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ABSTRACT

Mexico is a major supplier of crude oil worldwide, and m ost of its oil 

production comes from offshore reservoirs mainly located in the Bay of 

Campeche, Gulf of Mexico, Mexico. Because oil exploitation is carried out 

offshore, a num ber of offshore structures have been developed in order to access 

the oil reservoirs. Among these structures, offshore platforms are considered the 

key elements of the entire exploration and production system. Recent in situ 

investigations have discovered crude oil m igration from the oil reservoir in the 

Cantarell field, considered the most im portant oil field in the Bay of Campeche, 

into the upper soil strata and sea water. Given the critical role for offshore 

platforms, there is concern that oil contamination may negatively im pact the 

mechanical properties of the foundation soils and present a risk to the stability of 

the offshore platforms.

The objectives of this research are to assess the im pact of oil contamination 

on the mechanical properties of reconstituted, analog sand having the same grain 

size distribution as an im portant sand layer found near a major oil m igration 

area w ithin the Bay of Campeche. The mechanical properties studied included 

shear strength and stress-strain behaviour. The interface friction and the stress- 

displacem ent behaviour between the analog sand and mild steel were also 

addressed to aid in pile-sand interaction investigations.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



It was found that the undrained, triaxial compression stress-strain behaviour 

of the oil contam inated analog sand was improved due to oil contamination. 

Direct shear test results also corroborated the im provem ent in the strength of 

the oil contaminated sand found from the triaxial testing. The interface direct 

shear test results showed that the interfacial friction angle decreases as a result 

of oil contam ination and, depending on the design calculations for the offshore 

piles, m ay present a risk to offshore platform stability.
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1. INTRODUCTION

1.1 Statem ent of the Problem

In 1978, geophysical studies carried out to find the best location for the 

construction of a new offshore platform in the Cantarell petroleum field in the 

Bay of Campeche, Gulf of Mexico, Mexico, discovered gas accum ulations 

beneath the foundation soils. As a consequence, the location of the AKAL-H 

platform  was changed 800 meters from its original location in order to avoid any 

further problem  related to foundation stability.

Subsequent surveys conducted in 1978, 1997 and 2002 have indicated that 

the quantity of vertical hydrocarbon m igration has increased over time. 

Geophysical surveys have also indicated that lateral migration is very likely and 

m ay increase in size. It was also estimated that sites currently w ith minimal 

liquid and solid hydrocarbon contents could become more heavily perm eated 

w ith hydrocarbons, particularly w ithin the more porous granular strata.

Taking into account the current extent and potential expansion of 

hydrocarbons w ithin the foundation zone of some existing structures as AKAL- 

H  platform  and AKAL-C complex, and probably future platforms, it is critical to 

assess the im pact this contamination could have on the mechanical properties of 

those foundation soils.

1
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1.2 Objectives of Research

The main objective of this research is to assess the im pact of oil 

contamination on the mechanical properties of a reconstituted, analog sand, 

w hich matches the grain size distribution of an im portant sand layer found near 

the AKAL-H platform.

The mechanical properties studied include shear strength and the stress- 

strain behaviour. Furthermore, the interface friction and the stress-displacem ent 

behaviour between the artificial sand and mild steel are addressed to aid in the 

pile-sand interaction investigation.

This research will primarily focus on the following im portant soil 

param eters: initial tangent m odulus (Ei); effective and total friction angles ( c j / ,  cp); 

cohesion (c); interface friction angle (6). An additional goal in this study is the 

developm ent of laboratory procedures to achieve these objectives, especially for 

the preparation of the oil contaminated sand specimens.
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1.3 Scope of Thesis

Triaxial undrained tests are used to obtain the stress-strain behaviour of 

the artificial sand, and the shear strength soil parameters. These triaxial tests 

w ere conducted using a reconstituted, analog silty sand specimen fully saturated 

w ith fresh w ater or with a mix of fresh w ater and oil.

The analog sand is silty sand obtained from a sieve analysis of 

Saskatchewan sand and adding 19.32 % of rock flour (silt size grains) based on 

dry weight. This matches the grain size distribution curves of the soil layer #4 

found in the foundation soils in the Cantarell field. The oil is a commercial one 

used for car engines, which matches the kinematic viscosity of the "Maya" 

Mexican crude oil. Direct shear tests were used to compare the shear strength 

param eters betw een reconstituted w ater sand specimens and reconstituted oil- 

w ater sand specimens.

Interface direct shear tests were used to compare the interface frictional 

resistance betw een sand and mild steel for reconstituted sand specimens 

saturated w ith fresh w ater and reconstituted sand specimens saturated w ith  oil- 

w ater mix.
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1.4 O rganization of Thesis

C hapter 2 presents a review of the significant literature for this work. An 

overview of the Mexican petroleum  industry is first reviewed followed by the 

problem  in the Offshore Cantarell Oil Field and previous investigations in this 

area. A sum m ary of papers related to the im pact of oil contam ination on the 

mechanical properties of sand, in particular shear strength and interface steel- 

sand shear strength, is presented.

Chapter 3 describes the testing program  carried out in this research, 

including materials, equipments, and procedures used for the triaxial tests, direct 

shear tests and interface direct shear tests.

C hapter 4 presents the laboratory results and discuss the findings 

obtained from the triaxial tests, direct shear tests and interface direct shear tests.

C hapter 5 sum m arizes the conclusions and provides some 

recom m endations for future work.
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2. LITERATURE REVIEW

2.1 Overview of the Mexican Petroleum Industry

In 1938, w hen President Lazaro Cardenas nationalized American and 

British oil operations in Mexico, there were almost 400 foreign companies and 

more than 200 wells on production in the country. Thenceforth, the Mexican 

governm ent has been in charge of the management of all national hydrocarbons 

resources through the public institution called Petroleos Mexicanos (PEMEX) 

(Sandoval, 1998).

Based on energy production statistics in 2002, Mexico ranks 7th place in the 

w orld for the volum e of crude oil production w ith 3.3 millions of barrels daily. 

As of January 2004, the proven crude oil reserves were estim ated to be 16,040 

millions of barrels, placing Mexico 13th in world for proven reserves (SE, 2004). 

Currently, Mexico produces three different types of oil:

• a heavy oil, term ed Maya, w ith an American Petroleum Institute (API) gravity1 

of 22° and represents 72% of the total production;

• a light oil, term ed Itsmo, w ith an API gravity of 32° and represents 15% of the 

total production;

• a super light oil, term ed Olmeca, w ith an API gravity of 39° and represents 

13% of the total production (SE, 2004).

1 API gravity is used to classify crude oil according to their densities.

5
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Regarding the crude oil production PEMEX, Exploracion y Produccion 

(PEP) has delineated several oil production regions, each region having a variety 

of oil fields and wells, sorted as follow: 1) N ortheast Region, containing Ku- 

M aloob-Zap and Cantarell fields; 2) Southw est Region, containing the Abkatun- 

Pol-Chuc and Litoral de Tabasco fields; 3) N orth Region, containing Burgos, Poza 

Rica-Altamira and Veracruz fields; and 4) South Region, containing the Cinco 

Presidentes, Bellota-Jujo, Samaria-Luna, M uspac and M acuspana fields.

