 =
(𝑐0 − 𝑐𝑓)

𝑚
V,  [

mg

g
] 

 

Langmuir: 

𝑞 = 𝑞𝑒
𝑘 𝑐

1 + 𝑘 𝑐
 

Freundlich: 

𝑞 = 𝑘 𝑐𝑛  

 

Table 3.2 Adsorption rate: Kinetic models 
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The Langmuir isotherm assumes a monolayer coverage, that all adsorption sites are equally 

probable and a second-order reaction (Langmuir 1918). The Freundlich isotherm is an 

empirical equation with fitting parameters that reflect the adsorption capacity and the 

intensity of adsorption (Freundlich 1906). Dye adsorption studies on clays report Langmuir 

isotherm adsorption (Damiyine et al. 2017; Fu et al. 2011; Kumar et al. 2005; Nandi et al. 

2008). 

 
Figure 3.1 Adsorption efficiency of different dyes. (a) time-dependent adsorption and (b) 

pH-dependent adsorption for methylene blue, crystal violet, rhodamine-B and hemoglobin. 

References: (Causserand et al. 2001; Damiyine et al. 2017; Khan et al. 2012; Kulkarni et 

al. 2017; Kumar et al. 2005; Nandi et al. 2008; Postai et al. 2016; Ralla et al. 2010; Selvam 

et al. 2008; Shaw et al. 2003; Yagub et al. 2014). 
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3.2.2 Digital Image Colorimetry 

Color is a property of light and corresponds to different wavelengths, between 400 nm for 

violet to 700 nm for red. Digital image colorimetry consists of image acquisition followed 

by an analysis of the channel composition for each pixel. Digital cameras use filters to 

separate the light intensity into red, green and blue RGB channels for each pixel. The value 

for each primary color is an integer between 0 and 255 (for 8 bits) that is normalized by 

dividing by 255 (Lin et al. 2018).  

The RGB is an additive color scheme, hence, the perceived color for a given pixel is a 

linear combination of red, green, and blue values and varies from zero (black) to full 

intensity (white). The reconstruction of the full-color image combines the three channels 

(Choodum et al. 2017).  

The hue – saturation – value HSV representation is an alternative to the RGB scheme, see 

RGB to HSV conversion (Smith 1978). Hue H is the angle that specifies the position of the 

pure color in a color wheel: as hue increases from 0 to 1, the color transitions from red to 

orange, yellow, green, cyan, blue and magenta. Saturation S describes the colorfulness 

relative to its own brightness: pure red is fully saturated when S=1, tints of red are S< 1 

and white is S=0. The value V corresponds to the lightness of a color, where V=0 

corresponds to black.  

Finally, light absorbance reflects the attenuation that light experiences as it traverses 

through a body. Absorbance A measures the filter effect of dyes (or colloids) and follows 

the Beer-Lambert equation (Beer 1852; Lambert 1760). 
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    𝐴 = − log (
𝐼

𝐼0
)             (3.2) 

where I is the transmitted intensity and I0 is the incident intensity. 

3.3 Experimental Study 

We use digital image colorimetry to detect the excess dye concentration in water after 

adsorbed dye molecules have formed a monolayer around mineral grains. We implement 

the test procedure using smartphone technology.  

3.3.1 Tested Soils 

This study involved 11 fine-grained soils with distinct mineralogies and specific surface 

(from 1 to 600 m2/g). Table 3.3 summarizes their mean grain size, specific surface, liquid 

limit, and classification by sensitivity to pore fluid chemistry. 

Specimens 

Specific 

Surface 

Ss  

[m2/g] 

Mean 

grain 

size 

[µm] 

Liquid Limit 

Soil Classification 
LL dw 

[%] 

LL brine 

[%] 

LL ker 

[%] 

Bentonite 1  (Slm) 532 0.07 340 102 49  F(F)-IH 

Bentonite 2 (HTC) 593 0.07 390 79 51  F(F)-IH 

Bentonite 3  (KSA 1) 544 0.07 320 92 39  F(F)-LH 

Bentonite 4  (KSA 2) 550 0.07  308 65 49  F(F)-IH 

Kaolinite 2 (RP2) 67 0.36 52 46 76  F(F)-IH 

Kaolinite 1 (SA1) 34 0.36  48 52 67  F(F)-HI 

Red Sea Sediments  24 2.0 36.8 18.46 5.7  F(F)-NH 

Diatoms (CG1) 5  10 121  110  138  F(F)-HL 

Silica Flour 0.5  20  31  26 28   F(F)-NL 

Illite  56 0.5  43  - -   - 

Attapulgite (Eastchem) 160  - 67  - -  - 

Table 3.3 Sediment properties. Specific surface measured using MB spot test, mean grain 

size from hydrometer test, liquid limit measured using the British fall cone with different 

pore fluids: deionized water (dw), brine and kerosene (ker) and  soil classification based 

on sensitivity to pore fluid chemistry (Jang and Santamarina 2015; Jang and Santamarina 

2017; Park and Santamarina 2017). 
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We test three dyes (methylene blue, crystal violet, rhodamine-B) and a protein 

(hemoglobin-Sigma Aldrich) to explore the effect of molecular size and shape, adsorption 

time and pH effects. These molecules have different light absorption wavelengths, contact 

areas, and geometries (Table 3.4). We place emphasis on cationic dyes with short 

molecules to overcome the uncertainty associated with molecular orientation, tilt and 

contact area Sdye (Equation 3.1).  

The experimental set up consists of a digital camera, light panel, and a diffusor (Figure 

3.2). Tests with rhodamine-B use the same setup but with a green LED light source and a 

bandpass filter to measure fluorescence (Figure 3.2b).  

 
Figure 3.2 Experimental setup schematics. (a) Fixed position digital camera with a light 

panel and diffusor for color analysis, (b) fixed position digital camera with a green LED 

and filter for fluorescence analysis using rhodamine-B 

We calibrate the RGB and HSV color schemes for the four dyes using cuvettes filled with 

different concentrations. Figure 3.3 shows results for crystal violet. RGB and HSV 

components increase linearly with dye concentration. The value of color saturation S 

exhibits the highest sensitivity. Similarly, results show that light absorbance A is linear 
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with the dye concentration, these at low concentrations (Equation 3.2). The rest of this 

study is based on color saturation S. 

 
Figure 3.3 Concentration and color: dye calibration. Data shown for crystal violet (a) mean 

RGB values vs. concentration (b) HSV values vs. CV concentration (c) Absorbance at 565 

nm wavelength vs. CV concentration (absorbance). Note: the color saturation in (b) 

increases linearly with CV concentrations similar to the light absorption in (c). 
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3.3.2 Methods 

The test protocol developed to measure a soil’s specific surface consists of 7 steps. (1) 

Prepare a high concentration dye solution (methylene blue MB 5 g/L, crystal violet CV 2 

g/L, rhodamine-B RB 0.05 g/L and hemoglobin HG 5g/L). (2) Fill multiple test tubes with 

1 g of a previously washed dry soil (to remove excess salts) and disperse it in 10 ml of 

deionized water. (3) Add different concentrations of the dye solution to the various test 

tubes. (4) Mix and homogenize for 5 minutes using a vortex or steering plate. (5) Centrifuge 

slurries in the test tubes for 10 minutes at 10000 rpm. (6) Place 3 ml of the supernatant 

fluids into transparent cuvettes. (7) Take a digital picture, and analyze the image to 

determine the color saturation S as function of the dye concentration. 

 

Figure 3.4 Typical results of specific surface calculations for four different soils using 

image analysis with Crystal violet (CV) adsorption. Kaolinite (SA1) - blue, kaolinite (RP2) 

– dark blue, Attapulgite – red and bentonite (Slm) – green. Measurements in markers, 

model fitting represented by individual lines. Note: the threshold between no excess and 

excess amounts of CV was used to calculate the specific surface within the saturation 

values vs. concentration levels.  
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Figure 3.4 shows typical results obtained for the reference soils selected for this study. The 

sudden increase in saturation points to the transition between the end of adsorption and the 

beginning of excess dye.  

3.4 Analysis 

Consider a soil mass ms [g] with specific surface Ss [m
2/g] mixed with a water mass mw [g] 

and a mass of dye solution md [g] at a dye concentration cd [mol/g]. After mixing and 

adsorption, the concentration in the liquid decreases to cl [mol/g] as the surface coverage 

reaches sc [mol/m2]. Mass conservation for dye molecules implies: 

𝑚𝑑  𝑐𝑑 = 𝑐𝑙(𝑚𝑑 +𝑚𝑤) + 𝑚𝑠 𝑆𝑠 𝑠𝑐     (3.5) 

Let’s adopt a hyperbolic function between surface coverage sc and liquid concentration cl: 

𝑠𝑐 =
𝑐𝑙

𝛼+𝛽𝑐𝑙
         (3.6) 

where 1/β [mol/m2] is the maximum possible surface coverage as 𝑐𝑙 → ∞ and α [m2/g] is 

the initial rate of adsorption. Replacing the surface coverage Equation 3.6 into the mass 

balance Equation 3.5 results in 

𝑚𝑑  𝑐𝑑 = 𝑐𝑙(𝑚𝑑 +𝑚𝑤) + 𝑚𝑠 𝑆𝑠  
𝑐𝑙

𝛼+𝛽𝑐𝑙
       (3.7) 

which expands to: 

𝑐𝑙
2(𝛽 𝑚𝑑 + 𝛽 𝑚𝑤) + 𝑐𝑙 (𝛼 𝑚𝑑 + 𝛼 𝑚𝑤 − 𝛽 𝑐𝑑 𝑚𝑑 +𝑚𝑠 𝑆𝑠) − 𝛼 𝑐𝑑 𝑚𝑑 = 0    (3.8) 

Then, the liquid concentration cl measured by colorimetry is the physically-admissible 

solution of the quadratic equation: 
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𝑐𝑙 =
−𝐵−√𝐵2−4𝐴𝐶  

2𝐴
        (3.9) 

where,  

 𝐴 = 𝛽(𝑚𝑑 +𝑚𝑤) 

 𝐵 = 𝛼(𝑚𝑑 +𝑚𝑤) − 𝛽 𝑐𝑑 𝑚𝑑 +𝑚𝑠 𝑆𝑠                                    

 𝐶 = −𝛼 𝑐𝑑 𝑚𝑑          (3.10) 

Figure 3.4 shows the fitted equation 3.9 superimposed on the experimental data. Table 3.3 

list the specific surface obtained using this analysis. 

3.5 Discussion 

3.5.1 Comparison 

Figure 3.5 compares specific surface values determined with the four dyes using 

colorimetry by image analysis against values obtained from the standard methylene blue 

spot test (filter paper and naked eye). In this analysis we assume that the contact area for 

the methylene blue molecule is 𝑆𝑑𝑦𝑒= 66 Å2 per molecule to take tilting into consideration 

(Hähner et al. 1996; Hang and Brindley 1970). Rhodamine-B and hemoglobin produce 

considerably lower results, which may relate to the pH sensitivity (see also (Damiyine et 

al. 2017; Paykov and Hawley 2013).



50 

 

 

Dye Methylene blue Rhodamine-B Crystal violet Hemoglobin 

Structure 

 

 

 

 

Characteristics 

C16H18ClN3S 

contact area 25 - 130 A2 

per molecule 

uncertainty in contact area 

1:5 

molecular weight 319.87 

g/mol 

cationic 

water soluble 

maximum absorption light 

670 nm 

C28H31ClN2O3 

contact area 110 A2 per 

molecule 

uncertainty in contact area 

1:1.6 

molecular weight 479.016 

g/mol 

cationic 

water soluble 

fluorescence 

absorption 554 nm, emission 

576 nm 

C25N3H30Cl 

contact area 120 A2 per 

molecule 

uncertainty in contact 

area 1:1.4 

molecular weight 

407.986 g/mol 

cationic 

water soluble 

maximum absorption 

590 nm in water 

contact area 3800 A2 per 

molecule 

uncertainty in contact 

area 1:1 

molecular weight 68000 

g/mol 

cationic / anionic 

water soluble 

absorption 420 nm 

Table 3.4 Dye structure, characteristics and properties of methylene blue, rhodamine-B, crystal violet and hemoglobin. References 

(Kristoffersen et al. 2014; Paykov and Hawley 2013; Shaw et al. 2003)
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Figure 3.5 Comparison between specific surface measurements using colorimetry by image 

analysis and the methylene blue MB spot method. The specific surface computed with the 

MB spot method with filter paper assumes a contact area of a tilted molecule, 𝑆𝑑𝑦𝑒=66 Å2 

per molecule. 

3.5.2 Rate of adsorption 

We explored the effect of adsorption time using crystal violet and kaolinite. Figure 3.6a 

shows the colorimetry results measured for different steering times. The fitted adsorption 

model (Equation 3.9) results in specific surface values of 5 m2/g for 1 min, 15 m2/ for 10 

min, and 18 m2/g for 60 min of steering. Adsorption follows a second-order kinetic model 

and Langmuir isotherm (Figures 3.6b and 3.6c)  
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Figure 3.6 Adsorption kinetics of kaolinite and crystal violet. (a) Dye added vs. dye 

remaining after adsorption with different adsorption times (1, 10 and 60 minutes). (b) 

Adsorption vs. concentration plot fitted with the Langmuir isotherm model. (c) Adsorption 

vs. time plot fitted with a second-order kinetics adsorption model. 

3.5.3 Dye molecule structure 

The uncertainty in the contact area for methylene blue ranges from 𝑆𝑑𝑦𝑒 = 24 to 130 Å2/ 

molecule. In contrast, crystal violet has a more regular shape and results in lower 

uncertainty from 𝑆𝑑𝑦𝑒 ≈ 120 Å2/ molecule, even if the molecule tilts at higher 

concentrations.   

3.5.4 Wet vs. dry techniques 

Water-based methods are ideal for platy phyllosilicates that would otherwise form face-to-

face stacks under dry conditions creating unreachable internal surfaces. X-ray diffraction 

measurements at small diffraction angles 𝜃 < 10° can identify water adsorption by changes 
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in the diffraction pattern with an increase in basal spacing (d100). The crystalline swelling 

of a Montmorillonite show 12.4, 15.4, 18.4, 21,4 Å d-spacing for 1, 2, 3 and 4 adsorbed 

monolayers (Clark et al. 1937). A further increase in water content causes a transition from 

crystalline to osmotic interlayer swelling and results in an amorphous XRD response 

(Holmboe et al. 2012). Similarly, increases of d-spacing after dye adsorption indicates the 

insertion of dye molecules into the interlayer spacing of the clay (Sharma et al. 2016), and 

confirm that both the internal and external surface area has been measured. 

Figure 3.7 shows XRD signatures for bentonite before and after crystal violet adsorption 

at different water contents (w=10 to 280%) with changes in basal spacing due to swelling 

of the clay. Basal spacing increases from 10.56 Å when it is air-dry to 18.02 Å with 280% 

water content by weight, which corresponds to 3 layers of crystalline absorbed water. The 

basal spacing is 12.4 Å after adsorption of crystal violet for both wet and oven-dry 

conditions, and confirms the insertion of the methylene blue molecule between layers.  

3.5.5 Limitations 

The proposed colorimetry-based methodology is not appropriate for all soils. In particular 

high organic content materials, oil-wet soils and soils with soluble impurities that may 

color the water (e.g., iron oxide content).  
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Figure 3.7 XRD pattern of bentonite before and after adsorption using dry and wet dye, 

and different water contents (w=10 to 280%) with changes in basal spacing (d=10.56 to 

18.02 Å). Water layers 0W, 1W, 2W and 3W correspond to basal spacing of 9.56, 12.75, 

15.57 and 18.85 Å. Angles computed using Bragg’s law 𝑛𝜆 = 2𝑑 sin 𝜃 for a source 

Cuk𝛼=1.54 Å. 

3.6 Engineering Implications 

This section brings a few concrete observations related to the use of specific surface for 

engineering applications.  

Liquid limit. The liquid limit is a measure of specific surface and fabric (Jang and 

Santamarina 2015). Therefore, correlations between liquid limit and the specific surface 
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require additional information related to fluid chemistry (Farrar and Coleman 1967; Wetzel 

1990). 

Hydraulic conductivity. The Kozeny-Carman equation for tubes leads to the Hagen-

Pouseulle equation for soils and highlights the relevance of pore size on hydraulic 

conductivity. At first order estimate of pore size 𝑑𝑝𝑜𝑟𝑒 = 2𝑒/(𝑆𝑠𝜌), shows the effect of 

specific surface on hydraulic conductivity. Other parameters include pore size distribution 

and its spatial correlation (Chapuis 2012; Ren and Santamarina 2018). 

