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DISCLAIMER: 
  
This report was prepared as an account of work sponsored by an agency 
of the United States Government.  Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, prod-
uct, or process disclosed, or represents that its use would not infringe pri-
vately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise 
does not necessarily constitute or imply its endorsement, recommendation, 
or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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Context – Goals.  

The physical properties of hydrate bearing sediments are critical for gas production strategies, 

geo-hazard mitigation and its impact on gas recovery engineering. Typically, the determination of 

physical properties relies on correlations and experimental data recovered from conventional and 

pressure cores. Inherent sampling disturbance and testing difficulties add significant uncertainty. 

In this research, we develop a new comprehensive borehole tool for the characterization of hydrate 

bearing sediments, and an IT tool for the physics-bases selection of appropriate parameters.  

 

 

 

Accomplishments 

The main accomplishments for this period include: 

 Borehole tool design: body (sub-task 3.4: Final design and construction) 

o First products from the workshop at KAUST 

 Borehole tool (sub-task 4.3: Final design and construction) 

o Proof of concept: Arduino + Raspberry Pi + sensors 

o New generation  

o Development of packaging strategies for impact & pressure resistance 

 Knowledge and IT (sub-task 2.1: Database) 

o Updated database and key factors analysis 
o Effect of hydrate formation method, hydrate habit and hydrate distribution 

Plan - Next reporting period 

(1) Final construction of the tool with new generation electronics and impact resistance packaging  

(2) Field testing in shallow water (Red Sea) 

(3) Coupling design for drilling operations 



4 

Research in Progress 
 

After multiple delays following our relocation to KAUST, and difficulties with material and 

electronics import/customs, we are pleased to confirm that we are making steady progress again. 

We expect to have the body and modules ready and to conduct the first field test in the Red Sea in 

early December. Still, important conceptual developments, redesign of electronics, and new tool 

construction took place during this period and are reported herein. 

 

In Situ Tool: Ahead of drilling  

 

The new borehole tool comprises a train of modules made of stainless steel 316 for its corrosion 

and mechanical resistance. A new generation of sensors has been selected to measure physical 

properties of hydrate-bearing sediments at a given depth. Solids and fluid samplers will also be 

added. 

 

A total of 3 in-situ tools are being constructed to avoid delays in field operations. Furthermore, 

these three tools will allow us to test different operation modes:  

 full stand-alone (no communication with the surface),  

 wired for real time data gathering and operation, and  

 hybrid operation which can be customized according to the application.  

New parts being machined are shown in Figure 1; these include soil samplers, body connections, 

and sensor modules 

 

  

  

 



5 

A major development was the redesign of electronics to improve the robustness of the operation 

(either stand-alone or wired). 

 

Due to the amount of sensors and the limited space in the body to house the controllers, we decided 

to add a new component: a Raspberry Pi microcontroller. This controller can act as a master 

controller and two Arduino UNO will be the slaves. Therefore, the Arduino UNO will be the direct 

connection to the sensors and save the data in SD cards. The master will communicate with the 

Arduino when to operate and will keep the clock running (for sampling purposes). 

 

The figure shows the proof of concept schematics for this new measuring system. In this case, the 

first Arduino will record the data from the strain gages and 2 thermocouples through an ADC (high 

resolution, 16 bit). The second Arduino will gather the data from the impedance analyzer, 3-axis 

accelerometer and will be able to operate 2 solenoid valves. Pressure transducers were also 

installed but commanded directly from the laptop. 
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This new design was tested by connecting the hydraulic system to a water pressure source and the 

solenoid valves were operated to fill the two containers. The figure shows the results of this test: 

(a) water pressure recordings from 3 pressure transducers; pressure transducer 1 is the pressure on 

the external pressure vessel, and the other two are the internal pressure of the sampler containers; 

(b) temperature readings at the level of the strain gage; (c) strain gage readings; (d) impedance 

analyzer recordings with one change of resistor at 450 seconds of the test; (e) accelerometer 

readings, at 720 seconds of the test, the sensor was shaken and changed directions to determine 

reactions times. 
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Adaptation for shallow hydrate bearing sediments 
 

Results from field, laboratory, and analytical/numerical studies conducted as part of this and other 

DOE projects in our group have shown the potential importance of near-surface hydrate bearing 

sediments. 

 

We are developing a new method to deploy the tool for the characterization of shallow sediments. 

It will be complementary to borehole-based operations as shown in the figure. 
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Knowledge and IT-based tool 

 

Data on stiffness, strength, electrical, hydraulic and thermal properties of hydrate bearing 

sediments were updated during this quarter.  