A t the moment, the N ortheast Region is the m ost productive region, 

achieving around 2,416 thousands barrels per day in 2003. This am ount 

represents about 72% of Mexico's total crude oil production (SE, 2004).

The m ain reason for this high productivity  is based on the im portant 

activity underw ay in the Cantarell field, w hich alone accounts for about 61 % of 

the national crude oil production, and is one of the largest offshore developm ent 

projects in  the w orld (SE, 2004).

The Cantarell complex is located about 80 kilometers offshore in the Bay 

of Campeche, Gulf of Mexico, Mexico. It is composed of four major fields: Akal, 

Nohock, Chack and Kutz. Figure 2.1 shows the Bay of Campeche.
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Figure 2.1 Bay of Campeche 
(m odified from FUGRO report 2002)

PEP has intensified its exploration and production activities in the Bay of 

Campeche, recently constructing 27 new wells in the first semester of 2004, alone 

w ith  the associated construction of new  offshore platform s and 61 active drill 

rings (PEMEX, 2004).

Of the 27 new  wells, 16 were used to increase oil production in the Bay of 

Campeche and 11 were used to explore for new  oil reservoirs (PEMEX, 2004).

7
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The Cantarell field currently contains active 217 oil wells from a total of 

360 that were drilled in that zone (PEMEX, 2004).

2.2 Overview of Offshore Platforms

Evolution in the design of offshore platforms, which were first introduced 

in the early 20th century, has resulted in a num ber of innovative structures 

constructed from various materials over a wide range of depths. These have 

included timber platform s structures, concrete gravity structures 

tethered/floating structures, guyed towers, and other 'exotic' designs, as well as 

the now  'conventional' fixed-bottom pile-supported steel platform s structures, 

that were first introduced after W orld War II (Drawe and Reifel, 1986).

The m ost detailed treatm ent related to the "conventional" offshore 

platform s previously published has been the American Petroleum  Institute's 

(API) Recommended Practice for Planning, Designing, and Constructing Fixed 

Offshore Platforms (RP2A), first issued in October 1969 and continuously 

expanded and updated  since then by practitioners from the offshore petroleum  

industry  (Drawe and Reifel, 1986).

The offshore platforms can be categorized according to their function, as 

follows: drilling platforms, production platforms, self-contained drilling and 

production platforms, quarters platforms, riser and manifold platforms, bridges

8
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and flare platforms. The drilling platforms are the most common type in the Bay 

of Campeche (anonymous, 2001a). The platforms can also be categorized based 

on their supporting structure. The m ost popular in Mexico the called "Jacket" 

platform  steel platforms anchored to the seafloor by steel piles. These types of 

platform s w ere developed in United States, with the first installation of this type 

carried ou t in 1946 (anonymous, 2001b). Figure 2.2 shows a jacket platform.

In general, Jacket-type platforms consist of three m ain components, these 

are according to the construction process as follows: the substructure, which is 

the structure located from the sea level to the seafloor and is designed to serve as 

a tem plate for pile driving, and as lateral bracing for the piles; the foundation, 

compose of open tubular steel pipes (steel piles) located from the sea level to the 

required depth  based on the structural and geotechnical analysis, carrying both 

lateral and vertical loads; and the superstructure, which is the structure located 

above sea level and comprised of the necessary trusses and deck space for 

supporting operational and other loads (anonymous, 2001a).

The m ost common pile diam eter sizes used for the foundation of the 

platform s in the Bay of Campeche are: 36, 42, 45, 54 and 60 inches. These are 

installed using the pile driving technique usually at depths between 60 and 120 

meters. For pile driving, a steam ham m er is one the m ost common tool 

(anonymous, 2001a).

9
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Figure 2.2 Jacket-type Platform w ith Skirt Piles 
(from Drawe and Reifel, 1986)

10

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Of the more than 250 platforms in the Bay of Campeche, about half of 

these are four-leg and tripod platforms and the rest are eight-leg systems (Bea, et 

a l,  1999).

For platform s in the Bay of Campeche, the prim ary design load arises 

from  hurricanes waves; w ith secondary design loads due to earthquakes (Bea et 

al., 1999).

2.3 Problems Related to Emanations of Gas

The accumulation of gas in the shallow subsurface soils of the Cantarell 

heavy oil field was first detected in 1978, during pre-construction geophysical 

studies for the AKAL-H platform. Consequently, the platform location was 

shifted from its original location about 800 meters in order to avoid any stability 

issues associated w ith the gas.

D uring explorations studies of the Cantarell field in 1997, shallow 

subsurface gas was discovered b u t this time the gassy zone had expanded 

beneath the AKAL-H platform, the same platform  that 19 years ago was re

located in order to avoid these gassy accumulations.

1 1
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Since then, the researches from the Instituto Mexicano del Petroleo (IMP), 

w ith the help of a group from the Norway Geotechnical Institute (NGI), have 

been in charge to perform geophysical and geotechnical investigations to asses 

and m onitor this natural phenomena.

Until 2001, offshore platforms POOL-D, AKAL-H, and AKAL-GR had 

registered problems related to shallow subsurface gas. For the POOL-D platform  

in particular, these gas accumulations are believed to have resulted in an 

explosion near the platform. Creating a crater 30 meters deep and 76 m eters in 

diameter, and subsequently dow ngrading of the lateral support capacity of six 

piles (IMP, 2000).

2.4 Previous Studies in the Cantarell Field related to the H ydrocarbon macro- 

seep

2.4.1 Introduction

The major concern about hydrocarbon m igration in the Cantarell field is 

related to the possible negative impact on the mechanical properties of the 

subsurface soils that could affect the existing and future structures constructed in 

this zone.

This thesis will be focus mainly in the im pact of liquid hydrocarbon 

perm eating the pore fluids in the granular mass.

12
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Am ong the various projects related to the hydrocarbon migration in the 

Cantarell field, the m ost intense investigation related to this problem was carried 

out by Fugro-Chance de Mexico S.A. de C.V. and Constructora Subacuatica 

Diavaz S.A. de C.V. (FUGRO, 2002).

Offshore geotechnical and geochemical investigations were conducted at 

the proposed AKAL-H (Gas 1) platform location in the Cantarell Field, Bay of 

Campeche, Gulf of Mexico, Mexico. The m ain objective of the geotechnical and 

geochemical investigation was to obtain inform ation on soil and foundation 

conditions, and to evaluate the potential effects of gas and hydrocarbon deposits 

w ithin the platform  foundation areas.

FUGRO (2002) noted the following three observations: 1) The presence of 

both hydrocarbon and inorganic gases, either in solution or existing as free gas 

w ithin the soil pore fluids, at anomalous and very anomalous concentrations; 2) 

The excess pore pressure that may arise episodically in response to events w ithin 

the deeper reservoir; and 3) The presence of liquid and solid hydrocarbon 

deposits and inclusions within the soil profile.
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2.4.2 Cantarell Field Overview

The w ater depths in the AKAL-H (Gas 1) area vary from about 41.5 m  in 

the southeast to about 42.5 m in the northw est. The seafloor is smooth through 

the area and the regional slope of the study area is towards the northw est at 

about 0.18 percent (0.10°). A water depth  of 42.1 m is representative for the 

AKAL-H (Gas 1) location (referenced to Mean Sea Level).