Compressibility. Sediment compressibility increases with surface area as captured in 

correlations with liquid limit (Burland 1990; Chong and Santamarina 2016; Skempton and 

Jones 1944; Terzaghi et al. 1996). From double layer theory, the compressibility of clays 

is a linear function of the specific surface 𝐶𝑐 = 𝑎 𝑆𝑠 (Sridharan and Jayadeva 1982). 

Residual friction angle. Particles with high specific surface tend to be platy such as 

phyllosilicates. High slenderness promotes particle alignment and segregation during 

extended shear deformation. Then, the residual friction angle decreases with the 

slenderness ratio and is inversely proportional to the specific surface (Mitchell and Soga 

2005; Santamarina and Shin 2009; Skempton 1985; Terzaghi et al. 1996) 

3.7 Mobile app implementation 

We developed a mobile app to simplify image processing and facilitate colorimetry-based 

specific surface determinations in routine geotechnical laboratory characterization. Figure 

3.8 shows screenshots of the app. 
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Figure 3.8 Screenshots of the specific surface app 

3.8 Conclusions 

We proposed an alternative method to measure the specific surface in fine-grained soils 

with a focus on engineering applications. The key goals of the study were proper dye 

selection, robust image analysis to minimize uncertainty and physical-mathematical 

formulation. This proposed method combines the physics of dye adsorption with image 

analysis techniques. The assessment of the new protocol involved 11 different soils with 

specific surface from 𝑆𝑠 =  1 to 700 m2/g and four different dyes specially selected from 

their molecular structure. The main findings follow: 

 Specific surface measurements platy minerals such as clays require water-based 

methods to reach the internal surface area of phyllosilicates. 

 The choice of the adsorbate dye has important implications. Key considerations are 

the shape and size of the molecule, the contact area, and sensitivity to pH. Crystal 

violet results in lower uncertainty due to its regular shape.  
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 The specific surface of a soil is a critical parameter for the analysis of surface-

related phenomena such as conduction and adsorption, and it is an integral part of 

engineering parameters such as plasticity, hydraulic conductivity, compressibility 

and residual friction angle. 

Routine geotechnical laboratory characterization surveys can easily incorporate the 

determination of specific surface using cellphone technology.  
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Chapter 4 

Lab-on-a-Bench: Coarse-grained Sediments 

4.1 Introduction 

Coarse grains widespread in a wide variety of geological formations. Common locations 

include alluvial deposits close to rivers, hydraulic fills, and eolian deposits like desert sand 

dunes, carbonate platforms, coastal environments, and other natural settings. In addition, 

coarse grains are particularly relevant to some engineering processes and applications 

within mining, oil and construction industries.  

Particle size is an inherent sediment scale. Gravimetric and skeletal forces control the 

behavior and interaction between the grains due to their size (>75 µm). Size and shape 

reflect the grain formation history and govern the behavior of coarse-grained soils. 

(Santamarina 2003). Chemical and biological processes determine the size and shape of 

fine sediments while mechanical processes determine these properties in coarse-grained 

soils (Cho et al. 2006). 

Understanding frictional behavior is a fundamental part of engineering design and is 

essential to obtaining strength parameters. The angle of repose is a simple measurement of 

the critical state friction angle of sands (Bolton 1986; Schofield 1999). Shear strength 

parameters describe the mechanical response of soils, determine the bearing capacity of 

foundations, and the resistive forces in slope stability or excavation analysis. 

Image analysis techniques and simple laboratory tests can provide measurements of these 

index properties and result in reasonable estimates of mechanical parameters. This chapter 

(1) analyzes the physics of size, shape, packing densities, and critical state parameters, (2) 
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examines the relationships between these factors, and (3) presents a set of tools to facilitate 

their characterization within the concept of “Lab-on-a-Bench”. This extends beyond 

Terzaghi-style laboratories and combines cutting-edge sensors, concepts and mobile apps 

into compact devices with effective laboratory protocols. 

4.2 Materials 

This study analyzes 12 coarse-grained materials of between 75 µm (Sieve #200) to 4.76 

mm (Sieve #4) with different sizes and shapes that include a variety of natural sands, glass 

beads, diatom pellets. Table 4.1 summarizes the mineralogy and particle size ranges and 

Figure 4.1 shows the stereomicroscope images of the analyzed materials. Sample selection 

accounts for differences in sorting, size, shape and mineralogy. We measured grain size 

distribution curves, packing densities, particle shape and critical state parameters and 

compared these results with published data. Natural samples were washed with distilled 

water and oven-dried before the analysis. 

Table 4.1 Samples, mineralogy and particle size range. 

Sample Mineralogy 
Particle Size 

 [mm] 

Ottawa sand 20/30 Quarzitic sand 0.6 - 0.85 

KAUST sand 20/30 Carbonate sand 0.95 

KAUST sand fine Carbonate sand 0.41 - 0.70 

KAUST sand coarse Carbonate sand 1.0-2.0 

Glass beads coarse Silica 0.18-0.3 

Glass beads fine Silica 0.1-0.2 

Reef Carbonate sand Carbonate sand 3.0-0.05 

Beach sand Quarzitic sand 0.4-1.0 

Diatom Pellets Silica 1.0-2.0 

Rabigh lagoon sand Carbonate sand 0.4-0.7 

Al Wajh sand Carbonate sand 0.5-1.2 

Jizan sand Carbonate sand 0.2-3 
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Figure 4.1 Stereomicroscope images of the samples analyzed in this study. a) Al Wajh sand, b) diatom pellets, c) coarse glass beads, d) 

medium glass beads, e) KAUST 20/30 sand, f) KAUST coarse sand, g) KAUST fine sand, h) fine glass beads, i) reef carbonate sand, j) 

Ottawa sand 20/30, k) Rabigh lagoon sand and l) Jizan sand.
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4.3 Grain Size Distribution 

4.3.1 State of the Art: Particle Size 

Measurement of particle size in coarse-grained sediments can involve sieving, 

sedimentation, laser diffraction, and particle image analysis. Sieving is the oldest and most 

popular technique. Laser diffraction and sedimentation use the Stokes equation to calculate 

the equivalent particle size based on the velocity of the particle and assume spherical 

particles. Sedimaging is a new methodology that obtains the grain size distribution by a 

process of particle sorting within a sedimentation column using image analysis. This 

sorting by size permits statistical image analysis based on wavelet transformation (Ohm 

and Hryciw 2013).  

Image analysis techniques include Feret and equivalent diameters. Open-source software 

like ImageJ facilitate the implementation of this technique in different contexts that extend 

from medical imaging to geotechnical applications. 

4.3.2 Proposed Methodology 

We use the concept of Lab-on-a-Bench, microscopy and image analysis techniques to 

determine the grain size distribution of coarse-grained sediments. The technique utilizes a 

cellphone attached to a 3D-printed microscope combined with an algorithm that can be 

easily implemented into a mobile app. The app (currently under development) will use the 

equivalent area diameter 𝐷𝑎 = 2√𝐴/𝜋 to provide these measurements. Figure 4.2 shows 

the 3D-printed microscope with the cellphone. 
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The algorithm implemented in Matlab: (1) creates a binary image by applying a threshold, 

(2) differentiates each particle boundary, (3) scales the image, (4) computes the area and 

the equivalent diameter, (5) calculates the volume by assuming spherical particles, (6) 

obtains the cumulative distribution function and (7) plots the grain size distribution curve 

and computes the mean grain size (D50) and coefficient of uniformity (Cu=D60/D10). 

 
Figure 4.2 Image analysis tool and underlying physics. a) 3D-printed microscope attached 

to a cellphone (Orth et al. 2018), b) equivalent area diameter used to determine grain size 

distribution. 

3D-printed microscope. The 3D-printed microscope attached to a cellphone uses the 

backscatter of the flash to illuminate the sample (see method detailed in (Orth et al. 2018)). 

The printing material is ABS and used for convenience. Aluminum foil at the end of the 

microscope scatters the light emitted from the flash and illuminates the sample. An extra 

phone lens functions as an additional magnification and provides micron-scale resolution.  
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Figure 4.3 Grain size distribution and microscope images of selected samples. a) Grain size 

distribution curves, b) Glass beads coated with silver paint, c) glass beads and, d) KAUST 

sand fine, e) KAUST coarse sand. Note: all images captured with the cellphone and 3D-

printed microscope. 
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4.3.3 Results and Observations 

Figure 4.3 shows images captured with the cellphone and the 3D-printed microscope. 

Calibration samples include: glass beads coated with silver paint that range from 200 to 

215 µm diameter, glass beads with 180 to 300 µm diameter, and KAUST fine sand, 

KAUST coarse sand. The figure also includes grain size distribution curves. 

Particle size distribution is one of the most important parameters in soil behavior. The 

relevance of electrical and capillary contact forces increases as particle size and effective 

stress decrease. Our results indicate that these image analysis techniques can accurately 

measure the particle size distribution in coarse-grained soils.  

The coefficient of uniformity Cu is the ratio between D60 and D10, which are the diameters 

of 60% and 10% cumulative passing by weight respectively. The ratio is a measurement of 

the slope of the grain size distribution curve and reflects soil grading. Statistically 

representative sample sizes depend on the soil sorting. A few pictures may accurately 

represent a uniform sand while a well-sorted (less uniform) soil requires several images.  

Figure 4.4 shows a comparison between parameters (Cu and D50) determined with sieves 

vs. parameters obtained using image analysis. These results agree with previous studies 

where the Feret diameter is also commonly used (Barbery 1974; King 1982).  Automated 

measurements are faster than traditional sieving (from 30 minutes for one sample) to just 

a few minutes with the imaging technique and are less expensive than laser diffraction. 
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Figure 4.4 Comparison between D50 and Cu using image and sieve analyses 

The relative grain size influences the porosity, with the coefficient of uniformity Cu and 

volume fraction of fines and coarse grains highlighting changes in porosity values. These 

changes in porosity are relevant to clogging, fines migration, filtering design (Hazen 1892) 

and have an impact on the permeability and compressibility of the sediment (Alyamani and 

Şen 1993). The Revised Soil Classification System RSCS captures all of the relationships 

listed above (Park and Santamarina 2017) and also includes the influence of particle shape 

effects.  

4.4 Particle Shape 

4.4.1 State of the Art: Shape 

Previous studies focused on the calculation of particle shape. Significant contributions to 

the field include the roundness index and sphericity using standard shape comparison 

(Wadell 1932),  rapid visual methods, chart comparisons for roundness and sphericity 

(Barrett 1980; Krumbein 1963) angularity (Lees 1964), Fourier analysis techniques 
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combined with digital images (Bowman et al. 2001), convexity, the aspect ratio, (Altuhafi 

et al. 2013; Yang and Luo 2015) and computational geometry (Zheng and Hryciw 2015).  

The main limitation of using particle shapes for sediment characterization is the large 

number of different definitions for the same terms (e.g., roundness and sphericity) and 

parameters (e.g., the aspect ratio, Fourier descriptors, circularity, angularity, convexity, 

roundness, roughness, and texture) which can result in confusion.  

Traditional analysis techniques typically use visual chart based comparisons, which can be 

time-consuming and tedious (e.g., roundness (Wadell 1932) and sphericity (Krumbein 

1963)). Most published correlations use these conventional methods. By contrast, new 

digital image analysis techniques rely on different shape parameters without many 

established correlations. There have been some attempts to automate traditional methods 

(e.g., roundness and sphericity (Zheng and Hryciw 2015)).  

Appendix C shows a compilation of particle shape descriptors. These descriptors classify 

soils according to form, corner sharpness, and texture (Figure 4.5), which correspond to 

the three important particle shape scales. The scale length is relative to the particle size. 

For example, form is approximately the same scale as the particle size (d/1), corner 

angularity is one order of magnitude less (d/10) and surface roughness is another order of 

magnitude less (d/100). 
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Figure 4.5 Particle shape descriptors at different scales 

4.4.2 Proposed Methodology 

Our shape parameter measurements use microscope images taken by a cellphone attached 

to a 3D-printed microscope. These techniques automate conventional measurements of 

roundness and sphericity. Microscope images of different coarse grains with binary images 

superimposed on the plot (Krumbein and Sloss 1963). Aspect ratio sphericity (Altuhafi et 

al. 2013; Cavarretta 2009; Krumbein 1963) and roundness (Wadell 1935) are calculated 

using an algorithm (Zheng and Hryciw 2015). The algorithm uses logical weighted 

regression and k-fold cross-validation to discretize the surface of the particle, remove the 

roughness for the purposes of corner identification, and circle fitting. ImageJ Analyze 

particles module with the measurement of “roundness” parameter can compute the aspect 

ratio sphericity. Sphericity, roundness and roughness form an independent set of particle 

shape parameters. Measurements correspond to average roundness and sphericity values 

for a given soil. 

Roughness measurements are more complex to obtain in comparison to sphericity and 

roundness due to the fractal nature of this parameter as there is no characteristic scale on 
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the surface itself. The relevant observation length scale is the inter-particle contact area 

(Cho et al. 2006).  

 
Figure 4.6 Roundness R vs. Sphericity of analyzed samples. Plot shows binary images of 

the different coarse-grained sediment particles analyzed in the study in black with their 

respective roundness and sphericity mean values (after Krumbein and Sloss 1963). 

4.4.3 Results and Observations 

Figure 4.6 shows the results of different coarse grains from this study. The binary images 

reflect the location on the Krumbein and Sloss plot. For the study, it is imperative to select 

particle shape parameters that capture the frictional soil behavior together with automated 

measurements of roundness and sphericity. This will provide useful correlations for 

engineering practice.  A systematic assessment of particle shape parameters can result in a 

better understanding of coarse-grained sediment behavior. 
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Different shapes can promote alignment, which may lead to anisotropic behavior. 

Irregularity may also result in the locking in of porosity, which then impacts on the packing 

density, compressibility, and stiffness. 

4.5 Packing densities: emax and emin 

4.5.1 State of the Art on Granular Packing 

The mechanical response of sands depends on the physical nature and state of the sand. 

The physical nature relates to the material or index properties such as grain size 

distribution, fines content, shape, and mineralogy. State parameters, which include the 

relative density, effective stress, and fabric indicate the condition. The void ratio range 

(emax and emin) combines the influence of grain sizes and shapes of all fractions that 

constitute a given soil (Cubrinovski and Ishihara 2002). 

Standard engineering procedures define the minimum and maximum void ratios that 

represent terminal densities associated with the processes of load and vibration (ASTM D 

4253), funneling, or scooping (ASTM D 4254), (Narsilio and Santamarina 2008). Several 

simplified procedures to determine emax include the placement of the sample into a mold 

covered by water (Kolbuszewski 1948; Mulilis et al. 1977; Vaid and Negussey 1998) and 

a simplified ASTM method using smaller specimen sizes (Muszynski, 2006) and tilting 

(Lade et al. 1998) (Yoshimi et al. 1973). Other alternatives to the traditional minimum void 

ratio measurements (surcharges on a vibrating table - ASTM D4253) include underwater 

vibration, a surcharge mass, tapping with a rubber hammer (Oda 1976) or a graduated 

cylinder (Lade et al. 1998).  Protocols suggested for fly ash characterization include Proctor 

compaction and formation under shear (Bachus et al. 2019). Table 4.2 presents the 
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maximum emax and minimum void ratio emin measurement techniques with their embodied 

energy densities. 

Sample measurements obtained using the ASTM standard undergo an acceleration of 

approximately 5g (a=47 m/s2), a vibration of 0.5 mm amplitude and 50 Hz frequency with 

a surcharge of 14 kPa over 10 minutes that compacts the soil to the minimum void ratio 

(maximum density). High-energy vibration can result in a higher risk of particle crushing 

and changes to the grading curve of the sand. Recent studies have suggested  the 

development of new standards for the robust determination of minimum void ratios without 

grain crushing (Lunne et al. 2019). 

A mathematical approach uses grain size distribution and the dimension reduction concept 

to estimate the minimum and maximum void ratios. It assumes the grains are 3D spheres 

than can be mapped as 1D rods and the rods mapped in a void space to optimize the 

ordering and gaps for the packing rods (Shen et al. 2019). The model corresponds to an 

ideal case and is a first order approximation. 