 

Key factor analysis is based on an extensive collection of available laboratory data, correlations 

and the understanding of fundamental physics. Table 1 summarizes the governing factors for the 

physical properties of hydrate-bearing sediments. 

 
Hydrate-bearing sediments properties are strongly influenced by pore habit and distribution. For 

the data we collected, we recognize the following hydrate formation methods: 

 Excess gas method: sediment is mixed with a certain amount of water and then packed. 

Hydrate-forming gas is injected and pressurized to form hydrate. 

 Ice seed method: sand is mixed with water ice particles. Then the system is pressurized 

with hydrate-forming gas. Temperature increases to allow ice melt and form hydrate. 

 Freeze/thaw/form: moist sand is frozen and thawed. Then the system is pressurized with 

hydrate-forming gas to form hydrate. 

 Freeze/pressurize/thaw: moist sand is frozen. Then the system is pressurized with hydrate-

forming gas. Temperature increases to allow ice melt and form hydrate. 

 Dissolved in water: gas is dissolved in water. Hydrate forms from dissolved phase in water. 

 Excess water method: A certain amount of gas is injected. Then the system is saturated 

with water and pressurized to form hydrate. Or circulate methane charged water through 

porous media. 

 Saturate/displace/form: The system is saturated with water. Gas is injected to replace 

certain amount of water. Or gas may flow through the system to displace certain amount 

of water. 

Hydrate formation affects the physical properties of sediments, according to formation history and 

pore habit. For example, cementation habit increases contact area (stiffness-related properties and 

thermal properties) while pore-filling habit decreases pore size (electrical and hydraulic 

properties). The effect of hydrate saturation and hydrate habit are conceptually summarized in 

Table 2. 
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By comparing different effects on various properties, we are able to evaluate the impact of hydrate 

pore habit on properties, with emphasis on conditions relevant to natural systems. Meso-scale 

uniformity (spatial variability) plays an additional effect.  

 

Physics-inspired models are being developed to provide robust predictions of the properties of 

hydrate-bearing sediments, taking into consideration pore habit. These models are guided by 

physical principles and are anchored to experimental observations and data.  
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Table 1. Key factor analysis for physical properties of hydrate-bearing sediments based on physics and observations. 
 

   Seismic properties Strength properties Electrical proper-
ties 

Hydraulic proper-
ties 

Thermal proper-
ties 

Physics 

  
 
 
 
 
 
 

 

   

Host sediment 

Properties  
of particle 

Specific surface is a 
single index param-
eter that captures 
grain size, particle 
shape, mineralogy. 

Determine friction 
angle and apparent 
cohesion. 

Clay particles 
have high conduc-
tivity due to sur-
face charges and 
high specific sur-
face. 

Pore size deter-
mines permeabil-
ity. Permeability 
decreases as coef-
ficient of varia-
tion in pore size 
increase. 

Solid has the 
highest thermal 
conductivity. 
Higher quartz 
content  higher 
thermal conduc-
tivity. 

Packing Dense packing has 
high small strain 
stiffness for same 
type of sediment. 

High density, high 
strength and stiff-
ness, high dilation 
tendency; hydrate 
becomes more sig-
nificant for dense 
packing sediments. 

Saturated sedi-
ments with high 
porosity have high 
electrical conduc-
tivity. 

Dense packing 
has small permea-
bility for same 
type of sediment. 

High coordina-
tion number leads 
high thermal con-
ductivity. 

Pore fluid Water saturation af-
fects P wave veloc-
ity of sediment. 

 Pore fluid domi-
nates the bulk 
property. Volu-
metric water con-
tent determines 

 Thermal conduc-
tivity increases 
with degree of 
saturation. 
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the electrical con-
ductivity of un-
saturated sedi-
ments. 

Contact Cementation in-
creases small strain 
stiffness. 

Cementation in-
creases strength. 

  Large contact 
area  high ther-
mal conductivity. 

Hydrate 

Hydrate saturation S velocity and P ve-
locity increases 
with hydrate satura-
tion. 

Hydrate increases 
strength and stiff-
ness; sediments 
with higher hydrate 
saturation have 
higher dilation ten-
dency and strain 
softening behavior. 

As a non-conduct-
ing phase, hydrate 
decreases conduc-
tivity 

Permeability de-
creases with in-
crease of hydrate 
saturation. 

Hydrate has simi-
lar thermal con-
ductivity as wa-
ter. 

Hydrate habit and 
distribution 

Cementation habit 
has more effect on 
small strain stiff-
ness of sediments. 

Cementation tends 
to form sediments 
with higher stiffness 
and strength. 