Field investigations conducted by FUGRO (2002) utilized four different in 

situ tools: in situ vane, standard piezocone penetrom eter, piezoprobe and the 

deepw ater gas probe in four different boreholes localized from South to N orth as 

follow: AKAL-H (Gas 2), AKAL-H (Gas 1), AKAL-H (Gas 3) and AKAL-C 

TRIPODE (Gas). A high resolution geophysical survey was also conducted in the 

vicinity of the AKAL-H (Gas 1) borehole. Figure 2.3 shows the boreholes 

localization.
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Figure 2.3 Borehole Localization 
(m odified from FUGRO 2002)
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2.4.2.1 General Subsurface Stratigraphy

The survey area is approximately 3.5 km w ide and 4.0 km long. The long 

axis of the area is oriented north-northwest. The seafloor itself is a very soft to 

firm clay. Beneath this superficial layer of geologically recent deposits lies w hat 

has been interpreted by FUGRO (2002) as a buried reef feature. Geotechnical 

samples from this feature are predom inately calcareous sands and silts w ith 

occasional shell and coral fragments, generally in a layer less than 4 m thick. 

Below this feature is a very stiff clay layer; highly overconsolidated through 

desiccation. Immediately below this layer, generally at about 23 m depth, the 

stratigraphy comprises four major sand units, designated as Sands A, B, C and D, 

separated by overconsolidated clay strata. These alternating layers of carbonate 

to calcareous sand and less thick layer of overconsolidated clay extend to a depth 

of about 120 meters. Below these strata hard  clay interlayered w ith claystone and 

occasional limestone are encountered. FUGRO (2002) concluded that the four 

sand units appeared to be continuous across the survey area, although some 

variability in thickness and gradation. Figure 2.4 shows the four sand layers.
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indicating that it is ancient and has been inactive. Geophysical data indicate that 

the fault extends into the deep strata and probably to the reservoir level. 

Channels along the face of this fault are suspected of being the major vertical 

m igration route for deep thermogenetic hydrocarbons m oving into the 

foundation zone soils (FUGRO, 2002).

2.4.2.3 Distribution of Gas and the "Chimney" Feature

The geophysical survey also revealed evidence of gas in the superficial 

and semi-deep soils in a majority of the study area. The gas generally occurred 

w ithin a corridor centered on the buried fault. The gas found w ithin this corridor 

extends up  to about 900 m to the w est and about 1,350 m  to the east of the fault. 

O utside of the corridor, the concentrations of gas in the shallow and semi-deep 

soils decreases significantly. A large zone of chaotic seismic data w as also used to 

identify a "chimney" feature where gassy shallow soils obscure the underlying 

stratigraphy. The chimney feature indicates proxim ity to m ajor vertical 

m igration routes of thermogenic gas and oil from deep below the surface to less 

com petent, and more porous, foundation-level strata that allow the gas and oil to 

d isperse into a large area as the vertical m igration continues. W ithin the 

chimney, m igration of gas and oil is not limited to the zone directly adjacent to 

the fault plane; because of the large volume of hydrocarbons escaping upw ard

18
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along the fault, the gas and oil is filtering vertically through the overlying soils, 

form ing a high-saturation zone. The soils within this zone are perm eated with 

gas and oil.

The majority of the gas pockets in the superficial clay and "buried reef" 

carbonate sands are located in the southern half of the area and are associated 

w ith  the chimney feature. Several seafloor m ounds were identified in the area 

and it is inferred that these were formed through the expulsion of shallow gas 

through the seafloor (FUGRO 2002). There are m any gas plum es in the w ater 

colum n associated w ith gas in the superficial soils. A comparison of the 

distributions of gas in the superficial soils and gas expulsion into the w ater 

colum n identified during studies in the area in 1978, 1997 and 2002 indicate that 

the quantity and extend of the gas in the superficial soils has increased over time 

(FUGRO, 2002).

2.4.2.4 Characteristics of the Chimney Hydrocarbons

The AKAL-H (Gas 3) borehole location lies w ithin the chimney feature. 

The majority of samples recovered from this borehole below the superficial clay 

w ere visibly perm eated w ith hydrocarbons (FUGRO, 2002). Geochemical 

analyses indicate that the hydrocarbons are of thermogenetic and not biogenetic 

origin and in concentrations that are associated w ith a major seep. In the upper 

clay, the absence of the m ore highly volatile (gasoline-range) and more

19
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biodegradable (n-alkane) components of the hydrocarbon, coupled with the high 

concentration of carbon dioxide, indicates that biodegradation is active within 

the soil. A sharp increase in the concentration of these components corresponds 

to the appearance of a layer of solidified hydrocarbons, or bitumen, at about 13.4 

m  penetration. The bitum en layer is a naturally formed, high concentration of the 

hydrocarbons, which has possibly intruded into a previously existing channel 

feature, displacing the soil. The presence of the more volatile components of 

naturally occurring oil w ithin the bitum en indicates that the layer is relatively 

fresh and not a relic feature (FUGRO, 2002).

Below the bitum en layer, the soils are perm eated with hydrocarbons but 

the concentration of the high molecular weight components generally decrease 

w ith  depth. This reduction m ay be an indication that the borehole is not centered 

over and within a direct vertical migration path, bu t instead lies some distance 

away. The absence of excess pore pressure in the dissipation tests performed at 

the site (FUGRO, 2002) m ay be also be due to the borehole being offset from a 

nearby and more direct m igration route. The headspace gas in the samples does 

increase w ith  depth, slightly, which may be associated w ith a reduction in 

biogenetic degradation. This is consistent with the increasing concentrations of 

the lighter n-alkane components with depth below the bitum en layer (FUGRO, 

2002).

20
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2A.2.5 Lateral M igration of Hydrocarbons

Gas and oil in the deeper strata is generally concentrated w ithin the 

corridor w here the shallow gas is located. It is inferred that the gas is m igrating 

upw ard  along the fault and dispersing w ithin the chimney into the shallower 

strata. U nder certain conditions, w hen the hydrocarbons encounter highly 

porous sand zones, lateral migration away from the fault and chimney feature 

has occurred. Accumulations of gas were detected in the geophysical survey at 

elevations w ithin proxim ity of the AKAL-H (Gas 1) and AKAL-C TRIPODE 

(Gas) borehole sites, generally near the top of sand units or just below thin clay 

sub-layers w ithin the sand units (as later identified in the geotechnical borings). 

The hydrocarbons at these sites, outside the chimney feature, appear to be thin 

lateral stringers of hydrocarbon that have m igrated aw ay from the chimney. 

Geochemical analyses of samples from the borehole sites outside the chimney 

confirm that the hydrocarbons are of the same origin as the hydrocarbons within 

the major seep zone and appear to have m igrated relatively recently from 

thermogenic sources at depth.

The mechanism for hydrocarbon m igration are not well established. Many 

theories have been advanced but few seem to be able to account for the large 

accum ulations of hydrocarbons in the typical reservoir. One theory proposed

21
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that is consistent w ith the absence of excess pressure m easured during the field 

surveys (FUGRO, 2002) is m igration through microfracturing, where migration 

occurs in a series of pulses which lead to hydraulic m icrofracturing of the porous 

m edium  and lateral m ovem ent of the hydrocarbon fluids and gases. The 

accum ulation in the upper regions of the sand layers could also be an indication 

of lateral flow in response to pressure gradients bu t soil pore fluids are not easily 

displaced. A lthough the buoyancy of hydrocarbon liquids and gases, and other 

inorganic gases w ill result in an upw ard  com ponent of force, buoyancy alone 

w ould likely require a large am ount of time to displace pore fluid and 

accum ulate beneath the clay layers.