The critical state fabric that develops at the large shear strain does not resemble the soil 

fabric that forms during emax (funneling) or emin (compaction and vibration). However, 

similar particle shape characteristics control stability at the particle level. Therefore, there 

is an expectation of correlations between critical state parameters, particle shape, and 

packing densities (Cho et al. 2006). 
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Void ratio Measurement technique Principle 
Embodied energy 

density [J/m3] 

emin 

ASTM D4253-16 Maximum Index 

Density and unit weight of soils 

surcharge and 

vibration 
1 × 1012 

ASTM D698 or D1557 Impact compaction 

impact compaction 6 × 105 − 2.7 × 106 Proctor test and Modified Proctor 

Compaction Test 

Harvard miniature compactor apparatus impact compaction 4 × 105 

Japanese Geotechnical Society 

(Test method of minimum and maximum 

densities of sands - JIS A 1224 2009) 

tapping 2.6 × 105 

Lade et al. 1998 tapping 5 × 103 

Oda 1976 
surcharge and 

tapping 
4 × 104 

Carrera et al. 2011 densest oedometer  

BS 1377. Methods of Test for Soils for 

Civil Engineering Purposes, 1990. 
vibration hammer 

 (British Standards)  

Determination of maximum and minimum 

dry densities for granular soils 
 

emax 

ASTM D254-16 Minimum Index density 

and unit weight of soils A 

funnel or hand 

scoop into a mold 
 
3 − 6 × 102 

ASTM D254-16 Minimum Index density 

and unit weight of soils B 

mold deposition 

from a soil-filled 

tube 

 

ASTM D254-16 Minimum Index density 

and unit weight of soils C 

inverting a 

graduated cylinder 
 

Lade et al. 1998 
inverting a 

graduated cylinder 
 

Muszynski, 2006 

smaller specimen 

sizes (funnel into a 

mold) 

 

Yoshimi et al. 1973 tilting  

Japanese Geotechnical Society (Test 

method of minimum and maximum 

densities of sands - JIS A 1224 2009) 

Pouring at zero 

falling height 
 

Vaid and Nugussey 1998 pluviation  

Mulis et al. 1977   

Kolbuszewski 1948 

deposition of the 

sample through 

water 

 

Cresswell et al. 1999 pluviation  

Bachus et al. 2019 

formation under 

shear: rotate and tilt 

a cylinder 
1.5 × 10−1 

Table 4.2 Maximum emax and minimum void ratio emin measurement techniques, 

principles and embodied energy density  
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Previous studies have reported that void ratios obtained from repetitive loading cycles are 

lower than emin (Herle and Gudehus 1999; Youd 1973). The highest densification of 

granular materials uses cyclic shearing with small amplitudes under constant pressure 

(Youd 1972). If performed after a static compression, the minimum void ratio is reached 

asymptotically by a process of cyclic shearing to achieve the smallest void ratio per cycle, 

before dilation initiates. The strain level required to reach the minimum void ratio 

decreases with density as the number of cycles increases. The maximum densification 

requires constant monitoring and feedback control systems (Narsilio and Santamarina 

2008). Hypoplastic constitutive models have implemented this successfully (Herle and 

Gudehus 1999) (Medicus 2015). 

Maximum and minimum void ratios are important parameters for computations of the 

relative density in coarse-grained sediments. Relative density works as a reference to 

describe the state of the sand, and is particularly important for laboratory testing programs. 

Since the ratios are procedural methods used to obtain a terminal state fabric, they provide 

critical information about soil behavior in response to specific processes. For example, the 

minimum void ratio is relevant for compaction and soil improvement, while the maximum 

void ratio is useful for powder technology and pile deposition. Traditional methods that 

assess the liquefaction potential of soils typically use relative density computed with 

standard minimum void ratio procedures. However, the methodology does not resemble 

the same shear process.  
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4.5.2 Proposed Methodology 

We aimed to obtain the minimum void ratio using cyclic shear applied to a dry sample with 

a simple shear device. After a static compaction phase, we implemented a cyclic shear 

phase and reduced the shear strain amplitude every cycle. Figure 4.7 presents a schematic 

of a repetitive loading test with changes in the shear strain amplitude. The axial strain plot 

vs. void ratio shows how the sample compacts and the void ratio decreases with time until 

it reaches a plateau (terminal void ratio). Figure 3.8 shows the results of the minimum void 

ratio using cyclic simple shear. 

The main limitation of this method is the difficulty in obtaining accurate calculations of 

the initial void ratio as a function of the height and density of the specimen. In a small 

sample, a change in tens of µm can lead to different initial void ratios and therefore result 

in different final void ratios (d=64 mm, Δℎ=1mm, Δe=0.02).  

Previous research recognized the difficulty of determining the true minimum and 

maximum densities. The theoretical emax and emin are extreme void ratios, however, 

measured values are procedurally defined and are inherently linked to the selected 

laboratory protocol  (Cubrinovski and Ishihara 2002). The minimum void ratio determined 

by cyclic simple shear is closer to the true minimum, but is harder to identify due to the 

previously explained limitations. 

Our experiments measure emin using tapping and emax with funneling under zero deposition 

height conditions and follow the Japanese Geotechnical Society JGS standards. These 

standards can provide consistent and repetitive results for high fines contents, of up to 30%, 
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and do not induce particle crushing. Strong correlations between emax and emin in natural 

sands validate these results (Cubrinovski and Ishihara 2002). 

 
Figure 4.7 Schematic of a repetitive loading test with changes in shear strain amplitude 

using a simple shear device 

4.5.3 Results and Observations 

Table 4.3 summarized the results for packing densities and other index properties 

measured. In general, packing densities can capture the influence of size and shape in a 

single measurement. Packing densities emax and emin increase as roundness and sphericity 

decrease. These densities reflect the formation history and depend on the particle size ratio 

and the volumetric fraction of fines. Since they reflect the fact that different terminal 

densities develop under specific procedures, these measurements can lead to estimates of 

mechanical parameters like shear strength and compressibility. 
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4.6 Friction: angle of repose 

4.6.1 State of the Art 

Strength parameters are a fundamental part of engineering design. Conventional triaxial 

tests are time-consuming and expensive. The angle of repose is a simple measurement of 

the critical state friction angle of sands (Bolton 1986; Schofield 1999). The static angle of 

repose reflects the ultimate strength of the sand, recognized by Terzaghi (Cornforth 1973).  

The angle of repose is the angle formed between the grains and a horizontal line when a 

granular material forms a pile in response to motion. The angle depends on the previous 

preparation of the granular bed and is larger for emptying (internal slope) than for filling 

(external slope) (Herrmann 2002). Boundary conditions influence the soil shear strength 

and result in restrictions on particle motion at the contact level. Angle of repose 

measurements which show that the internal angle of repose is larger than the external angle 

illustrate this phenomenon (Santamarina and Shin 2009). Isotropic consolidation at the 

loosest state (upper bound: emax) and densest state (lower bound: emin) provide boundaries 

for the critical state line (Verdugo and Ishihara 1996). 

Most commercially available devices that measure the angle of repose use 3D 

configurations with funneling deposition and stacking under the funnel. This technique 

only measures the external slope. However, measurements of both external and internal 

slopes result in different angles of repose. This is due to the internal anisotropy of the 

friction angle. Higher friction angles mobilize in axial extension rather than in axial 

compression (Chantawarangul 1993). 
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Figure 4.8 Minimum void ratio results obtained from simple cyclic shear tests. Strain control test σv=100 kPa, KAUST 20/30 sand. a) 

Time vs. shear strain plot shows the decrease in shear strain amplitude in the strain control test after every cycle. b) Shear strain vs. 

shear stress plot shows the hysteresis and strain accumulation. c) Shear strain vs. axial strain plot shows changes in contractive and 

dilative behavior during compaction and increment in axial strain. e) Time vs. void ratio plot shows the evolution of the void ratio during 

densification. e) Number of cycles vs. void ratio. Plot shows that after 4 cycles the void ratio reaches a plateau. f) Axial stress vs. void 

ratio plot shows the decrease in void ratio due to densification and cyclic shear. 
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Sample 

Grain size distribution Packing density 

Specific 

gravity 

Particle shape Angle of repose 

Coefficient 

of 

uniformity 

Cu 

Mean grain 

size D50 
emax emin 

Roundness 

R 

Sphericity 

S 

Internal External 

[mm] 
mean 

[°] 

St. dev 

[°] 

mean 

[°] 

St. dev 

[°] 

Ottawa sand 20/30 1.4 0.65 0.742 0.530 2.65 0.52 0.80 33.33 0.00 27.35 0.05 

KAUST sand 20/30 1.4 0.65 0.674 0.555 2.65 0.60 0.88 38.87 0.22 33.63 1.26 

KAUST sand fine 1.3 0.50 0.724 0.585 2.65 0.41 0.81 41.94 0.93 36.42 1.27 

KAUST sand coarse 1.6 1.30 0.779 0.570 2.65 0.44 0.74 37.88 0.00 31.94 0.80 

Glass beads coarse 1.4 0.60 0.742 0.555 2.5 0.48 0.96 29.53 0.47 29.86 0.61 

Glass beads medium 1.1 0.21 0.808 0.538 2.5 0.69 0.94 25.99 0.01 24.31 0.00 

Reef Carbonate sand 2.2 0.45 1.700 1.357 2.79 0.25 0.81 44.46 6.74 26.40 2.09 

Glass beads fine 1.1 0.16 0.917 0.716 2.65 0.66 0.95 38.28 1.01 27.85 2.89 

Diatom Pellets 1.7 1.20 2.965 2.670 2.32 0.59 0.54 42.00 3.00 33.21 1.38 

Rabigh lagoon sand 1.8 0.23 0.947 0.633 2.81 0.51 0.76 32.76 3.80 27.98 3.91 

Al Wajh sand 1.6 0.60 1.429 1.133 2.75 0.35 0.69 54.29 1.60 31.90 0.93 

Jazan sand 39 0.05 1.348 0.889 2.58 0.24 0.85 31.15 0.24 21.91 0.47 

Table 4.3 Summary of results. Grain size distribution, packing density, specific gravity, particle shape and angle of repose
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A three-dimensional space with the axes of effective confinement, deviatoric load, and 

volume, defines the load-deformation behavior in granular materials. The critical state 

captures the large strain behavior in terms of shear stress 𝑞 = (𝜎1 − 𝜎3), mean effective 

𝑝′ = (𝜎1 + 2𝜎3)/3 and void ratio 𝑒. The critical state line is located in the e-p’-q space 

(Muir Wood 1991; Roscoe et al. 1958; Schofield and Wroth 1968). Two competing volume 

change tendencies of dilation and contraction reach equilibrium at large strains 

(Santamarina and Shin 2009). Granular materials (dense and loose states) shear at a 

constant volume and reach the critical state. 

The critical state line projection in the 𝑝’ − 𝑞 space defines the strength parameter Mcs that 

corresponds to the critical state friction angle and linear Coulomb strength model. 

𝑀𝑐𝑠 =
𝑞𝑐𝑠

𝑝𝑐𝑠
′ =

6 sin𝜙𝑐𝑠

3−sin𝜙𝑐𝑠
 (for axial compression)           (4.1) 

The critical state line projection into the 𝑒 − 𝑝’ space follows a semi-logarithmic trend and 

defines the slope 𝜆 and the intercept Γ: 

𝑒𝑐𝑠 = Γ − 𝜆 log(
𝑝′

1𝑘𝑃𝑎
)                (4.2) 

4.6.2 Proposed Methodology 

The device consists of a transparent plexiglass box with a rectangular geometry. This 

design allows granular material to pass through a sliding plate that creates an opening for 

discharge. Following discharge, the granular material forms two external and internal 

slopes (Figure 4.9). The angle of repose measurements involve taking a digital picture of 

the slopes and computing the angle between the sand and the horizontal line. 
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Figure 4.9 Angle of repose measurement procedures, a) plexiglass box – dimensions and 

schematic, b) images of external and internal slopes of KAUST 20/30 sand using the 

cellphone app, c) app screenshots: selection of area and line of interest. 

 

KAUST Sand 20/30

b) 

a) 

c) 
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The angle of repose is the angle formed between a horizontal line and the slope of the soil 

pile, formed after the soil reaches equilibrium. The internal slope corresponds to the upper 

section while the external slope corresponds to the lower compartment in Figure 4.9. 

A custom designed mobile app calculates angle of repose measurements using images of 

the slopes taken with a cellphone camera. The app selects the soil interface that forms the 

angle to obtain measurements of internal and external friction angles. The app computes 

these angles based on the pixel distance and trigonometric relationships, saves the 

measured values and allows the calculations of several values to obtain a variety of 

statistics. 

The variability of the angle of repose is ±1° for the external and ±2° for internal friction 

angle. The fixed set up and prism measurements ensure that any variability results from 

intrinsic soil properties and is not due to distortion effects that arise during experimental 

procedures. Measurement errors are ±0.7° for 10 repetitions. We applied the transformation 

𝑥′ = 𝐻𝑥 using 4 points in inhomogeneous coordinates to homogeneous coordinates which 

removed the projective distortion from the perspective image of a plane (Hartley and 

Zisserman 2003). Figure 4.10 shows images obtained before and after distortion. 
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Figure 4.10 Angle of repose test device with projection distortion removal (a) before 

distortion removal, (b) after distortion removal. The green line corresponds to the boundary 

of the distorted image (4 corners points in inhomogeneous coordinates) and the red line 

corresponds to a rectangle in the same space 

4.6.3 Results and Observations 

The results show the friction anisotropy in natural sands (Figure 4.11). The angle of repose 

measured on the internal slope is larger than the measurement obtained from the external 

slope. In a 3D configuration, sliding particles come closer together in the internal slope, 

and the inter-particle coordination in the annular direction increases (convergent flow). By 

contrast, sliding particles move away from each other and the coordination number 

decreases on the outer slope (divergent flow) (Chantawarangul 1993; Santamarina and Shin 

2009). Different failure mechanisms, such as axial compression and lateral extension, 

resemble these micro-processes. However, the same phenomena cannot explain differences 

in internal and external slope angles in 2D configurations as the particles run parallel to 

each other. 

a) b) 
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Figure 4.11 External vs. internal angle of repose results. Blue squares represent samples 

measured in this study. Grey circles show published data (Santamarina and Shin 2009) 

The section that follows explores the effect of initial packing and particle shape. Previous 

studies report that both particle shape and density increase with the angle of repose (Zhou 

et al. 2014). Our experiments show that angular grains have more pronounced anisotropy 

than rounded and more regular grains. The internal angle of repose is also more sensitive 

to changes in the initial packing density and decreases with density, while there is no effect 

on the external angle of repose as seen in Figure 4.12. These differences may be due to 

dynamic effects in the external slope, lower kinetic friction compared to static friction 

between the particles and other dynamic effects (Jaeger et al. 1990). The internal slope has 

less dynamic effects and primarily consists of potential energy. The external angle 

corresponds to a drop height of 5 cm.  
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Figure 4.12 External and internal angle of repose measurements at different initial packing 

densities for angular (Al Wajh, R=0.35, S=0.69) and rounded sand (KAUST 20/30, R=0.6, 

S=0.88). 

Angular soils present a higher friction coefficient Mcs than rounded soils. Mineralogy and 

mean particle size do not show significant effect on the Mcs strength parameter (Torres-

Cruz 2019; Torres-Cruz and Santamarina 2019). 

In general, eccentricity, which is the opposite of sphericity, promotes particle alignment 

during shear (diatom pellets). Angularity (the opposite of roundness) fosters interlocking 

and hinders particle rotation with roughness involved in the generation of surface friction 

(Santamarina and Shin 2009). 

4.7 Analyses and Discussion: Engineering Implications 

Table 4.3 compiles a summary of all test results. The relative particle size (measured by 

the coefficient of uniformity) and the particle shape determine fabric formation in coarse-

grained sediments (packing densities). Rounded well-graded sediments tend to pack at a 
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higher density than angular poorly graded sediments (Youd 1973, Miura et al. 1998, 

Cubrinovski & Ishihara 2002, Cho et al. 2006). The variation of packing densities emax and 

emin with fines content shows that there is a decrease in the void ratio due to void filling, 

which reaches a minimum level and then increases with fines content until the highest value 

due to the replacement of solids (Cubrinovski and Ishihara 2002; Lade et al. 1998). Packing 

densities emax and emin increase as roundness and sphericity decrease. These results have 

implications for hydraulic conductivity, fines migration, and filter formation. 