Hydrate pore 
habit and pore 
distribution affect 
the connectivity 
of fluid. 

The reduction of 
permeability de-
pends on how hy-
drates form in 
pores. 

Hydrate increases 
conductive paths. 
It may also ce-
ment contacts. 

Environment 

Effective stress Wave velocities in-
creases with effec-
tive stress. When 
hydrate saturation 
is high, the effect of 
effective stress be-
comes irrelevant. 

Sediments at high 
effective stress ex-
hibit larger strength 
and greater stiff-
ness, strain harden-
ing and compressive 
tendency. Low ef-
fective stress  
higher dilation ten-
dency. 

Effective stress 
increases and po-
rosity decreases. 

 High effective 
stress increases 
packing density, 
coordination 
number and con-
tact area. 

Temperature  Higher strength and 
larger stiffness was 
observed at lower 
temperature. 

Electrical conduc-
tivity increases 
with increase of 
temperature (2% 
per 1 K). 

 Thermal conduc-
tivity increases 
slightly with tem-
perature; thermal 
conductivity of 
gas increases 
with pressure. 
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Table 2. Conceptual models for the effects of hydrate saturation and habit on physical properties of hydrate-bearing sediments. 
 

 
 

Hydrate saturation and hydrate habit Properties Features 

 Seismic properties Only cementation habit has great effect on seismic properties. 

Strength properties All pore habits has little effect on shear strength. 

Electrical properties Electrical resistivity slightly increases. 

Hydraulic properties Pore filling habit will have a greater effect on permeability. 

Thermal properties 
Pore habit has little effect on thermal conductivity of saturated sediments. 
For gas saturated sediments, thermal conductivity can increase significantly 
for cementation habit. 

 Seismic properties Hydrate builds the frame and seismic velocities increase significantly. 

Strength properties Hydrate starts to have clear effect on shear strength. 

Electrical properties Hydrate blocks pores and electrical resistivity increases. 

Hydraulic properties Hydrate blocks pores and permeability drops dramatically. 

Thermal properties Significant thermal conductivity increase should be observed for all habits. 

 
 

Seismic properties Seismic velocities keep increasing. 

Strength properties 
Shear strength increases significantly and hydrate saturation becomes a 
dominant factor affecting shear strength. 

Electrical properties Electrical resistivity increases because of poor pore connectivity. 

Hydraulic properties Permeability drops significantly and it may become impermeable. 

Thermal properties Thermal conductivity keeps high without significant increase. 

Contact cementing Grain coating Pore filling

Hydrate saturation < 0.2 

Frame building 

Hydrate saturation 0.2-0.5 

Hydrate saturated 
Hydrate saturation >0.5 
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MILESTONE LOG 
 

 Milestone 
Completion 

Date 
Comments 

Title 
Planned Date 

Verification method 

Completion PMP 
November 2013 
Report 

11/2013  

Title 
Planned Date 

Verification method 

Insertion – Tool design 
September 2014 
Report 

9/2014  

Title 
Planned Date 

Verification method 

Database and IT tool 
September 2014 
Report 

9/2014 Paper in preparation 

Title 
Planned Date 

Verification method 

Electronics in operation 
January 2015 
Report 

1/2015 

New generation of 
electronics and pack-
aging method in pro-
gress 

Title 
Planned Date 

Verification method 

Lab testing of prototype 
September 2015 
Report 

6/2015 
Refer to previous re-
ports 

Title 
Planned Date 

Verification method 

Tool deployment 
Before September 2016  
Report 

In progress  

 

 

 

PRODUCTS 

 Publications – Presentations: None at this point 

 Website: Publications and key presentations are included in http://egel.kaust.edu.sa/. (for 

academic purposes only) 

 Technologies or techniques: None at this point. 

 Inventions, patent applications, and/or licenses: None at this point. 

 Other products: None at this point. 
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PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

Research Team: The current team is shown next. Note: As agreed with DOE, Georgia Tech 

professor Sheng DAI has joined the project. 

 

 

 

 

IMPACT  

None at this point. 

 

CHANGES/PROBLEMS:  

None at this point. 

 

SPECIAL REPORTING REQUIREMENTS:  

We are progressing towards all goals for this project. 

 

BUDGETARY INFORMATION:  

As of the end of this research period, expenditures are summarized in the following table. See 

specific comments in the footnote to the table  

 

  

Post Doc

Marco Terzariol

PhD 

Zhonghao Sun

Admin. support:
Rebecca Colter

PI:  J. Carlos 
Santamarina

coPI:  
Sheng Dai
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