It is im portant to note that the concentration of hydrocarbons in the 

stringers w ithin the sand strata below AKAL-C TRIPODE (Gas) and AKAL-H 

(Gas 1) are sometimes as high as those encountered in the samples from the 

chim ney feature borehole, AKALH (Gas 3). This dem onstrates that migration 

w ithin a complex subsurface lithology, such as that at Cantarell field, is no t likely 

to lead to uniform  spherical diffusion and dispersion of the fluid and gas. 

Instead, preferential m igration routes m ay become established and lead to a 

highly variable and unpredictable distribution of hydrocarbon (FUGRO, 2002).

2 2

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2.4.3 Effects of Liquid Deposits on Mechanical Properties

The nature of the hydrocarbon deposits encountered in the geotechnical 

and geochemical investigation (FUGRO, 2002) at the four gas-study boreholes 

include the following:

• sands, silts and clays w ith liquid hydrocarbon inclusions (pockets);

• sands, silts and clays with liquid hydrocarbon perm eating the pore 

fluids;

• solid tar-like pitch (bitumen); and

• conglomerate materials of degenerated tar-like hydrocarbon and 

clay, sand or silt.

Small pockets of liquid hydrocarbon inclusions had little measurable 

influence on the response of the soils based on in situ or standard laboratory 

strength tests. W here the soil w as permeated w ith liquid hydrocarbons, no direct 

effects could be discerned; b u t as the hydrocarbon, content increased, it is almost 

certain that free gas will exist in the pore spaces w hich could affect the soil 

response (FUGRO, 2002).

Solid hydrocarbons (bitumen), of sufficient quantity, will affect soil 

properties adversely in foundation design. W here soil hydrocarbons are most 

problematic is w here they exist either as an independent subsurface unit or
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w here they exist at a sufficiently high concentration w ithin a conglomerate soil- 

hydrocarbon material to dom inate the soil response (FUGRO, 2002).

At the AKAL-H (Gas 1) borehole site, pockets of w hat appeared to be 

hydrocarbon were encountered at 22.9 m penetration in Stratum  III, a very stiff 

clay. Additional hydrocarbons were found perm eating the pore fluids between 

about 94.2 and 107 m penetration in Stratum X, a calcareous fine sand stratum, 

w hich is part of the Sand D geologic unit as defined in the geophysical survey 

(FUGRO, 2002).

Geochemical tests on the shallow soil strata above 27.7 m revealed a 

hydrocarbon content slightly above background level (100 to 5,000 ppm). These 

hydrocarbons, as well as those in the deeper strata, are not expected to have a 

discernable effect on the cohesive soil shear strength. No discernable effect on the 

shear strength of cohesive samples w ith these inclusions was noted in either 

laboratory testing or in the in situ (PCPT) record. This conclusion was 

established through a com parison of the strength data presented on the boring 

logs for all four gas borings as well as inspection of the shear strength data from 

unconsolidated-undrained triaxial tests (FUGRO, 2002).

Hydrocarbons present in the granular stratum  X, part of the geologic unit 

Sand D, showed very high m ethane content in the head-space gas test and the 

fluorescence test results indicate a significant hydrocarbon content of higher

24
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molecular w eight compounds. As the hydrocarbon w as observed to be liquid 

perm eating the pore fluids of the matrix of dense to very dense siliceous fine 

sand, the effect on the material properties w ith regard to foundation design was 

evaluated using creep tests performed on similar samples from AKAL-H (Gas 3). 

These tests dem onstrated that creep effects were m inimal after 24 hours of 

sustained load in triaxial compression. At stress ratios (the ratio of the deviator 

stress to the consolidation stress) ranging up  to 0.25, the creep "n", representing 

the decrease in Young's m odulus over time, was essentially zero (FUGRO, 2002).

2.4.4 Sum m ary

Based on field and laboratory studies carried out in the Cantarell field as 

well as intense analysis regarding the im pact of liquid hydrocarbons on the 

mechanical properties of the foundation soils, the following conclusions were 

reached (FUGRO, 2002):

• Elevated concentrations of thermogenic hydrocarbons (gases and liquids) and 

inorganic gas, as well other supporting data (pore w ater sam pling and 

geophysical data), support an interpretation of active fluid m igration from 

depth;

• Anom alous (significant above background level) light hydrocarbons present in 

foundation level strata at the AKAL-H (Gas 1) borehole site and at selected
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depths w ithin the AKAL-H (Gas 2) and AKAL-C TRIPODE (Gas) sites are not 

at present expected to adversely impact the mechanical properties of the soils;

• A nom alous high m olecular w eight hydrocarbons present as liquid and gassy 

inclusions in the pore fluids at selected depths w ithin AKAL-H (Gas 1) and 

(Gas 2); and AKAL-C TRIPODE (Gas) boreholes are also not expected alone to 

adversely im pact foundations. Tests indicate granular soils w ith liquid 

hydrocarbons in the pore fluid do not display creep behaviour;

• The geochemical profile from borehole AKAL-H (Gas 3) displays fresh oils 

w ith  m inim al bacterial alteration in the samples from deeper than about 13.4 

m. Visual exam ination of samples from between about 13.4 and 32.3 m 

penetration reveals that the layer is composed of relatively fresh bitum en. Such 

m aterial will display pronounced creep behaviour and cannot be relied upon 

for either pile frictional resistance or end bearing, although it m ay provide 

lim ited resistance during short-term  loading. No similar layers of bitum en 

w ere encountered at the borehole sites outside the chimney feature; and

® The presence of high volum es of gas and liquids in the superficial clay soils at 

the AKAL-H (Gas 3) site is altering the strength and m odulus of the soil. These 

effects can best be directly accounted for through in situ vane shear testing.

The report concludes that the Ethology and geologic processes ongoing in

the Cantarell Field survey area are very complex and difficult to predict. There
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are concerns w ith  not only naturally occurring phenom ena bu t also reservoir 

developm ent effects on the stability of existing and proposed structures. The 

data available at present is insufficient to fully and quantitatively define the gas- 

related impacts on existing and future structures w ithin the survey area.

2.5 Influence of Oil Contamination on the Mechanical Properties of Sand

2.5.1 Shear Strength

2.5.1.1 Triaxial Tests

Based on the triaxial test, it is possible to obtain the strength param eters 

(cohesion c and angle of internal friction <|>) and also deform ation characteristics 

of the soils (initial tangent m odulus Ei), and is the m ost com m on test technique 

used to investigate the mechanical properties of oil contam inated sands.

The investigations carried out by Evgin et al., (1989), A m or (1990), Evgin 

and Das (1992), H asan et al., (1995) considered two states of initial relative 

density for the sand: (loose and dense) and two liquids for saturation: (water and 

oil). All samples w ere consolidated and sheared under triaxial compression 

conditions up  to about 20% axial strain.