The small strain stiffness of a soil reflects the nature of the inter-particle contacts. Shear 

wave velocity is nonlinear and stress-dependent.  𝐺𝑚𝑎𝑥 = 𝜌𝑉𝑠
2 and 𝑉𝑠 = 𝛼 (

𝜎′

1 kPa
)
𝛽

 where 

the α is the shear wave velocity at 1 kPa, and the β factor reflects the sensitivity to mean 

effective stress. In general, irregularity (a combination between eccentricity and angularity) 

produces lower stiffness (lower 𝛼) and higher stiffness sensitivity to the state of stress 

(higher 𝛽) (Cho et al. 2006). These also lead to higher compression and decompression 

indices. Correlations between compressibility parameters (Cc, Cr, and e1 kPa), packing 

densities, and particle shape support these observations (Figure 4.13) and have implications 

for compressibility, stiffness, and deformation. 

Irregularity hinders particle mobility and their ability to attain dense packing configurations 

(Cho et al. 2006).  Eccentricity, angularity, and roughness reduce particle rotation, enhance 

dilatancy, and the evolution of anisotropy. These factors might also cause interlocking 

between grains and hinder grain rotation. In addition, these mechanisms lead to correlations 

between the three critical state parameters 𝜆, Γ and 𝜙cs which decrease with increasing 

roundness and sphericity (Cho et al. 2006). Previous studies report correlations between 
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the intercept Γ and the minimum void ratio emin for non-plastic soils. The slope λ increases 

with emin and emax. The potential contractibility at critical state decreases for soils with low 

emin (Cho et al. 2006; Torres-Cruz and Santamarina 2019). These factors all have 

implications for shear strength behavior. 

4.8 Conclusions 

This chapter focuses on developing a fast assessment of coarse-grain materials with 

emphasis on particle size, shape, packing densities and angle of repose. We tested 12 

different granular materials. Key observations are below: 

 Physics of granular materials reflects engineering properties and can be captured by 

measuring size (D50 and Cu), shape (S and R), angle of repose and asymptotic packing 

emax and emin. They have engineering implications: strength compressibility behavior 

and terminal density for repetitive loading. 

 Image analysis techniques can accurately measure the particle size and shape of coarse-

grained soils and correspond to a fast assessment of frictional behavior. Measurement 

uncertainty compared to traditional methodologies are in the order of 10%. A 3D 

printed microscope attached to a cellphone increases the accessibility of this technique. 

 The extensive definitions of shape parameters using the same terminology yet with 

different meanings can confuse and prevent the geotechnical community from adopting 

universal shape measurements. It is critical to select parameters that account for three 

scales: form, corner angularity and surface texture. Automated computational methods 

are vital to establish both correlations and ensure use in daily engineering practice. 
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Figure 4.13 Correlations between packing density with compressibility and critical state parameters. Blue squared markers are soils 

measured in this study, red correspond to Red Sea samples and dots indicate database values (Chapter 2) 
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 The asymptotic packing measurements of emax and emin correspond to terminal void 

ratios in a variety of soil fabrics and are procedurally defined by the protocol used. 

Minimum void ratios obtained with cyclic shear are closer to true emin, densest state of 

a granular packing, but there are a number of measurement difficulties. Japanese 

Geotechnical Society JGS standards are easy and fast methodologies to measure both 

emax and emin. 

 The angle of repose is a reasonable estimate for the critical state friction angle of sands. 

The external and internal angles in 3D configurations correspond to upper and lower 

bounds, which relate to different failure mechanisms such as axial compression and 

lateral extension that are present in typical engineering applications such as bearing 

capacity, retaining walls, and excavations. 

 In the 2D configuration, the anisotropy of the angle of repose cannot be explained by 

changes in the coordination number, convergent (internal slope) and divergent 

(external slope) flow. This difference results from dynamic effects where the particle 

shape has a strong influence and depends on the initial density. 
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Chapter 5 

In-situ Characterization Multiphysics Probe: Magnetic Module 

5.1 Introduction 

The increasing demand for metals, the near-exhaustion of terrestrial deposits, and 

technological advances, all combine to push industry ever closer to deep-sea mining. 

Therefore, metalliferous sediments have become an attractive and economically valued 

resource. Identification and characterization of these metalliferous sediments introduce 

significant challenges to the mining industry, especially in deep-sea environments. To date, 

deep-sea technology and development in the mining industry have provided some (yet 

incomplete) solutions to these challenges. However, there is a need for new developments 

to satisfy increasing industry requirements. 

Near-surface exploration activities use indirect methods to identify potential sites and 

perform initial assessments (Spagnoli et al. 2017). Resource estimation techniques require 

coring and laboratory measurements of retrieved samples. Coring techniques involve 

drilling, piston, and gravity coring tools. However, drill-ships are expensive and have 

limited availability. Seabed drilling rigs are a less expensive alternative but also need big 

vessels for operation. Dragged devices are another option. These attach to a vessel with a 

cable, towed with a constant velocity and measure data from the water column and near-

surface seafloor.  

Metal identification techniques typically use sonde and borehole electromagnetic sensors 

to measure magnetic susceptibility and electric resistivity, which require both wireline and 

borehole drilling capabilities for deployment (Bristow and Mwenifumbo 2011; Davis et al. 
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1997; Robinson et al. 2008). Other alternatives in soft-unconsolidated sediments involve 

smaller vessels with winch capabilities. 

Metalliferous accumulations in the Red Sea consist of hydrothermally mineralized 

sediments (rich in Cu, Zn, Ag, and Au) in deeps filled with brines, estimated to be around 

$13 billion US dollars (Brueckmann et al. 2017). The main ores present in the Red Sea 

metalliferous sediments are Fe-(oxy) hydroxides, sulfides, hydrothermal carbonates and 

authigenic clays (Laurila et al. 2015). Some of these minerals present distinctive magnetic 

signatures such as goethite, lepidocrocite, siderite, manganosiderite, pyrite, hematite, and 

maghemite (Strangway et al. 1969). Measurements of the remnant magnetization can 

identify these hydrothermally mineralized sediments. 

This study builds on earlier development of the multi-physics probe for in-situ 

characterization (Terzariol 2015). The purpose of this effort is to develop a magnetic 

module located within the probe to identify and characterize soft metalliferous sediment 

accumulations in the seafloor. 

5.2 State of the Art: In situ Magnetic Tools 

Commercially available devices measure magnetic and electric fields in the surface and 

water column (CSEM deep-sea sensor from the University of Bremen, Nerdis III 

MARUM). They include magnetic susceptibility tools deployed in boreholes (Bartington 

Instruments, Goettingen Borehole magnetometer (GBM)) and gyro oriented 

magnetometers (Bosum et al. 1988). Magnetometer sensors installed in core logging and 

drilling tools provide orientation and directional drilling that measure components of the 

Earth’s magnetic field (Gooneratne et al. 2017; Hossain and Al-Majed 2015; Thompson 
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and Oldfield 1986). Table 5.1 presents technology for mineral identification that uses both 

laboratory and in-situ measures of magnetic susceptibility. Most require a borehole for 

deployment. 

Tool Company / 

Reference 

Applications 

The core logging tool of magnetic 

susceptibility MS2C Loop 

and MS2E Point Magnetic Sensor 

Bartington 

Instruments 

www.bartington.com 

Core studies, especially peat, lake or marine 

sediments. 

MS2H Sub-surface downhole 

probe  magnetic susceptibility 

  

Bartington 

Instruments 

Mineral prospecting: Methods - Proceedings 

of the ocean drilling program - Shipboard 

Scientific Party 1997 

BSS-02B Borehole Sonde 

For mining prospecting 

Bartington 

Instruments 

Mineral prospecting, including 

discrimination of kimberlites, iron ore and 

uranium ore. 

Stratigraphic correlation 

Multiphysics: temperature, 

resistivity, and magnetic 

susceptibility probe 

GeoInstruments THC-

3 Probe 

  

Bristow and 

Mwenifumbo 2011 

For mineral exploration, groundwater and 

environmental studies 

  

Magnetic susceptibility  HM-453, 

HM-383, HM-320 

Multiphysics: 

Electrical conductivity 

Gamma-ray 

wr-instruments 

www.wr-

instruments.com 

Magnetic susceptibility from layers of clay 

to strongly magnetic and conductive, sulfites 

and magnetic rocks 

Dual Magnetic Susceptibility 

Probe HMM-453 

  

wr-instruments Complex rocks with low magnetite content 

and layers with high magnetite content. 

Economic evaluation of a deposit. 

Minikappa KLF-3 laboratory 

measurements 

AGICO 

www.agico.com 

Magnetic susceptibility measurements of 

seafloor massive sulfide mini core samples 

for deep-sea mining applications 

Kappabridge KLY-2 

susceptibility bridge  

  

 AGICO 

 

Mineral prospecting: Methods - Proceedings 

of the ocean drilling program - Shipboard 

Scientific Party 1997 

Magnetic Susceptibility Sonde 

MSS 

Robinson et al. 2008 High-resolution accurate measurements over 

the susceptibility range of the sediments 

Table 5.1 Current technology used for mineral identification and other engineering 

applications 
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5.3 Multiphysics Sediment Probe 

The multiphysics probe for in-situ characterization is a modular penetration system with a 

train of sensors of adjustable length depending on the application. It can measure pressure, 

temperature and heat flow, electrical and hydraulic conductivity, permittivity, pH, 

acceleration in three axes, and strength of soft sediments with a pressure-compensated tip. 

The probe is deployable as either stand-alone (battery-powered) or wired to a medium-

sized research vessel with winch capabilities (Figure 5.1) to penetrate the seabed and 

measure properties within the sediments (Terzariol 2015). 

 
Figure 5.1 CPT Multi-physics penetration cone. a) Body, modular system with trains of 

sensors of variable lengths, and electronics. b) Deployment system (Terzariol 2015) 

 

5.4 Magnetic Properties of Geomaterials and Magnetization of Minerals 

Magnetic fields develop from the movement of electrons at the atomic scale. There are two 

possible motions, orbital rotation around the nucleus and the spin of the electron around its 

axis. The interaction of the electrons with an external magnetic field determines the 

magnetic behavior.  

Multiphysics Probe:

- Trains of sensors with variable lengths

- Deployment: stand alone (battery powered) or wired

- Fluid and solid samplers

Sensors:

- Pressure Transducers

- EC Conductivity

- pH

- Thermocouples

- Accelerometer and Gyroscope

- Magnetic module

- Vs module
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Diamagnetic materials do not have a permanent magnetic moment, yet a magnetic field 

alters the orbital motion of the electrons, and results in a magnetic dipole moment 

proportional to the applied magnetic field in the opposite direction (weak negative 

magnetization).  

Paramagnetic materials have a permanent magnetic dipole moment caused by the spin of 

the electrons. In the presence of a magnetic field, they align themselves, which results in a 

slight net magnetization parallel to the magnetic field. The incompletely filled inner 

electron shells of Mn2+ Fe2+ and Fe3+ ions are responsible for the paramagnetic behavior. 

The magnetization is proportional to the applied magnetic field (weak positive 

magnetization).  

Ferromagnetic materials have strong permanent magnetic dipole moments that 

spontaneously align due to the interaction with neighboring atoms that overcome thermal 

agitation and carries the remnant magnetization. They exhibit paramagnetic behavior 

below the Curie or Neel temperature (Klein and Santamarina 2000; Thompson 2012). 

Superparamagnetic behavior occurs when the ferromagnetic material grains are very small 

with a size range of 1 to 10 nm. They do not display a stable remnant magnetization or 

hysteresis behavior because the thermal vibration is within the same order of magnitude as 

the magnetic energy. Therefore, their magnetization process continuously undergoes 

thermal reorientation. However, under an external magnetic field, the dipole moments 

align. Their behavior is similar to, but much stronger than paramagnetic materials. 
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The magnetic permeability reflects the ability of a material to be magnetized. Computations 

of the magnetic permeability apply a magnetic field H, and then measure the induced 

magnetic field B.  

𝐵 = 𝜇0(𝐻 +𝑀) (5.1) 

where M is the magnetization of the specimen, and μ0 is the magnetic permeability of 

vacuum. In the linear case, M is proportional to H, and the proportionally constant is the 

magnetic susceptibility χ. 

𝑀 = 𝜒𝐻 (5.2) 

The magnetic susceptibility and permeability are complex quantities. Measurements 

typically use the real component (Klein and Santamarina 2000). 

The hysteresis curve (MH-loop) characterizes the magnetic behavior of the material by 

applying a high magnetic field in both directions. Figure 5.2 shows typical hysteresis 

response for diamagnetic μd<1, χd<0, paramagnetic μp>1, χp>0, ferromagnetic μf≫1, χf≫0 

and superparamagnetic materials.  

Ferromagnetic materials have a non-linear magnetic response when an external magnetic 

field is applied. These materials saturate if the applied magnetic field is large enough. 

However, the removal of the external magnetic field in saturated states result in some of 

the dipoles remaining aligned which produces a net remnant magnetization. To remove the 

magnetization and revert back to the random orientation (zero magnetization coercivity), 

requires a high external magnetic field applied in the opposite direction due to the 

hysteresis behavior of the ferromagnetic materials (Figure 5.2).  
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Figure 5.2 Magnetization concepts and physics. 1) Hysteresis curve for different magnetic 

behaviors: ferromagnetic, paramagnetic, diamagnetic, and superparamagnetic. 2) The 

magnetization of ferromagnetic particles over time. 3) Hysteresis curve for a ferromagnetic 

material and non-linear magnetic response 

5.5 Magnetic Module µ-CPT 

The purpose of the magnetic module is to identify ferromagnetic layers in metalliferous 

sediments for deep-sea mining applications. It consists of a 1D fluxgate magnetometer 

combined with a permanent magnet inside the cone tip of the penetration device. The 

magnetic component magnetizes the ferromagnetic sediment layers, and the fluxgate 

measures the remnant magnetization H.  

The fluxgate magnetometer (FMG-1 from Speake and Co. Limited) sensor is a simple, 

low-cost but robust and high-sensitivity sensor that measures external magnetic fields. Two 

coils and a high magnetic permeability core form the fluxgate. An AC current applied to 

the primary coil creates a magnetic field (induction) and drives the core around the 
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hysteresis loop in and out of saturation. A time delay in saturation can detect an external 

field in parallel to the direction of the coil (Gooneratne et al. 2017). The sensing coil system 

signal consists of two parts. One part is due to the excitation of the driving coil and 

corresponds to the odd order of the Fourier series sine wave (sin 1𝜔𝑡 + sin 3𝜔𝑡 +⋯ ). 

The other part corresponds to the even order (sin 2𝜔𝑡 + sin 4𝜔𝑡 + ⋯), which is 

proportional to the external magnetic field. A synchronous detector cross-correlates the 

signal with the even part (2𝑓0 = 2𝜔𝑡) to only measure the external magnetic field. The 

output of the sensor is a 5 V square signal with a period proportional to the magnetic field 

strength.  

The optimal orientation sensor response requires the directivity function. Figure 5.3 shows 

the experimental setup to determine this function. A magnet at a fixed distance from the 

fluxgate rotates around the centrally located sensor with the response recorded in Figures 

5.3. The highest response is parallel to the applied magnetic field. The experiment also uses 

a stainless steel pipe with a 4” diameter and 1/3” thickness to ensure that the stainless steel 

is magnetically transparent. There is no significant difference between both responses, 

which confirms that the stainless steel housing does not provide interference. 

The separation distance between the magnet and the fluxgate was chosen by placing the 

magnet, and the sensor parallel to each other and moving the magnet, as shown in Figure 

5.3. Results show that the separation between an axially magnetized magnet of 26 mm 

diameter (Neodymium Iron Boron magnet grade N40) and the fluxgate is 30 cm. The 

fluxgate only measures the ambient magnetic field and does not measure the permanent 

magnet field.
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Figure 5.3 Sensor preparation and calibration. 1) Experimental set up to determine the directivity function. Magnetic transparent 

stainless steel pipe 4” diameter, 1/3” thickness. 2) Directivity angle vs. relative magnetic field intensity. Data normalized and 

background noise removed. 3) Directivity plot, with the highest response parallel to the applied magnetic field. 4) Magnet and fluxgate 

separation vs. the magnetic field. 5) Experimental setup to determine the influence of the magnet.
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5.6 Laboratory Implementation 

5.6.1 Experimental Setup 

The experimental setup consists of an axially magnetized magnet, and a fluxgate 

magnetometer (FGM-1) at a relatively fixed distance between each other (30 cm) attached 

with cantilever 3D printed arms and aluminum screws to a linear positioning system (CS-

1000 and stepper motor form Newmark systems inc.) with a spatial resolution of 3.6 µm. 

The linear positioning controls the velocity (6 mm/s) and the position of the fluxgate and 

magnet during core scanning.  

The fluxgate magnetometer sensor is connected to a battery that supplies a 5V AC and an 

oscilloscope to obtain the output signal. BenchView Software logs the period in time (from 

Keysight). Figure 5.4 shows a schematic of the experimental setup. The experiment 

configuration resembles magnetic survey tools designed to identify magnetic anomalies, 

with a source and a receiver placed at a fixed distance but performed at a different scale 

(Lowrie 2007). 

5.6.2 Calibration 

To test and calibrate the setup, we prepared artificial cores with quartz sand (KAUST 

20/30, D50=0.95 mm, Gs=2.65) and iron (III) oxide powder (form Plycraft – 

MBFribreglass, D50=45 μm, density 2.8 g/cm3) at different concentrations by mass fraction, 

1, 2 and 5% of ferromagnetic inclusions and different thicknesses of 1, 2, 3 and 5 cm. The 

thickness and mass fraction reflect the natural settings of metalliferous sediments. 
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Results in Figure 5.5 show that the signal response (amplitude) increases with 

ferromagnetic content and thickness. Post signal processing involved the removal of the 

background noise with a moving window, and then shifted to zero. For a low volumetric 

concentration (ν=0.1), we expected a linear response (Klein and Santamarina 2000, Doyle 

1978, Poisson 1978, Wagner 1993, Waki et al. 2005, Maxwell-Garnett, Bruggeman). 

 

Figure 5.4 Experimental setup to measure the magnetic response of cores. Linear 

positioning system, fluxgate magnetometer FGM-1, magnet, and electronics 

5.6.3 Algorithm 

The magnetic signal obtained from the core scanning is a summation of the scaled and 

time-shifted impulse response ℎ𝑖−𝑛 where the scaling factor at the discrete time 𝑖 = 𝑛 is 

the signal value 𝑣𝑛 and depends on the concentration of ferromagnetic particles. 

𝑑𝑖 = ∑𝑣𝑛 ∙ ℎ𝑖−𝑛   (5.3)
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Figure 5.5 System calibration. Sand with Iron (III) Oxide of different concentrations (1, 2 and 5% ferromagnetic inclusions by mass) 

and thickness (1, 2, 3 and 5 cm) 
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Figure 5.6 Inverse Problem formulation. 1) The core represented as a summation of the scaled shifted impulse response which 

depends on the ferromagnetic concentration in the different layers. 2) The output from a 3 cm thick layer of ferromagnetic inclusions, 

normalized with respect to volumetric fraction v=0.017. 3) Impulse response in space after deconvolution 

different concentration

1) 2)
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The inverse problem deconvolution and system identification can identify the impulse 

response with the knowledge of the input 𝑥𝑖 and the output 𝑦𝑖, where x is a matrix whose 

columns are shifted-versions of the input signal 𝑥𝑖 (Santamarina and Fratta 2005). 

ℎ = 𝑥−1𝑦   (5.4) 

A sketch in Figure 5.6 shows the inverse problem formulation with the shifted impulse 

response using the output of a 3 cm thick layer of ferromagnetic materials normalized with 

respect to the volumetric fraction 𝜈 = 0.017, which corresponds to 1% by mass. Figure 5.6 

also shows the impulse response after deconvolution. The matrix x is not invertible (𝑑𝑒𝑡 =

0) and a singular value decomposition (SVD) ensures truncation and regularization.  

The singular value decomposition splits the x matrix into: 

𝑥 = 𝑈ΛVT   (5.5) 

where U and V are 𝑛 × 𝑛, and 𝑚 ×𝑚 orthogonal matrices and Λ is a 𝑛 × 𝑚 diagonal 

matrix. The new equation is 

𝑦 = 𝑈ΛVTℎ   (5.6) 

Set the orthogonal matrix  

ℎ′ = 𝑉𝑇ℎ; 𝑦′ = 𝑈𝑇𝑦    (5.7) 

To obtain Λℎ′ = 𝑦′. Since U and V are orthogonal, the equation below holds: 

|ℎ| = |ℎ′| = |𝑥ℎ − 𝑦| = |Λℎ′ − 𝑦′|    (5.8) 

The rank of x is equal to the number of k non-zero singular values, therefore Λℎ′ = 𝑦′ 

can always be satisfied, and 
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min|𝑥ℎ − 𝑦| = min|Λℎ′ − 𝑦′| = |y′(k + 1: n)|   (5.9) 

Since k<m this is an under-determined problem. The shortest least-square solution of 

Λℎ′ − 𝑦′ satisfies ℎ𝑖
′ = 𝑦𝑖

′/𝜎𝑖 where 𝜎𝑖 are the singular values for 𝑖 = 1 to k. and ℎ𝑖
′ = 0 

for 𝑖 = 𝑘 + 1 to m (truncation). 

ℎ′ =
𝑈𝑇𝑦

𝑑𝑖𝑎𝑔(Λi:k)
;  ℎ𝑘+1:𝑚

′ = 0    (5.10) 

The equation below obtains the impulse response 

ℎ = 𝑉ℎ′   (5.11) 

5.6.4 Interpretation 

We performed measurements and signal analyses on a 2.5 m gravity core split lengthways 

obtained from the Atlantis II deep in February 2019. The results suggest the presence of 

higher magnetic susceptibility layers, which associate with a higher equivalent volume 

fraction of ferromagnetic materials. Measurements of dry samples in the SQUID-VSR 

(Superconducting quantum interference device, vibrating-sample magnetometer) using a 

variable magnetic field confirm these observations of higher magnetic susceptibility 

(Figure 5.7).
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Figure 5.7 Atlantis II Deep core magnetic measurements. 1) Profile with core depth from top: magnetic response, core pictures, X-ray 

images show changes in intensity that reflect differences in density, equivalent volume fraction of ferromagnetic material. 2) Magnetic 

response of selected samples (color corresponds to the location of the sample in the core) with associated magnetic permeability 
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SQUID-VSM (MPMS from Quantum design) is a sensor enclosed by a superconducting 

shield. The main advantage of cryogenic superconducting magnetometers are the high 

sensitivity and fast response times (Thompson 2012). Magnetic response measurements of 

the samples take place under vacuum conditions, at 300 K with the magnetic field varying 

from -5 T to 5 T, which obtains the hysteresis curve BH. The hysteresis curve provides 

data to calculate magnetic parameters such as magnetic susceptibility and permeability. 

Iron sulfides and hydroxides are important components of mineral ores, which show 

ferromagnetic and imperfect antiferromagnetic behavior. The application of an external 

magnetic field magnetizes these components and provides useful information for mineral 

identification. Table 5.2 shows the magnetic properties of minerals previously identified 

from the Atlantis II deep (Laurila et al. 2015). Metal content results from ICP-OES 

(Inductively coupled plasma optical emission spectrometry) measurements and the 

magnetic hysteresis curve from SQUID-VSR confirm the association between high 

magnetic susceptibility and high metal contents (Figure 5.8). 

The ICP-OES (Agilent) decomposes the sample into a plasma that emits a characteristic 

wavelength radiation which depends on the sample elements (Charles and Fredeen 1997). 

The sample is washed, dried, and mixed with acid for digestion. Measurements of major 

elements then used diluted samples (20 to 30 times). Each batch of 20 samples consisted 

of procedural blanks, sample duplicates, standards, and certified material (SRM 2702). 

Separate monitoring of Ag, Al and Na diminished the effects of interference. This process 

results in an accurate elemental analysis of the metalliferous sediment samples at ppm 

resolution. 
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Ferromagnetic and weak ferromagnetic minerals 

Iron Oxides 

Magnetite 𝜇 = 6.7 

Maghemite 𝜇 = 3.5 

Hematite 𝜇 = 1.04  

 

Iron Sulfides 

Pyrrhotite 𝜇 = 2.6 

Marcasite 𝜇 = 1.2 

Chalcopyrite 

 𝜇 = 1.0004 

Pyrite 

Iron hydroxide 

Goethite 𝜇 = 1.012 

Limonite 𝜇 = 1.003 

Lepidocrocite      

𝜇 = 1.003 

Ferromanganese oxides 

and hydroxides 

Jacobsite 𝜇 = 1.45 

 

Paramagnetic Diamagnetic 

Clays 

Nontronite 𝜇 =
1.000026 

trismectite 𝜇 =
1.00001 

 

Manganese-bearing 

minerals  
Manganite 

 𝜇 = 1.00001 

 

Quartz 𝜇 = 0.999999 

Anhydrite 𝜇 =
0.99994 

Barite 𝜇 = 0.99994 

 

Carbonates 

Calcite 𝜇 = 0.99996 

Siderite 𝜇 = 1.01 

Dolomite 𝜇 = 0.9991 

Manganosiderite 𝜇 =
0.9991 

Rhodochrosite 𝜇 =
0.9991 

Table 5.2 Magnetic properties of minerals obtained from the Atlantis II deep. References: 

minerals (Laurila et al. 2015), magnetic properties of minerals (Hunt et al. 1995; Thompson 

and Oldfield 1986) 

5.7 Field Implementation 

Field implementation uses the same physics and design concepts discussed in the 

laboratory implementation section. Figure 5.9 presents a schematic of the stainless steel 

pipe that forms a housing for the magnet, electronics and also holds the fluxgate 

magnetometer in the horizontal position. The housing is stackable with the probe. 

The fluxgate magnetometer connects to a battery and board that logs the data in an SD 

card. We tested the complete system in a calibration plexiglass chamber (30 cm diameter 

and 60 cm height) filled with prepared sediments in between layers of ferromagnetic 

material (Iron oxide II powder). Layers were between 1 and 3 cm in thickness with a 3% 

concentration by mass. The penetration velocity was 0.1 cm/s, controlled with a threaded 

rod on a lab-lift lifting platform. Results in Figure 5.9 show that the magnetic penetrometer 

clearly identifies the location of the ferromagnetic layer. 
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Figure 5.8 Magnetic response and metal content of Atlantis II deep sediments. 1) MH-hysteresis curve from SQUID-VSR and 2) 

metal content obtained from ICP-OES measurements of four samples. Higher magnetic permeability correlates with higher metal 

contents.  
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Figure 5.9 Field implementation of the magnetic module. 1) Fluxgate magnetometer housing schematic, 2) System response test, 

calibration chamber filled with prepared sediments that include layers of ferromagnetic material (Iron oxide II powder). Layer thickness 

is between 1 and 3 cm with a 3% concentration by mass. 3) Data obtained from the probe after insertion that shows the magnetic response 

with depth, gray areas correspond to the location of the ferromagnetic layers 
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5.8 Conclusions 

This study developed a laboratory tool and a deployable in-situ characterization 

multiphysics probe (field module) that can magnetize and measure the magnetic response 

of sediments. We analyzed and tested cores that contained metalliferous sediments from 

the Atlantis II Deep in the Red Sea. Key observations are below: 

 Hydrothermal circulation in the Red Sea leads to the accumulation of metalliferous 

sediments. 

 Remnant magnetization that results from an external magnetic field can identify 

metalliferous sediments with trace concentrations of ferromagnetic minerals, in search 

of companion minerals. 

 An inverse problem methodology can accurately analyze the signal from the magnetic 

measurements and identify layers with higher metal contents within the sediment core. 

 The primary ore minerals present within metalliferous sediments in the Atlantis II Deep 

are: Fe-(oxy) hydroxides, sulfides, hydrothermal carbonates, and authigenic clays that 

contain minerals with distinctive magnetic signatures. The metal content from ICP-

OES measurements and magnetic hysteresis curves obtained from SQUID-VSR 

confirm the association of higher magnetic permeability with higher metal contents.   
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Chapter 6 

In-situ Characterization Multiphysics Probe: Shear Wave Velocity 

Module 

6.1 Introduction 

The void ratio and shear wave velocity are two sediment properties that are particularly 

sensitive to the stress history and preexisting fabric of the sediment (e.g. cementation, 

diagenesis and weathering). However, measurements in the laboratory do not accurately 

represent field conditions due to sediment disturbance effects from coring that significantly 

change the behavior of the sample. 

The small strain stiffness reflects the contact-level deformation determined by shear wave 

velocity measurements (𝐺𝑚𝑎𝑥 = 𝜌𝑉𝑠
2). Stiffness is an important parameter to consider 

during foundation designs for structures subjected to dynamic loading (e.g. earthquakes 

and vibrations), monitoring processes, liquefaction assessments, soil improvement and 

slope stability. 

The shear wave velocity is useful for sediment classification and compressibility estimates. 

It is stress-dependent and can be fitted with an exponential trend (equation 6.1) where the 

𝛼-factor corresponds to the shear wave velocity at 1 kPa and the 𝛽-exponent reflects the 

sensitivity in changes to the effective stress. The velocity-stress power relationship 

captures both the contact behavior and fabric changes (Cha et al. 2014). 

 𝑉𝑠 = 𝛼 (
𝜎′

1 𝑘𝑃𝑎
)
𝛽

 (6.1) 
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Measurements of shear wave velocity can take place in the laboratory (e.g. using bender 

elements and resonant columns) and the field (e.g. with cross and downhole techniques, 

seismic CPT and DMT and surface waves). Table 6.1 summarizes currently available 

technology that measures the in-situ shear wave velocity. Historically, in the marine 

context, probes were deployed by scuba divers, submersibles and remotely from ships 

(Hamilton et al. 1970). Alternative techniques include acoustic measurement systems with 

compression and shear wave transducers attached to steel platforms (Richardson et al. 

1991; Wang et al. 2018). 

Table 6.1 Current technology to measure the in-situ shear wave velocity after (Stokoe and 

Santamarina 2000) 

Tool Schematic Measure Reference 

Seismic 

CPT 

 

body wave velocities  

from arrival time 
(Robertson et al. 1986) 

Seismic 

DMT 

body wave velocities  

from arrival time 
(Marchetti et al. 2008) 

Crosshole 

and 

downhole 

seismic test 

 

body wave velocities  

from arrival time 

ASTM D4428-2014 

ASTM D7400 -2019 

(Ballard Jr 1976; Woods 

1978) 

source

receiver

source

source receivers receivers
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Surface 

waves 

methods 

(SASW and 

MASW) 

 

Rayleigh and love 

waves 
(Stokoe et al. 1994) 

Suspension 

logging 

 

arrival times of 

Scholte-type energy 
(Kitsunezaki 1980) 

Field 

velocity 

probe 

 

arrival times of 

compression and shear 

waves 

(Lee et al. 2009)  

Field 

velocity 

resistivity 

probe  

arrival times of 

compression and shear 

waves 

(Yoon and Lee 2010) 

Portable S-

wave testing 

device  

arrival times of shear 

waves 

(Klein and Santamarina 

2005) 

 

Tests in soft, unconsolidated sediments require the use of smaller vessels with winch 

capabilities. Soft sediments consist of saturated deposits subjected to very low effective 

stress. Accurate characterization is challenging due to soil disturbances during sampling, 

however, it is critical for both onshore and offshore applications (Klein and Santamarina 

2005; Lee et al. 2009). 

This study builds on earlier development of the In-Situ Characterization Multi-physics 

Probe (Terzariol 2015) with the addition of a module to measure the shear wave velocity 

source receivers

source

receivers

Fluid-filled 

borehole

BE: source and receiver
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(Vs) in soft seafloor sediments. The design also extends previous work (Klein and 

Santamarina 2005; Lee et al. 2009; Yoon and Lee 2010). 

6.2 Multi-physics sediment probe 

Chapter 5 provided a detailed description of the In-Situ Characterization Multi-physics 

Probe. In summary, it is a stackable-type modular penetration system with a variety of 

interchangeable sensors (Terzariol 2015). The shear wave velocity module complements 

the existing sensors of pressure, temperature and heat flow, electrical conductivity and 

permittivity, hydraulic conductivity, pH, acceleration and strength (Figure 5.1).    

6.3 Shear wave velocity module - Vs  

The shear and compressive wave velocity probe consists of a fork design with a pair of 

bender elements in parallel, oriented in the same direction.  Bender elements are piezo 

crystals that consist of two layers of piezoelectric transducers. Due to crystal asymmetry, 

the application of a mechanical load distorts the lattice and dipole moment and generates a 

voltage. On the other hand, the crystal deforms in the presence of voltage. The direction of 

deformation depends on the polarization of the crystal (Lee and Santamarina 2005). The 

transducers generate shear waves that travel between the two prongs. This coupling enables 

the shear wave to travel through soft sediments during penetration. The bender elements 

are mounted in plastic threads to minimize transmission across the probe.  