H asan et a l ,  (1995) also conducted triaxial compression tests bu t used a 

constant relative density of 60% in all the tests and the oil saturation in the 

specimens was equivalent to soil contaminated with 6% of heavy crude oil.

27
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The results obtained by Evgin and Das (1992) provide the best 

representation of the mechanical behaviour of samples under the triaxial test, 

saturated w ith w ater and oil and are discussed below.

Drained Tests

The results of experiments on loose, clean sand under drained test 

conditions are provided in Figure 2.5 and the results of similar tests, w here loose 

samples w ere saturated w ith oil, are shown in figure 2.6 for the same range of 

confining pressures. Comparisons between these two Figures indicate that the 

effect of oil contam ination is to decrease the strength and increase the contractive 

volumetric strains.
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Figure 2.5 Results of Drained Tests and Figure 2.6 
Simulations for Clean Loose Sand
a) deviator stress vs. axial strain,
b) volumetric strain vs. axial strain

Results of Drained Tests and 
Simulations for Oil Contaminated 
Loose Sand
a) deviator stress vs. axial strain,
b) volum etric strain vs. axial strain
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Figure 2.7 Results of Drained Tests and 
Simulations for Clean D ense  
Sand
a) deviator stress vs. axial strain
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Figure 2.8 Results of Drained Tests and
Simulations for Oil Contaminated  
Dense Sand
a) deviator stress vs. axial strain
b) volum etric strain vs. axial strain

Figure 2.7 shows the stress strain response of the clean, dense sand in 

drained triaxial tests. The confining pressures used in these tests are 138, 276, and 

414 kPa. Test data related to the oil contaminated sand are presented in Figure

2.8. Figures 2.7 and 2.8 indicate that the strength of the dense sand decreases
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w hen the soil is saturated with oil. There is little difference in the volumetric 

strains developed in clean and contaminated dense sands during shearing. 

U ndrained Tests

The undrained  behaviour of loose sand for both clean and oil 

contam inated states is presented in Figures 2.9 and 2.10 at a confining pressure of 

138 kPa. D uring shear, oil contaminated loose sand generates higher pore 

pressures than clean sand, as shown in Figure 2.9. Their respective effective 

stress paths are illustrated in Figure 2.10.

Figure 2.11 shows the results of undrained tests on dense sand. These tests 

were conducted using a confining pressure of 276 kPa. No significant change is 

caused by oil contam ination on the pore pressure response of dense sand.
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a) pore pressure vs. axial strain;
b) deviator stress vs. mean stress

Table 2.1 sum m arizes the Mohr-Coulomb strength param eters and the 

initial tangent m odulus determ ined from the experimental results by Amor 

(1990).

Table 2.1 Soil Parameters

Type of Sand Loose Dense
Clean Contaminated Clean Contaminated

Internal Friction Angle 
(degrees) 32.2 26.2 41.5 35.3

Initial Tangent Modulus 
(MPa) for

<73=138kPa 19 6 62 100
C3=276kPa 28 14 93 167
03=414kPa 38 23 116 250

32
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Oil contam ination clearly causes a decrease in the angle of friction as well 

as the initial tangent modulus. Except for the initial tangent m odulus of dense 

sand w hich is increased because of oil contamination.

Similar results were found by Hasan et al., (1995) who determ ined 

strength param eters for clean and contaminated sands were (c=0, (f>=32°> and (c=0, 

<j)=30o), respectively, showing a decrease in the friction angle due to oil 

contam ination. The am ount of decrease is less that that found by Evgin and Das 

(1992) because a lower degree of oil saturation was used  by H asan et al., (1995). 

M oreover, the stress-strain curves obtained by H asan et al., (1995) showed a 

softer response for the contaminated sand, w ith  values of the initial tangent 

m odulus, Ei, of nearly half the corresponding values for clean sand, matching the 

trend obtained by Evgin and Das (1992).

Saad (1998) carried out some isotropically consolidated undrained triaxial 

tests on quartzite sand contaminated w ith 60 g/kg heavy crude oil at different 

tem peratures and on clean sand at room tem perature using a modified triaxial 

cell to enable testing at controlled temperatures. The specimens were prepared 

on the base on the triaxial cell, in a rubber m em brane stretched in a thin mold 

and w ere compacted to the m axim um  dry density using vibration under a 

surcharge.
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Table 2.2 presents a sum m ary of the strength param eters for different 

tem peratures. It is clear from the results that the angle of internal friction (<j>) for 

the oil contam inated sand is not sensitive to the testing tem perature. However, 

the oil contam ination resulted in a reduction of m ore than 2° in the <j> value. This 

reduction is attributed to the lubrication provided by the oil at the grain contacts.

Table 2.2 Sum m ary of the Shear Strength Param eters Obtained from Triaxial

Testing

Temperature (°C) Oil Content (g/kg) Cohesion, c (kPa) Friction angle, <|> (degrees)
10 60 11.1 41.7
15 60 9.2 41.5
23 60 7.1 43.1
35 60 7.3 42.7
50 60 11.9 42.2
23 0 0 45.5

According to Saad (1998), the observations w ith regard to the shear 

strength param eters and effect of tem perature on such properties are expected to 

change if samples are tested using drained triaxial testing or if the samples are 

prepared at lower densities. The effect of tem perature will be more pronounced 

at these two situations or their combination.

Based on the experim ental results presented above , it can be concluded 

that the shear strength param eters base on as-molded triaxial tests are not
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sensitive to the testing tem perature when samples are com pacted to their 

m axim um  dry densities.

2.5.1.2 Direct Shear Tests

Cook et al., (1992) carried out direct shear tests on dry  and oil 

contam inated Mississippi River sand where crude oil w as used as the soil 

contaminant. These tests were conducted using different degrees of oil 

contamination, So, initial relative densities, Dr, and total norm al pressures w ith 

the m ain objective to investigate the possible negative effects of the presence of 

oil in the pore spaces on the strength-deformation behaviour, and the angle of 

internal friction.

The test param eters for the direct shear tests are given in  Table 2.3. All 

tests w ere perform ed in an undrained condition at a constant rate of horizontal 

displacem ent of 0.25 m m /m inute.

Table 2.3 Test Parameters Used for Direct Shear Tests

Initial relative density, Dr (%) 40,60,85
Degree of oil contamination, So (%) 0-28.5

Total normal pressure (kPa) 34.5-172.5

The data from the direct shear tests conducted in the laboratory were used 

to obtain shear stress versus horizontal displacement plots for the specimens of 

clean dry sand, and also for crude oil contaminated sand specimens.
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As shown in Figure 2.12, the peak shear stress decreases as the degree of 

oil saturation increases. Other interesting fact that can be observed from Figure 

2.12 is that the m agnitude of horizontal displacement required to mobilize peak 

shear stress increases sharply w ith an increase in the degree of oil saturation.

R elative density, D, = 

\  85%

40%

Degree of saturation , Su (% )

100
S0 = 0%

9.5%

E
Z

28.5%

Normal stress = 103.5 k N /m 1

H orizontal displacem ent (mm)

Figure 2.12 Typical Plots of Shear Stress versus Figure 2.13 Variation of A ngle of Friction 
Horizontal Displacem ent (Dr=65%) versus Degree of Saturation

Figure 2.13 shows that the decrease in the angle of friction is a function of 

both the initial relative density of sand and the degree of crude oil saturation. For 

the range of param eters studied by Cook et al., (1992) the percentage decrease in 

the values of angle of friction ranged from 17.6% to 25% as com pared to its value 

at the same relative density in the dry state. Additionally, for a given degree of 

oil saturation, the decrease in angle of friction is larger for sand at a higher 

relative density. Clearly, the results of Cook et al., (1992) show that shear 

strength param eters of sand are adversely affected by oil contamination.