The design decreases the effect of the reflected p-waves that naturally occur throughout s-

wave measurements. Coating the bender elements with silver paint and grounding 

minimizes electrical crosstalk. The separation of the components considers soil 

disturbances, ensures that measurements occur in the far field, are several wavelengths 
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away from the source and also account for dispersion effects. Orientation of the bender 

elements allows for polarization to occur in the plane perpendicular to the vertical axis-z, 

and prevents changes in effective stress. Figure 6.1 shows a schematic of the design.  

 
Figure 6.1 Shear wave velocity module. a) Field schematic of the fork design. b) Picture 

after fabrication. c) Zoom in view of bender elements installation 

A ceramic feedthrough connects the cables and acts as a pressure seal for the system. 

Vacuum grease around the feedthrough and cables prevents short-circuiting with seawater 

and also maintains the pressure. 

Peripheral electronics connected to the bender elements include a signal generator that 

delivers a 20 Hz/10 Vpp step signal, preamplifier, and an analog to digital acquisition 

system oscilloscope. A low-pass-filter removes direct arrivals, which travel through the 

wall, and a high-pass filter eliminates any high-frequency noise. 

Bender elements

Nylon thread

O-ring groove

Cables cover

Feedthrough

a) b) c) 
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The initial design includes a gravity-driven deployment mechanism. An altimeter 

connected to the upper body of the probe can provide penetration depth measurements. 

Alternatively, it can also connect with a rod joined to a penetrometer rig to control the 

insertion velocity. 

6.4 Laboratory calibration 

Laboratory calibration tests consisted of submerging the probe in prepared sediments 

within a plexiglass chamber (30 cm diameter and 60 cm height). We tested three different 

sediments: Quarzitic sand (KAUST fine), silica flour, and kaolinite (SA-1) with a total 

height of 30 cm submerged under 40 cm of water. Sediment preparation consisted of 1) 

combining sediments and water into a slurry, 2) decanting the slurry into the plexiglass 

chamber and 3) allowing the mixture to settle until no further observed changes in height 

(i.e. consolidation by self-weight finishes). This process took from one hour for the sand 

to several days for the clay. Figure 6.2 shows a schematic of the chamber with the probe 

and sediments. 

Calculations of the shear wave velocity Vs use the travel distance (L=66 mm tip to tip 

between pair of bender elements) and travel time of the first arrival ta (Equation 6.2). 

CODA wave analysis by time-stretched cross-correlation identifies differences in first 

arrival times (Dai et al. 2012). 

 𝑉𝑠 =
𝐿

𝑡𝑎
 (6.2) 
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6.5 Results and Analyses 

This section presents results of shear wave velocities measurements at different depths and 

times after insertion in the three different sediments to analyze laboratory calibration 

outcome and insertion effects. 

6.5.1 Shear wave velocity with time  

Measurements occurred at different times (1, 2, 4, 10, 15, 30 minutes and 1, 2, 4, 8, 12, 24 

hours) after penetration to monitor the induced pore pressure dissipation. We observed 

transmission after insertion, with increases in the signal amplitude over time. The first 

arrival shifted to the left with time. This indicates faster shear wave velocities that result 

from the consolidation process (excess pore pressure dissipation) and suggests higher 

sediment stiffness. Figure 6.2 shows the evolution of shear wave velocity with time at the 

same depth (12 cm) for each sediment. 

Previous work reported rises in shear wave velocity (7%) in soft sediments due to 

penetration effects associated with excess pore water pressure (Yoon and Lee 2010). Our 

measurements showed increases in the shear wave velocity that ranged from 21% (10.5 to 

12.6 m/s) to 71% (4.9 to 7.1 m/s) in clay and 26% (13 to 16.4 m/s) to 139% (5.2 to 15.4 

m/s) in silt. The sand showed slight decreases in the shear wave velocity, potentially due 

to negative pore pressure.  

Figure 6.3 presents the evolution of the shear wave velocity over time for the different 

depths of each sediment. Results indicate that the shear wave velocity is initially constant, 

and then starts to increase with time until it reaches a plateau in soft sediments. When the 

plateau is reached, we assumed there are no changes in the pore pressure (𝑢𝑒𝑥 = 0). The 
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total change in effective stress corresponds to the generated pore pressure due to insertion 

(Equation 6.3 and 6.4). 

 𝜎′ = 𝜎 − 𝑢ℎ𝑦 − 𝑢𝑒𝑥  (6.3) 

 Δ𝜎′ = 𝑢𝑒𝑥                                                                 (6.4) 

A sigmoidal model (logistic function) fits the shear wave velocity measurements to 

determine the plateau (Equation 6.5). 

 𝑉𝑠(𝑡) = 𝑉𝑠𝑡=0 
+
𝑉𝑠𝑡→∞−𝑉𝑠𝑡=0 

1+(
𝑡

𝑐
)
−
𝑑
2

   (6.5) 

There are several mathematical models for excess pore pressure generation typically used 

in the context of foundations, e.g. driven piles and cone penetration testing that result from 

volume displacement and the deformation of the surrounding soil. The underlying physics 

are based on spherical and cylindrical cavity expansion in an elastoplastic medium.  

The excess pore pressure dissipates to the hydrostatic pressure in time after penetration. 

Models that capture this behavior assume radial drainage (Equation 6.6) where 𝑐ℎ is the 

coefficient of consolidation in the horizontal direction. 

 
𝜕𝑢

𝜕𝑡 
= 𝑐ℎ

𝜕2𝑢

𝜕𝑟2
+
𝑐ℎ

𝑟

𝜕𝑢

𝜕 𝑟
  (6.6) 

Table 6.3 shows the solutions to Equation 6.6 that model pore pressure dissipation. These 

models fit the experimental data (Figure 6.4) and are analytical solutions that use 

different methods. Boundary conditions are particularly challenging due to a variety of 

factors that include insertion velocity, vertical and radial displacement of the sediment. 
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Figure 6.2. Shear wave velocity measurements of clay, silt and sand obtained from the Vs-module. Cascades occurred at 12 cm in 

depth and at different times after penetration. Dashed lines represent the first arrival times. Note: plots show two times: measurement 

time in the x-axis which corresponds to the travel time of the shear wave and time after penetration in the y-axis 
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Author Method Solution 

(Barron 1948) Equal strain consolidation 

for instantaneous loading 
𝑈

= 𝑢0  
𝑛2 ln 𝜌 − (

1
2
) (𝜌2 − 1)

𝑛2𝐹𝑛
exp (−

2𝑇𝑟
𝐹𝑛
) 

𝐹𝑛 =
𝑛2 ln 𝑛

𝑛2 − 1
−
3𝑛2 − 1

4𝑛2
 

𝑇𝑟 =
𝑐ℎ𝑡

𝑟𝑒
2
𝑛 =

𝑟𝑒
𝑟𝑤
; 𝜌 = 𝑟/𝑟𝑤 

(Randolph and Wroth 

1979) 

Radial consolidation around 

a cylindrical cavity 

Pore elasticity 

Cavity expansion 

𝑈 = ∑𝐵𝑛𝑒
−𝛼𝑛

2𝑡𝐶0(𝜆𝑛𝑟),   𝑟0 ≤ 𝑟 ≤ 𝑟
∗

𝑈 = 0,     𝑟 > 𝑟∗
} 

𝐵𝑛 =
4𝑐𝑢
𝜆𝑛
2

[𝐶0(𝜆𝑛𝑟0) − 𝐶0(𝜆𝑛𝑅)]

[𝑟∗2𝐶1
2(𝜆𝑛𝑟

∗) − 𝑟0
2𝐶0

2(𝜆𝑛𝑟0)]
 

𝐶𝑖(𝜆𝑛𝑟) = 𝐽𝑖(𝜆𝑟) + 𝜇𝑌𝑖(𝜆𝑟) 

Where 𝐽𝑖 and 𝑌𝑖 are Bessel functions and 𝜆𝑟 

is a zero of the Bessel function. 

(Teh and Houlsby 

1991)  

Strain path method 
𝑈 =

Δ𝑢

Δ𝑢𝑟𝑒𝑓
∼

1

1 + (
𝑇
𝑇50
)
𝑏   

𝑇 =
𝑐ℎ𝑡

𝑑2
;  𝑇50 = 0.061𝐼𝑟

0.5;  𝑏 ∼ 0.75 

(Burns and Mayne 

2002) 

Spherical cavity 

Elastoplastic model 

Shear stress, over 

consolidation 

𝑈

= ∑𝐵𝑛𝑒
−𝑐𝛼𝑛

2𝑡[𝑌0(𝛼𝑛𝑟)𝐽0(𝛼𝑛𝑟𝑝)

+ 𝑌0(𝛼𝑛𝑟𝑝)𝐽0(𝛼𝑛𝑟)]

+ ∑𝐴𝑛𝑒
−𝑐𝛽𝑛

2𝑡[𝑌0(𝛽𝑛𝑟)𝐽0(𝛽𝑛𝑟𝑠)
+ 𝑌0(𝛽𝑛𝑟𝑠)𝐽0(𝛽𝑛𝑟)] 

Where 𝐽𝑖 and 𝑌𝑖 are Bessel functions 

Table 6.2 Excess pore pressure dissipation models 

The diffusion coefficient, coefficient of consolidation, reflects the compressibility and 

hydraulic conductivity of the sediment. The volume change in a saturated soil depends on 

the compressibility of the skeleton. However, the ability of the fluids to move within the 

soil mass controls the time required to implement the volume change (Santamarina et al. 

2001; Terzaghi et al. 1996). The radial consolidation coefficient values obtained with the 

different models are 𝑐ℎclay = 3.5 × 10−8 𝑚2/𝑠, 𝑐ℎsilt = 1 × 10
−7 𝑚2/𝑠, 𝑐ℎsand = 1 ×

10−5 𝑚2/𝑠. 
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Figure 6.3 Results of shear wave velocity and excess pore pressure measurements obtained 

with the Vs-module. a) Evolution of shear wave velocity over time measured at four depths 

for each sediment. b) Calculation of excess pore pressure over time obtained at four depths 

for each sediment. Markers indicate the sediment type: clayey (red), silty (green) and sandy 

(blue) soils. 

6.5.1 Asymptotic shear wave velocity with depth 

Asymptotic shear wave velocity measurements correspond to the values when the signals 

are stable. There are no changes in travel time and any pore pressure dissipates. They are 

closer to in-situ conditions than measurements with pore pressure effects. 

Figure 6.5 presents the cascade of 15 shear wave velocity signatures recorded during the 

penetration of every 1 cm (up to 4 cm depth) with 2 cm measurements taken from 4 to 20 

cm in the sandy, silty and clayey sediments. The travel time of the first arrival decreases 

with depth. Note: measurements obtained after pore pressure dissipation, which varies 
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between 6 to 24 hours depending on the material, i.e. when the time of the first arrival does 

not change.  

 
Figure 6.4 Normalized excess pore pressure dissipation curves for a) clay, b) silt and c) 

sand. Points indicate experimental data and lines show analytical models 
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Measurements of shear wave velocity with depth can assist with estimates of 

compressibility and small strain stiffness behavior. Figure 6.6 summarizes these results. 

Since we did not obtain measurements of density and porosity, we cannot compute the 

effective stress. However, by using a robust physical model for compaction and stiffness 

that also predicts depth-dependent geotechnical properties, we can estimate the effective 

stress for a given depth by assuming an α-factor and β-exponent (Equation 6.1) (Lyu et al. 

2019). We selected the bounding reference sediment that captures the measured Vs-z 

sediment. Table 6.3 shows the assumed α-factor and β-exponent for the different 

sediments.   

Sediment α-factor [m/s] β-exponent 

Clay 33 0.32 

Silt 58 0.25 

Sand 110 0.19 

Table 6.3 The assumed α-factor and β-exponent for the different sediments  

Differences between the compilations of data from the literature (Lyu et al. 2019) 

presented in Figure 6.6 and measured data in this study is due to insertion effects, which 

alter the medium fabric and stiffness even after pore pressure dissipation. 
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Figure 6.5 Shear wave velocity measurements of clay, silt and sand obtained from the Vs-module at different depths. Dashed lines 

represent the first arrival times  
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Figure 6.6 Shear wave velocity vs. depth after Lyu et al. 2019. Black circles correspond 

to clay, silt and sand measurements conducted during our study  

6.6 Discussion 

The results of this study show that in-situ shear wave velocity measurements can 

effectively monitor changes in sediment stiffness due to the sedimentation process (Klein 

2005). These measurements can also highlight excess pore pressure dissipation that results 

from consolidation.  

The shear wave velocity measurements over time also indicate that the probe insertion 

process alters the shear wave velocity by deforming the soil and inducing pore pressure 
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pressure generated from volume displacement results in low velocities. However, after pore 

pressure dissipation, the shear wave velocity increases due to strain and consolidation and 
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reaches an asymptote value during later stages. Nevertheless, the probe provides a lower 

and upper bound for shear wave velocity at different depths. 

The stiffness reflects the sediment type and can further enhance sediment classification. 

An asymptotically correct model with a self-consistent set of parameters can be used to 

estimate the effective stress and void ratio with depth (Lyu et al. 2019). 

6.7 Conclusions 

This study presented a tool to measure the in-situ shear wave velocity in soft sediments. 

The new module complements other sensors in the probe that can simultaneously measure 

pressure, temperature, heat flow, electrical conductivity, permittivity, hydraulic 

conductivity, H and acceleration. We analyzed and tested tree different sediments: clay, 

silt and sand. The main findings follow: 

 The shear wave velocity measured in depth reflects the contact stiffness and self-

compaction. It is useful technique for sediment classification.  

 The shear wave velocity is effective stress dependent. Probe insertion alters the 

granular media stiffness and causes: excess of pore pressure generation and permanent 

stress and fabric changes produced from volume displacement and deformation of the 

surrounding soil.  

 The excess of pore pressure generation depends on the compressibility and 

permeability of the soil and rate of insertion of the probe.  

 The rate of recovery of the shear wave velocity depends of the rate of excess of pore 

pressure dissipation. This is captured by the coefficient of consolidation. 
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 Asymptotic shear wave velocity measurements are closer to in-situ conditions in 

comparison to measurements that contain pore pressure effects. However, differences 

between compilations of data from the published literature and the asymptotic values 

obtained in this study are due to insertion effects. 

 The stiffness reflects the sediment type and can further enhance sediment classification. 

An asymptotically correct model with a self-consistent set of parameters can be used to 

estimate the effective stress and void ratio with depth. Yet, it is important to consider the 

effects of excess pore pressure in the analysis of data collected using destructive testing 

methods. 
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Chapter 7 

Case History: Red Sea Sediments  

7.1 Introduction 

The Red Sea is a young but evolving ocean. It initiated in the Oligocene 30 Ma ago, caused 

by the continental rifting of the Arabian and African plates (Rasul and Stewart, 2015) and 

transitions from continental rifting to oceanic seafloor spreading. The process continues up 

to the present day at a very slow spreading rate of <0.8 cm/yr – 2 cm/yr (Hannington et al. 

2017).  

Several previous sediment exploration campaigns in the Red Sea have focused on water 

columns, geological features and depositional environments rather than sediment behavior 

(Batang et al. 2012; Feldens et al. 2016; Schmidt et al. 2003). Sediment behavior has 

implications for new industrial development and economic growth in the Red Sea, from 

mining and hydrocarbon exploration to tourism infrastructure (Deep-sea mining, KSA 

economic zone, NEOM, Vison 2030). 

The central part of the rift consists of twenty-five separate sub-basins. Some contain brine 

pools of different geneses, and also display hydrothermal activity with associated 

metalliferous deposits in sixteen (Scholten et al. 2000). 

The Atlantis II deep is located on the central part of the Red Sea, positioned on top of the 

rift axis at an average depth of 2 km. This deep contains the largest known hydrothermal 

deposit of the ocean floor (Laurila et al. 2015). 



127 

 

Extensive research has explored the Atlantis II deep and provided data on mineral and 

geochemical characterization (Guney et al. 1988; Laurila et al. 2015; Laurila et al. 2014; 

Laurila et al. 2014), brine pool formation (Swift et al. 2012) and economic assessments for 

mining purposes (Bertram et al. 2011). However, characterization of metalliferous 

sediments for future exploration and identification mapping requires further analyses.  

This chapter presents a comprehensive study conducted at different locations in the Red 

Sea and at various water depths, aimed to understand and investigate sediment formation 

and characteristics -including pore fluid chemistry- to anticipate their engineering behavior 

and to guide future sediment behavior studies in view of ongoing developments in the Red 

Sea. 

7.2 Area of Study 

The origins of Red Sea sediments vary from carboniferous pelagic sediments to transported 

continental siliciclastic. Specific locations also display metalliferous sediment 

accumulations from the precipitation of supersaturated metal-rich fluids or precipitation 

due to hydrothermal circulation. 

The scope of this chapter includes the analysis of sediments from eight different locations 

across the Red Sea. Figure 7.1 shows the sample locations. The samples come from 25 

gravity cores, with 23 collected during six cruises between September 2016 and February 

2019 using the Research Vessel Thuwal (operated and owned by KAUST, KSA). 

Collection of the remaining two cores, from the Atlantis II deep occurred in 2010. All cores 

were properly sealed and stored at 4°C. Table 7.1 shows the location, water depth, possible 

origin, mineralogy and sediment type.
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Figure 7.1 Sample locations 
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Table 7.1 Sample locations and characteristics 

Placemark Latitude Longitude 
Number of 

Cores  

Water 

depth [m] 

Length 

[m] 

Formation 

history 
Mineralogy Type 

South Seeps (SRS-2) 17° 38’ 53.00” N 41° 26’ 01.00” E 9 
211-300 1.5-3 Pelagic   Aragonite, 

Calcite 

Fines 

Jizan (SRS-3) 16° 59’ 37.00” N 42° 19’ 51.79” E 2 

35 1.5-3 Terrigenous and 

pelagic  

Quartz, 

Plagioclase, 

Calcite, 

Aragonite  

Coarse 

Pockmarks 19° 41’ 23.82” N 39° 43’ 33.66” E 2 
398-416 1.5 Pelagic  Aragonite, 

Calcite  

Fines 

North Seeps 26° 00’ 36.66” N 35° 47’ 36.30” E 4 

1088 1.5  Quartz, 

Plagioclase 
Clays, Pyrite  

Fines 

KAUST Brine Pool 22° 17’ 59.40” N 38° 53’ 46.80” E 2 
870 1.5  Pelagic  Calcite, Halite, 

Aragonite 

Fines 

Atlantis II Deep 21° 20’ 37.16” N 38° 4’ 48. 94” E 4 

2100-2300 2.7-3.8 hydrothermal  Oxydes, 

Hydroxides, 

Carbonates and 

Clays  

Fines 

Al Wajh 22° 54’ 31.30” N 35° 47’ 36.00” E 1 
- 0.5 Terrigenous and 

biogenic  

 Aragonite, 

feldspar, quartz 

Coarse 

Rabigh Lagoon 22° 54’ 31.30” N 38° 52’ 18.60” E 1 
10 0.5 Pelagic and 

terrigenous 

Aragonite, 

Calcite  

Coarse 
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7.3 Experimental Study 

This comprehensive experimental study analyzed the samples obtained from different 

locations in the Red Sea to understand and investigate the sediment characteristics and 

behavior. Table 7.2 shows the measured properties and Table 7.3 the number of test 

conducted on samples at each location. 

Table 7.2 Properties measured in Red Sea sediments 

Properties Device/Technique 

Shipboard measurements  

pH pH strips 

Laboratory measurements  

Spatial variability 2D X-Ray Images 

Water content Oven-drying (ASTM D 2216) 

Electrical Conductivity of pore fluid EC probe 

Dielectric permittivity Network Analyzer HP-8752A and coaxial probe (HP 85070) 

Specific surface (Ss) Methylene blue and Crystal Violet adsorption Colorimetry  

Fine content  Sieve (ASTM D7928-16) 

Grain Size Distribution Hydrometer (ASTM D7928-16) and Zetasizer Marven 

Liquid limit (LL) Fall cone (ASTM D 4318) 

Specific gravity (Gs) Pycnometer (ASTM D854) 

Composition/mineralogy XRD MiniFlex from Rigaku, Quanta 600 SEM 

Porosity (n) Gravimetric water content with oven-drying (ASTM D2216). 

Initial void ratio (e0) Gravimetric water content with oven-drying (ASTM D2216). 

Packing density (emax and emin) Japonese Geotechnical Society standard 

Particle Shape parameters Image analysis – Chapter 3 

Geotechnical measurements  

Shear wave velocity (Vs) Bender elements 

Compressibility Oedometer cell 

Coefficient of earth pressure Pressure transducers 

Angle of repose Image analysis – Chapter 3 

Analytical chemistry  

Elemental analysis ICP-OES 

Composition/mineralogy XRD MiniFlex from Rigaku,  

Microstructure and texture Quanta 600 SEM, EDS 
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Test 

Locations 

South Seeps  

(SRS-2) 

Jizan  

(SRS-3) 
Pockmarks 

North 

Seeps 

KAUST  

Brine Pool 

Atlantis II  

Deep 

Al 

Wajh 

Rabigh  

Lagoon 

Imaging 

2D X-ray cores 9 2 2 4 2 2 - - 

SEM images 10 1 4 8 3 10 1 1 

Microcroscope images - 2 - - - - 2 2 

Geotechnical 

tests 

Water content 24 2 8 21 14  8 - - 

Electrical Conductivity of pore 

fluid - permitivity 
6 - 4 8 - 10 - - 

Specific surface (Ss) 18 2 4 4 6 6 - - 

Grain Size Distribution 3 2 1 2 2 7 1 1 

Liquid limit (LL) 18 3 6 12 6 12 - - 

Specific gravity (Gs) 7 1 2 1 2 6 1 1 

Packing density (emax and emin) - 2 - - - - 2 2 

Particle Shape parameters - 2 - - - - 2 2 

Shear wave velocity (Vs) 

Oedometer  

coefficien of earth pressure  

4 2 - - - 9 1 1 

Angle of repose - 3 - - - - 10 10 

Chemical tests 

pH pore fluid 5  - 2  4 -  2 - - 

Elemental analysis - ICP OES - - - - - 28 - - 

Composition/mineralogy XRD 4 1 2 5 1 5 1 1 

Microstructure and texture EDS 10 1 4 8 3 10 1 1 

Table 7.3 Number of tests conducted at each location 
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7.3.1 Sample preparation and methodology 

Sample preparation follows the procedure detailed below: 1) Scan core samples using X-

rays to assess the spatial variability. 2) Split the core longitudinally in two parts using a 

core splitter. 3) Extract fluids using PES filter units by applying a vacuum to the sediment 

and extract sediments with a spatula at regular spacing intervals. Visual inspection and X-

ray intensity data identified distinct layers for further extraction. 4) Flush sediments with 

distilled water until the majority of the salt is removed. This process avoids the face-to-

face aggregation of clayey platelets that occurs when the ionic concentration exceeds the 

threshold of 0.01-0.1 mol/L (Palomino and Santamarina 2005). Fluid electrical 

conductivity measurements taken throughout the process control the final salt 

concentration. 5) Oven-dry metalliferous samples at 40°C until drying is complete to 

minimize thermal effects on the mineralogy. The entire duration varied from days to weeks. 

Other Red Sea sediments were oven-dried at 100 °C. 6) Seal remaining cores in plastic 

wrap and store at 4°C in a cold room. 

The age of the two cores collected from the Atlantis II deep in 2010 prevented accurate 

measurements of the state parameters, which included water content, spatial variability, 

and electrical conductivity of pore fluid, porosity and initial void ratios. 

7.3.2 Pore fluid chemistry 

pH The pH describes the degree of acidity of a substances. Concentrations of H+ and OH- 

influence the surface charge properties, control adsorption in fine-grained sediments with 

differences in pH levels leading to changes in the fabric formation. Measurements of 
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sediment pore fluid acidity use pH strips as an indicator and are conducted onboard after 

sample extraction to avoid oxidation from sediments within the core catcher. 

Electrical conductivity An EC probe measured the conductivity of the pore fluid extracted 

from the sediments and provided information about the total dissolved salt content in the 

sediment.  

7.3.3 Index properties 

Grain Size Distribution Particle size is an inherent particle scale. Governing forces in soil 

particles depend on the grain size. Different separation processes are effective for a given 

range of particle sizes. All samples consisted of fine-grained sediments, with grain size 

distribution determined using sedimentation and hydrometer tests. Since the hydrometer 

test requires a considerable amount of sample (50 g per test), measurements used the 

Zetasizer device, which utilizes dynamic light scattering to obtain the grain size in all 

samples. The limitation of this technique is that it is only applicable for 0.6-10 µm sizes, 

and consequently only used with Atlantis II deep sediments. 

Specific surface The specific surface combines the effects of the particle size and 

slenderness and provides a good indicator of the clay minerals present in the sediments. It 

also influences sediment mechanical, hydraulic, end electrical properties (Santamarina et 

al. 2002). Specific surface measurements used dye adsorption, colorimetry and image 

analysis following the method described in Chapter 2. 
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Specific gravity The specific gravity of a solid particle is an indicator of the mineral present 

in the sediment. Higher specific gravity values associate with heavier metals present in the 

sample. Experiments used a pycnometer to determine the specific gravity. 

Particle shape The shape reflects the grain formation history and controls the behavior of 

coarse-grained soils. Experiments in this study use descriptors that classify soils at different 

scales: form (Aspect ratio sphericity) and corner sharpness (Roundness) using the 

techniques of image analysis and the 3D printed microscope described in Chapter 3. 

Packing density The void ratio range (emax and emin) combines the influence of grain sizes 

and shapes of all fractions that constitute a given soil and leads to reliable estimates of 

compressibility and critical state parameters. Computations use the Japanese Geotechnical 

Society standards, described in Chapter 3. 

Classification Sediments were classified with the Revised Soil Classification System 

RSCS (Park and Santamarina 2017) with the fines fraction based on the sensitivity to pore 

fluid chemistry (Jang and Santamarina 2015) using the liquid limit with contrasting pore 

fluids (deionized water, 2-M NaCl brine, and kerosene). Since the liquid limit with 

deionized water depends on the amount of salt flushed from the original sediments, we 

recorded the electrical conductivity of the remaining pore fluid before drying the specimen 

to establish a baseline.  

Compressibility and Small strain Stiffness Compressibility parameters and small strain 

stiffness for engineering design and classification were determined using an oedometer test 

with bender elements to measure the shear wave velocity under different stress levels. A 
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floating ring ensured a more uniform stress distribution in the interior of the sample. By 

contrast, to earlier experiments, samples were not flushed with deionized water, with 

calculations of initial and final void ratios using the gravimetric water content. The pore 

fluid used for saturation during the consolidation process was a brine NaCl that matches 

the in-situ pore fluid chemistry electrical conductivity.  

Coefficient of earth pressure The coefficient of earth pressure was computed by placing a 

pressure transducer in the oedometer cell during consolidation. The pressure transducer 

contained a large membrane that measured the total stress in the radial direction. The 

calibration of the pressure transducer to obtain the horizontal pressure relied on the fact 

that k0-water=1 and that pore pressure dissipates during consolidation. 

Angle of repose The angle of repose is a simple measurement of the critical state friction 

angle of sands (Bolton 1986; Schofield 1999). Experiments include the external and 

internal slope friction angle measurements using the device and cellphone app described 

in Chapter 4. 

7.3.4 Geochemical characterization 

X-Ray Diffraction (XRD). An XRD MiniFlex from Rigaku was used for the analysis in 

conjunction with the ICDD database (PDF-2/Release 2013 RDB) and the RigakuDemo 

2013 software using the second derivative method. Scans were ~7 hours long for each 

sample to increase the signal to noise ratio and to provide a detailed diffractogram to 

facilitate phase identification. 
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SEM and EDS. A scanning electron microscope SEM obtained images of the grain surface 

and texture. Sample preparation used carbon tape with samples coated with 7 nm of Ir 

target. EDS (Energy Dispersive Spectroscopy) analysis determined the local chemical 

composition and enabled the identification of different minerals within the sample. 

ICP-OES. Inductive Coupled Plasma Optical Emission Spectrometer ICP-OES performed 

elemental analysis on the metalliferous samples. Sample preparation follows this 

procedure: 1) Pulverize washed and dried samples with a mortar. 2) Combine 15 mg of 

sample with 2 ml HNO3 and 6 ml HCl. 3) Place in the microwave for acid digestion. 4) 

After digestion, dilute samples up to 25 ml to measure minor elements and dilute an 

additional 20 to 30 times more to measure major elements. During measurements, each 

batch contained 20 samples, procedural blanks, sample duplicates, standards and certified 

materials (SRM 2702). Separate monitoring of Ag, Al and Na prevented interference. 

7.4 Results and Analyses 

The grain size distribution curve captures the contrasting mean particle size and relative 

grain size (Figure 7.2). The curve reflects the different sediment origins, which include 

terrestrial clays, pelagic carbonates, transported sediments, hydrothermally mineralized 

sediments that appear in Figure 7.3. It also shows the different shapes of crystals that 

appear in hydrothermal sediments together with the biogenic origins seen in 

coccolithophores and diatoms. 

. 
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Figure 7.2 Grain size distribution curves of selected Red Sea sediments 
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Figure 7.3 SEM images of sediments with different origins. Locations: a) Atlantis II deep, b) South seeps, c) Pockmarks, d) South 

seeps e) Atlantis II deep, f) North seeps, g) South seeps and h) Al Wajh 
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Figure 7.4 Index Properties - profiles in depth. Data summary for sediments tested in this study. (a) X-ray images for a core obtained 

from a northern location. (b) Water content, w (%) for values between 44 and 220%. (c) Porosity, n (%) values from 54 to 82%, the 

dashed line, n=60 % corresponds to the mean porosity value reported in Red Sea marine sediments. (d) Specific surface, Ss (m2/g) 

varies from 22 to 81 m2/g and decreases with depth. (e) Mean particle size, D50 (mm) varies between 3.5 to 57 µm. (f) Calculated 

mean pore size µd (mm), between 1.3 and 8 µm. The dashed line corresponds to the nominal size of a microorganism 
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Water content, porosity and in situ void ratio. We computed the porosity n assuming a 

saturation of 100% and using a known water content w and specific gravity 𝐺𝑠 of the 

minerals: 𝐺𝑠 𝑤 = 𝑆 𝑒.  𝑛 =
𝑒

1+𝑒
.  

Water content usually decreases with depth when compaction occurs at the same rate as 

sedimentation. By contrast, sediments that cement faster than the rate of deposition 

typically have a constant water content with depth and lock in porosity after deposition 

(Francisca et al. 2005). Figure 7.4 illustrates water content with depth. 

Mean pore size. Estimates of the mean pore size use the void ratio 𝑒, specific surface 𝑆𝑠 

and density of the sediment 𝜌. 𝜇𝑑 = 𝑘
𝑒

𝑆𝑠𝜌
, where the structure factor 𝑘 depends on the grain 

shape and sediment structure. For platy clay particles 𝑘 ≈ 2 (Phadnis and Santamarina 

2011). We compute the density from the specific gravity and the water density 𝜌 = 𝐺𝑠𝜌𝑤.  

The mean pore size is a property frequently associated with the bioactivity by bacteria of 

the sediments. Pore sizes compare to the nominal size of a microorganism and define 

whether the bacteria within remain active and motile, trapped or if the pore space is 

habitable (Rebata‐Landa and Santamarina 2006). If the mean pore size is smaller than the 

bacteria, we can expect to see inhibited levels of bioactivity, usually one order of 

magnitude less than the mean particle size. 

Normal fine-grained Red Sea sediments FF (fines mechanical and flow controlled) classify 

as low to intermediate plasticity and have low sensitivity to pore fluid chemistry. 

Conversely, metalliferous sediments tend to be more plastic and more sensitive to changes 

in pore fluid chemistry. Moreover, the classification changes and depends on high or low 
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metal contents (Figure 7.5). Liquid limits with deionized water in Red Sea sediments 

correlate with the specific surface. Red Sea sediments follow global sediment trends, 

regardless of origin. Figure 7.6 shows classical correlations from the literature in 

comparison to Red Sea sediments and also displays the specific surface and liquid limit 

experimental results; data from the database (Chapter 4) is plotted as reference. 

Coarser sediments classify as S(S) poorly-graded mechanical and fluid flow controlled by 

sand. The shape parameters and packing densities suggest both a medium friction angle 

and compressibility.  