36

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



H asan et al., (1995) also carried direct shear tests on Jahra sand to examine 

the influence of relative density, type of oil, and percent contamination on the 

effective strength param eters. Tests were conducted at relative densities of 30%, 

60%, and 90%. For four types of oil, the percent oil contamination varied betw een 

2% and 6% by weight. The tests were perform ed in a shear box 100mm x 100mm 

x 20mm w ith  a rate of shear equal to 0.75 m m /m in used for all the tests.

Figure 2.14 shows the relationship between the angle of friction and 

relative density for clean sand, sand mixed w ith heavy crude oil, and sand mixed 

w ith  light gas oil at different oil contents. These results show that the m axim um  

reduction of the friction angle, <)), of 5-7° occurs w ith heavy crude oil. This 

reduction w as evident for all relative densities from loose to very dense 

conditions. M oreover, for the range of oil saturation em ployed in this study, the 

influence of oil saturation on cj) is negligible.

No cohesion was found for any specimen tested in  this program .
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Figure 2.14 Relationship between Relative Density and Friction A ngle  
for H eavy Crude Oil and Light Gas Oil

From this investigation it can be concluded that oil contam ination leads to 

decrease strength. However, the changes are not significant in relation to the 

percentage of oil. The reduction in the angle of friction was 2° for specimens 

prepared  at a relative density of 60% and mixed w ith 6% of heavy crude oil.

Heavy crude oils affect the strength param eters of sand m ore than light 

gas oil and benzene at all relative densities.
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2.5.2 Interface Steel-Sand Shear Strength

2.5.2.1 D irect Shear Test A pparatus

One of the first reported works about the behaviour of interfaces between 

oil contam inated sand and steel was done by Amor (1990) in his m aster's thesis 

research at the University of Ottawa. During his investigation the following 

m aterials were used:

• a factory crushed fine to m edium  quartz sand, designed Silica-24; and

• a M otomaster grade 50 heavy duty  motor oil.

All tests were conducted in a W ykeham-Farrance strain-controlled direct 

shear m achine using a 38mm depth, 50mm2 shear box. For test program , the sand 

w as prepared at a loose state obtained by pluvial deposition. The density of the 

sand specimens ranged from 1.35 g/cm3 to 1.40 g/cm3. Two different types of 

interfaces were tested. The first interface was between the sand and a block of 

m ortar prepared by mixing sand and Portland cement. The finished surface w as 

polished to obtain a clean level interface. The second interface had a steel block 

w ith a surface intentially m ade smooth.

The test procedures w ere similar to conventional direct shear testing, w ith 

the major difference being in the set u p  of the samples. The shear box w as
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assembled in the testing machine w ith the concrete or the steel block in the 

bottom  half. Sand was placed in the top half of the box by pluvial deposition.

Since the testing program  was aimed at establishing the effect of oil 

contam ination on the behaviour on the interfaces, the test procedure was the 

same for both, clean and oil contaminated sand. Oil contam ination was achieved 

by subm erging the shear box in oil. Three normal stresses were applied for each 

particular case and the shear displacement rate used was 0.30 m m  per minute. 

This deform ation rate was used in testing the interfaces in order to have no pore 

pressure generation in drained tests.

Experimental results

The prim ary purpose of the experiments in Amor's study was to 

investigate the effect of oil contamination on the frictional behaviour of the 

interfaces. The experimental data are plotted in the form of shear stress- 

horizontal displacem ent curves in Figures 2.15, 2.16 for steel-sand interfaces. The 

m axim um  shear resistance versus normal stress plots provide the interface 

friction angle, 6. Table 2.4 summarizes the results for interface angles.
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Figure 2.15 Results of Tests on Steel Interface and Figure 2.16 Results of Steel Interface and Oil
Clean Loose Crushed Quartz Sand Contaminated Loose Crushed Quartz

Sand

The interface friction angle, 6, varied by about 1.5° as a result of oil 

contam ination for the sand-concrete interface, while alm ost no change in the 

interface friction angle was obtained for the case of steel-sand interface.

Table 2.4 Sum m ary Results on Interfaces

Type of test Friction angle
Direct Shear test on sand 30.0
Interface concrete and clean sand 27.3
Interface concrete and oil contaminated sand 25.9
Interface steel and clean sand 20.0
Interface steel and oil contaminated sand 20.3

Clearly, A m or's (1990) conclusion was that oil contamination has little 

effect on the interface behaviour for a smooth surface, and only a m odest 

influence for a rough surface.
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In contrast, Hasan and Mostafa (1996) found that for sm ooth surfaces, oil 

is m ore efficient in reducing the interface angle of friction (6), than bentonite. 

M oreover, for rough lubricated surfaces the viscosity of the lubricant has less 

significant effect on reducing the interface angle of friction. Also H asan and 

M ostafa (1996) found that for rough surfaces both oil and bentonite have nearly 

the same effect on reducing the interface angle of friction, while for smooth 

surfaces the reduction in the interface angle of friction depends on the lubricant 

type. Their results also show that not only the stress-displacement relationship is 

affected by the existence of the lubricant in the interface, but the volum e change 

as well. In the case of rough surfaces, lubricants tend to decrease the am ount of 

dilation during the shear tests, while in  the case of smooth surfaces, sand  tends 

to compress (decrease in volume) during shear tests for different lubricants. The 

results also showed that there is no well-defined peak in the case of smooth 

surfaces w ith or w ithout lubricant.

It is im portant to m ention that the sand specimens m ade by H asan and 

M ostafa (1996) were reconstituted and tested dry  in all tests, and w hen a 

lubricant was used, a thin film of the lubricant w as applied on the u p p er surface 

of the construction m aterials utilizing a small brush.
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2.5.2.2 Interface Testing A pparatus

Evgin et al., (1996) present a valuable contribution in his paper called 

"Effect of Oil Contamination on the Behaviour of an Interface".

The experimental program  included (1) constant normal stress tests and 

(2) constant volume tests.

The soil container was a direct shear type with a cylindrical shape having 

base diam eter of 60 mm. The interface was between a smooth steel plate and 

H ostun RF Sand. The average surface roughness of the steel plate was 3 pm. At 

this value of roughness, the surface of the steel plate was considered smooth. 

M otor oil (SAE 15 W-40) was used as the contaminant.

For the experiments w ith oil contam inated samples, oil was placed on the 

surface of the steel plate before the sand was pluviated into the soil container. 

This procedure resulted in the contam ination of 3-4 mm thick layer of soil next 

to the surface of the steel plate. In each experiment, after the application of the 

norm al stress, the sample was sheared in one direction up to about 7 mm. 