  

Figure 7.5 Sediment classification using sensitivity to pore fluid chemistry (Jang and 

Santamarina 2015). a) Soil classification chart. The grey dots correspond to sediments in 

the Red Sea, F(LL), green squares to sediments in the Atlantis II deep with low metal 

content, and red squares to sediments in the Atlantis II deep with high metal content. The 

blue marks correspond to the Brine pool F(NL)-F(NS). Black squares represent Southern 

seeps sediments. Sediments are classified as fines, none to intermediate plasticity and low 

to high electrical sensitivity. b) Sediment responses to changes in fluid conductivity and 

permittivity. Circles correspond to electrical sensitivity SE=0.4 and SE=1.0   
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Figure 7.7 Typical test results fine-grained sediments. Sample from Atlantis II Deep and 

Figure 7.8 presents compressibility at large and small strain stiffness parameters. The 

stiffness of the granular skeleton controls the shear wave velocity in sediments, which 

depends on inter-particle contact forces and the degree of diagenesis. It is stress-dependent 

and follows a power-law relation (𝑉𝑠 = 𝛼 (
𝜎′

1 𝑘𝑃𝑎
)
𝛽

). 

 
Figure 7.6 Liquid limit and Specific Surface of sediments, after (Jang and Santamarina 

2015). Data from database described in Chapter 2. Guide lines: Wetzel (1990) correlation, 

Farrar and Coleman (1967) correlation, and absorbed water (𝑤𝑎𝑑𝑠 = 𝑆𝑠𝑡𝑎𝑑𝑠𝛾𝑤 ). Red dots 

correspond to Atlantis II deep sediments, green dots to Northern seeps sediments, black 

dots to Southern seeps sediments and blue dots to the KAUST brine pool 

The α-factor of Red sea sediments follows the global sediment trend (Figure 7.9). Softer 

sediments have lower shear wave velocities at low effective stress and are more 

compressible (higher Cc). The β-exponent, which reflects the sensitivity to changes in 

effective stress, is lower in stiffer, more consolidated, cemented materials.  

Figure 7.10 shows the calculations of the coefficient of earth pressure and typical results 

for a fine sediment. 
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Figure 7.7 Typical oedometer test results obtained from fine-grained sediments. Sample from Atlantis II Deep core GC7B, 58 cm 

depth measured from the top 
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Figure 7.8 Compressibility of fine-grained soil and large and small strain stiffness 

parameters. Sample from Atlantis II Deep core GC7B, 58 cm depth measured from the 

top
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Figure 7.9 Small and large strain stiffness parameters for Red Sea sediments compared with global sediment trends, after Cha 2014 
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Figure 7.10 The coefficient of earth pressure and typical results for fine-grained sediments. 

Dots correspond to measurements from this study 

7.5 Discussion 

The grain size distribution curves indicate that near seafloor sediments vary from coarse-

grained sediments, poorly-graded sands (SS) to fine-grained sediments (FF) silt and clay 

sizes, with flow and mechanical behavior controlled by the fines fraction. The fines fraction 

ranges from 30 to 95% in different deposits. Metalliferous sediments tend to be smaller 

(D50=2-3 μm) and those with a high metal content display increased plasticity and 

sensitivity to changes in pore fluid chemistry. This increase in sensitivity may be due to 

their formation in brine anoxic environments and the impact of oxidation during sampling. 

These factors have implications on sediment extraction, metal concentration and deep-sea 

mining processes. 

In fine-grained near-surface sediments, index properties show high specific surface levels. 

The specific surface measurements of Red Sea sediments follow global sediment trends, 

regardless of origin. The specific surface and liquid limit correlate and cluster according to 
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the location.  The high fines fraction and relatively high specific surface hinder fluid 

conduction and affect the sediment stiffness and strength (Figure 7.11). 

The mean pore size is a property frequently associated with sediment bioactivity. If the 

mean pore size is smaller than the nominal size of a bacteria (1 μm), we can expect to see 

inhibited levels of bioactivity. The estimated mean pore size varies between 1.3 and 8 µm 

for fine-grained soils. The mean pore size is an essential factor for bioremediation in the 

Red Sea. 

Grain composition and formation history determine particle size, shape, packing density, 

and surface texture. They determine the mechanical behavior of the sediment. Mechanisms 

such as particle rotation, alignment, segregation and contact slippage, influenced by 

particle shape and relative size control large shear strain. The constant volume friction 

angle estimated in coarse-grained sediments using the angle of repose measurements reflect 

the influence of particle shape (Figure 7.11).  

The high value of the exponent β=0.36 to 0.59 agrees with the high compression index in 

fine-grained sediments from the Atlantis II Deep, and South seeps. The shear wave velocity 

remains high during unloading as the denser fabric remains locked-in and results in a low 

recompression index. 
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Figure 7.11 Correlations between compressibility, strength and index properties. a) 

Compression index vs. void ratio at 1 kPa intercept, blue represents data from Red Sea 

samples, b) Compression index vs. recompression index, blue represents data from Red 

Sea samples, c) Maximum void ratio vs minimum void ratio, red symbolizes data from the 

Red Sea. d) Roundness vs. constant volume friction angle. Data from the Red Sea shown 

in blue (external angle) and black (internal angle). Note: Chapter 2 database indicated with 

grey dots  
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7.6 Conclusions 

This chapter compiled and studied characteristics of Red Sea sediments from eight different 

locations, which varied in water depth, origin, mineralogies and grain sizes. We aimed to 

anticipate sediment engineering behavior and to guide future sediment studies in view of 

ongoing urban and industrial developments in the Red Sea. The main observations follow: 

 Red Sea sediment formation includes wind and water transported, biogenic and 

diagenesis and in-situ precipitation (authigenic). The central rift axis also displays 

deeps with metalliferous sediment accumulations that result from the precipitation 

of supersaturated metal-rich fluids.  

 The grain size distribution curves indicate that near seafloor sediments vary from 

coarse-grained sediments, poorly-graded sands (SS) to fine-grained sediments (FF) silt 

and clay sizes, with flow and mechanical behavior controlled by the fines fraction. The 

fines fraction ranges from 0 to 95% in different deposits.  

 Metalliferous sediments from the Atlantis II Deep tend to be smaller (D50=2-3 μm) than 

other Red Sea sediments, and those with a high metal content display increased 

plasticity and sensitivity to changes in pore fluid chemistry according to the Revised 

Soil Classification System. 

 Red Sea sediments follow global sediment trends, regardless of origin. Index 

properties show high specific surface levels with high liquid limit values. 

 Computations of mean pore size include measurements of the specific surface, void 

ration and density. The mean pore size is an important parameter because it 

constrains the available living space for bioactivity, a critical factor for 

bioremediation in the Red Sea. 
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 Sediment compressibility and stiffness are relevant for engineering projects such as 

deep-sea mining operations and offshore infrastructure. Red sea sediments follow 

global sediment trends. Softer sediments present lower shear wave velocities and are 

more compressible.  
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Chapter 8 

Conclusions 

This Chapter presents the salient conclusions obtained from Chapters 2 to 7. 

After 100 years of geotechnical engineering, the field needs to address new challenges by 

merging physical understanding, technology and accumulated data. 

Lab-on-a-Bench, Soil database and IT-Tool: 

 We have introduced three complementary, cutting-edge tools to geotechnical 

engineering: a soil parameter database and associated IT-Tool, and Lab-on-a-Bench 

technology. These tools have the capability to characterize fine-grained soils using 

specific surface measurements and coarse grains with image analysis techniques. 

 The Soils database and IT-Tool can predict engineering properties based on index 

properties and validate a self-consistent set of soil parameters. The tools are 

valuable resources for both simple analyses and advanced numerical modeling and 

coupled-process simulations.  

 Lab-on-a-Bench technology has introduced cutting-edge technology to 

geotechnical engineering and will reduce the costs currently associated with 

extensive laboratory testing programs. 

Specific surface 

 We presented a simple and alternative method based on colorimetry and 

implementable with smartphones, to accurately measure the specific surface of 

fine-grained soils. The results show that sudden increases in saturation levels can 
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identify the transition point between the end of adsorption and the beginning of 

excess dye. Therefore, calculations of the specific surface should use the amount of 

dye absorbed and the contact area between the dye and the particle. 

 We highlighted the importance of water-based methods to determine the internal 

specific surface in swelling materials, proposed a quantitative method to measure 

color saturation that reflects adsorption and identified a suitable dye (Crystal violet) 

that reduces the uncertainty of the contact area in comparison to the traditional 

Methylene blue spot test method. 

 Specific surface measurements have critical implications on the engineering 

parameters of the liquid limit, hydraulic conductivity and residual friction angle. It 

controls compressibility, swelling and shrinkage and conduction properties in high 

specific surface materials. 

Coarse-grained sediments 

 Physics of granular materials reflects engineering properties and can be captured 

by measuring size (D50 and Cu), shape (S and R), angle of repose and asymptotic 

packing emax and emin. They have engineering implications: strength compressibility 

behavior and terminal density for repetitive loading. 

 We developed a fast assessment of coarse-grain materials with emphasis on particle 

size, shape, packing densities and angle of repose using image analysis techniques. 

In-Situ Characterization Multi-physics Probe:  

 We developed a magnetic module that can identify metalliferous sediments with 

trace concentrations of ferromagnetic minerals with remnant magnetization 
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measurements in search for companion minerals. The new modules complement 

other sensors in the probe that can simultaneously measure pressure, temperature, 

heat flow, electrical conductivity, permittivity, hydraulic conductivity, pH and 

acceleration. 

 We presented a tool to measure the in-situ shear wave velocity in soft sediments. 

The shear stiffness reflects the soil type and is effective stress dependent. 

Red Sea Sediments 

 Sediment behavior has implications for processes related to recent urban and 

industrial development, and economic growth in the Red Sea and surrounding 

region, from deep-sea mining and hydrocarbon exploration to tourism 

infrastructure. 

 Red Sea sediment formation includes a wide variety of sediments that span from 

carboniferous pelagic sediments to continental transported siliciclastic. The 

precipitation of supersaturated metal-rich fluids results in metalliferous sediment 

accumulations in the main rift axis.  

 Metalliferous sediments display distinct characteristics that include grain size, 

specific surface, sensitivity to pore fluid chemistry, compressibility and magnetic 

susceptibility.  

 Red Sea sediments show genesis-dependent index and engineering properties.  
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APPENDICES 

Appendix A: Colorimetry - RBG to HSV conversion (Chapter 3) 

RGB to HSV conversion (Smith 1978) 

𝐶𝑚𝑎𝑥 = max(�̅�, �̅�, �̅�) 

𝐶𝑚𝑖𝑛 = min(�̅�, �̅�, �̅�) 

Δ = 𝐶𝑚𝑎𝑥 − 𝐶𝑚𝑖𝑛 

𝐻 =

{
 
 

 
 60° × (

𝐺 − 𝐵

Δ
𝑚𝑜𝑑6) ,  𝐶𝑚𝑎𝑥 = 𝑅

60° × (
𝐵 − 6

Δ
+ 2) ,  𝐶𝑚𝑎𝑥 = 𝐺

60° × (
𝑅 − 𝐺

Δ
+ 4) ,  𝐶𝑚𝑎𝑥 = 𝐵

 

𝑆 = {
0,  𝐶𝑚𝑎𝑥 = 0
Δ

𝐶𝑚𝑎𝑥
,  𝐶𝑚𝑎𝑥 ≠ 0

 

𝑉 = 𝐶𝑚𝑎𝑥 

  



167 

 

Appendix B: Protocol for Specific Surface (Chapter 3) 

1. Low resolution: covers the range from 10 – 300 m2/g 

Prepare three concentrations that correspond to 10 m2/g  – 100 m2/g – 300 m2/g 

2.   High resolution: zoom in. 

 a) All transparent: prepare one with higher concentration (500 m2/g) and check. 

b) 10 m2/g (transparent), 100 m2/g (blue), 300 m2/g (blue): prepare concentration 

(20 m2/g) and check. 

c) 10 m2/g (transparent), 100 m2/g (transparent), 300 m2/g (blue): prepare 

concentration (150 m2/g) and check. 

  d) Keep preparing higher or lower concentration depending on the results 

obtained. 

Specific surface m2/g Volume CV [2g/L] mL Volume MB [5g/L] mL 

10 2.8 0.8 

20 5.6 1.6 

100 28 8 

150 42 12 

300 78 24 

500 142 44 
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Appendix C: Particle shape descriptors (Chapter 4) 

Particle shape descriptors, definitions and sketches. After (Rodriguez et al. 2012). 

Descriptor Particle Shape 

Descriptor 

Definition Sketch 

Form Degree of true 

sphericity 

(Wadell 1935) 

Ratio of the surface area 

of the sphere of the same 

volume and the actual 

surface area of the 

particle. 

 

  

Form Inscribed circle 

sphericity 

(Riley 1941) 

 

 

Form Roundness 

(Tickell and Hiatt 

1938) 

Angularity 

(Pentland 1927) 

 

 

 

Form Aspect ratio 

(ImageJ and Image 

Pro) 

Fitted ellipse 

 

 

𝑆 =
𝑀𝑒

𝑀𝑒
 

𝑆 =
𝐷𝑎

𝐷𝑐
  

𝑆 = √
𝐷𝑖

𝐷𝑐
  

𝑆 =
𝐴𝑝

𝐴𝑐
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Form Degree of 

roundness 

(Cox 1927) 

Circularity/Spheric

ity 

(ImageJ) 

Sphericity 

(Altuhafi et al. 2013) 

 

 

 

 

 

 

 

 

Form Perimeter 

sphericity 

(Zheng and Hryciw 

2015) 

 

 

 

Form Sphericity 

(Cho et al. 2006) 

 

 

Form Aspect ratio 

(Krumbein 1963) 

(Altuhafi et al. 2013) 

(Cavarretta 2009) 

Projection 

sphericity 

(Pye and Pye 1943) 

Reciprocal of elongation. 

Uses Feret diameter. 

 

 

 

 

 

 

 

𝑆 =
4𝜋𝐴𝑝

𝑃𝑝
2   

𝑆 =
2√𝜋𝐴

𝑃𝑐
 

𝑆 =
𝑃𝑐
𝑃𝑝

 

𝑆 =
𝐷𝑖
𝐷𝑐

 

𝑆 =
𝑑1

𝑑2
=

1

E
  

𝑆 = √
𝑑1
𝑑2
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Form Sphericity index 

(Alshibli and Alsaleh 

2004) 

 

 

Corners or 

Angularity 
Roundness 

(Wadell 1935) 

 

 

Corners or 

Angularity 

Convexity 

(Altuhafi et al. 2013) 

 

 

Corners or 

Angularity 

Roughness 

(Janoo 1998) 

 

Regularity 

(Mollon and Zhao 

2012) 

 

 

Form Circularity 

(Janoo 1998) 

 

 

 

𝑆 =
𝐷𝑝

𝐿
−
𝐷𝑝

𝐿
 

𝑅 =
∑𝑟𝑖/𝑁

𝑅𝑖
 

𝐶 = 𝐴𝑝/(𝐴𝑝 + 𝐴𝑐𝑜𝑛) 

𝑃𝑝/𝑃𝑐𝑜𝑛  

log
𝑃𝑝

𝑃𝑝 − 𝑃𝑐𝑜𝑛
 

𝑃𝑝
2/𝐴𝑝 
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Corners or 

Angularity 
Roundness 

(Kuenen 1956) 

Sharpest corner diameter 

 

 

Corners or 

Angularity 
Roundness 

(Wentworth 1919) 

 

 

Corners or 

Angularity 

Roundness 

(Dobkins and Folk 

1970) 

 

Sharpest corner diameter 

 

 

Corners or 

Angularity 

Angularity 

(Lees 1964) 

 

 

Corners or 

Angularity 

Irregularity 

(Blott and Pye 2008) 

x is the distance from the 

center of the largest 

inscribed circle to the 

nearest point of any 

concavity, and y is the 

distance from the center 

of the largest inscribed 

circle to the convex hull, 

measured in the same 

direction as x  

 

 

 

𝑅 = 𝐷𝑘/𝐼 

𝑅 = 𝐷𝑖/𝐿𝑠  

𝑅 = 𝐷𝑘/𝐷𝑖  

𝐴 = (180° − 𝑎𝑖)
𝑥𝑖
𝑅𝑖

 

𝐼 = ∑
𝑦 − 𝑥𝑖
𝑦
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Surface 

texture or 

roughness 

Roughness 

(Schwarcz and 

Shane 1969) 

Root mean square 

difference (RMS) 

Fourier analysis 

 

 