Constant Normal Stress Tests

The different values of constant norm al stress, 100,150, and 200 kPa, were 

used in the experiments. The test results for both clean and oil contaminated 

loose sands are shown in Figures 2.17 and 2.18 respectively. The shear strength 

developed at the interface for oil contam inated loose sand was less than that of
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the interface betw een the clean loose sand and steel plate. The coefficient of 

friction of the interface was 0.48 for the clean loose sand and 0.43 for the oil 

contaminated loose sand. The am ount of tangential displacement required for 

the peak strength to develop was between 1 to 2 mm.

100

2 0 0  k P a

co
Q_jx.

15 0  kP aCO(/>0)L_</)
100  k P a

a)
8640 2

Tangential disp., mm

-0.05

- 0.1 -

- 0.2 • -
A 100  k P a  

B 150  k P a  

C 2 0 0  k P a
-0.25 • -

-0.3

Tangential disp., mm

Figure 2.17 Constant Normal Stress Tests on 
Clean Loose Sand
a) variation of shear stress
b) variation of normal displacem ent 

with tangential displacem ent
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Figure 2.18 Constant Normal Stress Tests on Oil 
Contaminated Loose Sand
a) variation of shear stress
b) variation of normal displacem ent 

with tangential displacem ent
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The deformations of the sample in the direction normal to the interface are 

shown in Figures 2.17b and 2.18b. For all test conditions, the loose specimens 

contracted or compressed throughout shearing but oil contam inated specimens 

contracted almost 50% m ore than the clean sand specimens.

For m edium  dense sand, Figures 2.19 and 2.20 illustrate the interfacial 

behaviour for clean and oil contam inated sands. Clean m edium  dense sand 

shows slight strain softening and a dilation response during shear.
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For oil contam inated medium  dense sand specimens, however, both strain 

softening and dilatational volume behaviour disappeared and the interface 

friction angle became smaller. The coefficient of friction of the interface was 0.51 

for the clean sand and only 0.43 for oil contam inated m edium  dense sand.

These test results also show that the influence of density on the coefficient 

of interface friction is significant. W hether the sample dilates or contracts during 

shearing depends on the initial density, as expected, b u t also depends on 

w hether the interface is contaminated w ith oil.

C onstant Volume Tests

In these tests, an autom ated control system continuously adjusted the 

norm al stress in order to m aintain the volume constant during  shear. As a result, 

the norm al stress, which changed during the test, influenced the developm ent of 

shear resistance of the interface. Each test continued as long as the normal stress 

rem ained positive. In all constant volume tests w ith loose, sand for example, the 

norm al stress reduced to zero during shearing.

The variations of shear stress and normal stress during constant volume 

tests are shown in Figures 2.21a and 2.21b for the clean m edium  dense sand 

samples. There w as a reduction in norm al stress up to 0.8 m m  of tangential 

displacem ent followed by increasing the norm al stress up  to a constant value 

slightly larger than the original normal stress.
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Figure 2.22 illustrates the results for oil contaminated m edium  dense sand 

samples. As show n in Figure 2.22, oil contam ination leads to significant changes 

in the sand-steel interface. The norm al stress drops continuously during shear 

and the shear strength of the interface becomes as low as 50% of the strength 

value obtained from interface tests on clean m edium  dense sand samples.
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The m ain conclusions reached from this experimental study are that:

• oil contamination reduces the coefficient of friction at the interface by about 10- 

15%;

• oil contam ination at the interface in m edium  dense sand alters its behavioural 

characteristics such as strain softening and dilation; interface behaviour in oil 

contam inated m edium  dense sand behaves like an interface in clean loose sand; 

and

• constant volume test data show that the undrained behaviour of the interface 

w ould be significantly affected by oil contamination.
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3. TESTING PROGRAM

3.1 Introduction

The main objective of this research is to assess the influence of oil 

contam ination on the stress-strain-strength and interface properties of an analog 

sand representing sand layer IV found w ithin the Cantarell Field. The analog 

sand was reconstituted to have the same grain size distribution as Sand Layer IV. 

The following section describes the three distinct test program s conducted in this 

research:

1. consolidated-undrained compression tests, to study variations in 

deformation properties (Ei), strength param eters (c', cjT) and 

undrained stress path;

2. direct shear tests, to study variations in strength param eters (c, <$>) of 

the sand due to oil contamination; and

3. interface shear tests, to examine the influence of oil contam ination on 

the sand-steel interface strength param eters (c, 5).

3.2 Materials used in Laboratory Program

3.2.1 Analog Sand

Sand specimens from sand layer IV were not available for this research 

study. In fact, due to the offshore location, the availability of any in situ sample 

from  the Cantarell field was extremely limited. Consequently, an analog sand
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w as reconstituted to the specifications of Sand Layer IV in order to provide 

sufficient material to complete the test program . The analog sand is a silty sand 

reconstituted using sieve analyses of locally available Saskatchewan sand and the 

addition of 19.32 % (dry weight basis) of commercial silica sand identified as "Sil 

325". This sand has no plastic properties and is composed prim arily of silt size 

grains w ith a dso of 75 pm. Table 3.1 shows the generalized stratigraphy of the 

soil layer of interest based on two boreholes located nearest the platform  AKAL- 

H, which w as identified as the platform  exposed to the largest risk from  strength 

loss im posed by the oil seepage.

Table 3.1 Description of Soil Layer IV

Borehole Soil
Layer

Penetration (m) Thickness (m) Relative 
Density Dd (%)

Description
from to

AKAL-H2

IV

22.3 37.5 15.2 10-50

Dense to 
very loose 
calcareous 
silty fine to 
fine sand

AKAL-H 
(Gas 1)

23.2 38.1 14.9 65-100
Dense 

calcareous 
silty fine to 
fine sand

Figure 3.1 shows the grain size distribution curves of a series of samples 

taken from the boreholes AKAL-H2 and AKAL-H (Gas 1) at different depths into 

the layer IV (FUGRO, 2002), including the grain size distribution of the analog 

sand.
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Figure 3.1 Grain Size Distribution Curves

Saskatchewan silica sand has highly rounded grains and contains up to 

98.5 per cent silica (SiCh). (Industry and Resources, 2004). The specific gravity of 

the analog sand, Gs, was 2.65 since both the Saskatchewan sand and the silica 

flour both had a Gs = 2.65.

The m axim um  and minimum densities for the analog sand were 

determ ined using ASTM D 4253-00 dry method and ASTM D 4254 -00 A m ethod 

respectively. Table 3.2 summarizes the properties of the analog sand.
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Table 3.2 Soil Properties for Analog Sand

Soil Type
Dry Density p 

(g/cm3)
Void Ratio

(e)
Relative Density 

(Dd)

p d m a x p d m in p ta rg e t G m in Gmnx G target Target for Test 
Specimens

Analog Sand
1.994 1.500 1.760 0.332 0.767 0.506 60%

The analog sand is classified as SM (silty sand) according to the Unified 

Soil Classification System (USCS).

3.2.2 Oil

It was also necessary to select an analog for the heavy crude oil which had 

seeped into the sand layer IV. The oil selected for this research was a commercial 

engine oil, w hich closely matches the kinematic viscosity of the Maya Mexican 

heavy crude oil at 25° Celsius. The viscosity of the Maya Mexican crude oil at 25° 

Celsius is equal to 696.0 Seconds Saybolt Universal (SSU) num ber (Sandoval, 

1998). The SSU num ber is a un it of measure for viscosity and is determ ined using 

ASTM M ethod D88. The SSU is a m easure of the efflux time, in seconds, required 

for 60 mL of a petroleum  product to flow through the calibrated orifice of a 

Saybolt Universal viscometer, under carefully controlled tem perature. To convert 

SSU to the m ore common units of kinematic viscosity, Centistokes, the following 

conversion factor is applicable:
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S S U
Centistokes Units = ------ (3.1)

4.55 v ’

This equation is applicable for centistokes units greater than 50. 

Consequently, the viscosity for the analog oil should be near a kinematic 

viscosity of 153 Centistokes.

In the AKAL-H (Gas 1) borehole, the in situ tem peratures ranged between 

25° and 28° Celsius over the depths between 20 and 80 meters. The in situ 

tem peratures were taken during the field investigations in July and A ugust 2002 

using a tem perature transducer in the Piezoprobe as well as in the D eepw ater 

Gas Probe (DGP) supplied by the NGI (FUGRO, 2002).

The characteristics of sand layer IV were chosen from a depth  of 30 m, 

approxim ately m id-depth in this sand layer. At this depth, the tem perature is 

approxim ately 25° C. A m atch of the analog (engine) oil and M aya crude oil 

viscosity at a tem perature of 25° Celsius was used in selected the analog oil. It 

should be noted that although the viscosity of the engine oil and the Maya crude 

oil w ere similar at 25° Celsius, the viscosity m easurem ents perform ed on several 

oil samples, as show n below, was measured at a tem perature equal to 20° ± 1 ° 

Celsius which corresponded to the average tem perature in the laboratory. In this 

way, the analog oil viscosity at 20° C would m atch the Maya crude oil viscosity 

at the in situ tem perature of 25° C.
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The oil used in this study was chosen from a range of commercial engine 

oils, w hose viscosities were m easured in the laboratory by means of a Brookfield 

viscometer. Figure 3.2 shows all the engine oils tested at different shear rates. 

From this figure it is possible to observe that the engine oil w ith the commercial 

nam e "Pennzoil 5W-30" matches best the kinematic viscosity of the M aya crude 

oil. The m easured kinematic viscosity of the chosen oil at 20° ± 1° Celsius is equal 

to 147.63 centistokes (just 5 units below the M aya crude oil) w ith a m easured 

density equal to 0.8467 g/cm3.
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Figure 3.2 Oils Tested at Different Rates using the Brookfield Viscometer
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3.2.3 Steel

The offshore platforms within the Bay of Campeche are constructed of 

steel w ith structural steel specifications conforming American Petroleum 

Institute (API) standards (API-RP2A-WSD, 1993). For the interface strength tests, 

it w as im portant to represent as closely as possible the interfacial conditions 

between the steel piles of the platforms and the surrounding sand localized in 

the layer IV. To achieve this, a mild steel plate w ith dimensions of 60 m m  x 60 

m m  x 11.48 m m  and a m easured average roughness of Ra = 3.25 pm, which is 

considered smooth, was used in this research to measure the interface friction 

strength betw een sand and steel using the direct shear apparatus.

Surface roughness was m easured by special precision instrum ents that 

m easure the vertical deviation w hen traversing the metal surface. Ra is the most 

commonly used param eter to describe the average surface roughness and is 

defined as an integral of the absolute value of the roughness profile measured 

over an evaluation length:

1 ^
R a - -  J]z(x)|d!v (3.2)

 ̂o

The average roughness is the total area of the peaks and valleys divided 

by the evaluation length and are expressed in unit of length, typically pm. The
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total area of the peaks above the mean line should be equal to the total area of the 

valleys below the m ean line.

The surface roughness characteristics of the m ild steel plate were achieved 

using a milling process performed in the laboratories of the Mechanical 

D epartm ent at the University of Alberta. The average surface roughness (Ra) was 

obtained by means of a portable surface roughness gage, called "Pocket Surf", 

w here the gage was set up  to use an evaluation length of 4 mm. In total 4 

readings were taken at different locations in the shearing direction on the surface 

of the m ild steel plate, w ith the following results Ra: 3.4, 3.2, 3.1 and 3.3 pm, w ith 

an average Ra value of 3.25 pm.

3.2.4 W ater

The w ater used in these experiments was de-aired water.

3.3 Triaxial Tests

The triaxial test program  undertaken for this investigation used a loading 

fram e m odel ELE Tritest 50 and a conventional triaxial cell. Figure 3.3 shows 

the complete configuration of the triaxial testing system used for this research.

In total 7 triaxial tests were carried out, 4 using w ater and 3 using oil as the 

perm eating liquid.
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3.3.1 Sample Preparation

A variety of m ethods have been developed for reconstituting granular 

specimens in the laboratory. These m ethods can be categorized according to the 

m oisture condition of the soil (e.g., dry, moist, or wet), the m ethod of soil 

placem ent (e.g., pluviation, spooning, or flowing), and the m edium  through 

w hich the soil is placed (e.g., air or water). Specimens prepared  using a 

com bination of the above factors can be densified to any desired condition by 

various mechanical procedures including tamping, tapping, rodding, and 

vibrating (Frost and Park, 2003).

Computer

Change

Figure 3.3 Triaxial Test Equipment Configuration
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It is well known that the mechanical properties of the sand changes 

depending on the chosen m ethod to reconstitute the specimens (Vaid et al., 

(1995), Vaid and Sivathayalan, (2000)). It has also been noted that the laboratory 

stress strain results obtained from reconstituted silt and silty sands cannot be 

used to predict the in situ behaviour, unless special efforts are m ade to reproduce 

the soil fabric (Hoeg et al., 2000). Moreover, other studies have pointed out that 

even for identical initial fabric (and density), the response is profoundly 

influenced by other factors such as confining and static shear stress levels, 

direction of principal stresses, and undrained stress path, in addition to density 

(Vaid and Sivathayalan, 2001). Clearly, reproducing in situ conditions in the 

laboratory is extremely difficult.

The m ain objective in this research was to examine the influence of oil 

contam ination on the behaviour of sand analogous to offshore platform 

foundation sands found in the Bay of Campeche. Since in situ sand samples were 

not available, attem pts to strictly recreate the in situ conditions w ould have been 

extremely difficult if not impossible. Consequently, it was decided to focus on 

developing a systematic procedure for the preparation and testing of the sand 

specimens, using an analog sand that closely matches the in situ  characteristics 

and to study the relative changes in its behaviour as a result of the oil 

contamination. To achieve this goal, all sand samples were p repared  under dry
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conditions using a hand-held tam per to reach the target relative density of Dd 

60%. The density of the sand samples was com puted by sensitive m easurem ent 

of the w eight and volume of the sand.

All the samples were reconstituted into an alum inium  split mold. The 

dimensions of the sand specimens were 63.13 m m  diam eter and approximately 

118.80 m m  height, providing a height-diameter ratio equal to 1.88. During the 

preparation, each sand specimen was divided into 4 layers, each layer being 

formed by m eans of applying a quasi-static load, which was used to control the 

density, after pouring 5 small quasi-full spoons into the split mold. Special care 

was required to ensure no dam age occurred to the rubber membrane. The mold 

was dismantled, and the vacuum  was raised to 25 kPa while ensuring that the 

specimen was able to deform freely both in the axial and lateral directions, then 

initial specimen height and diameter were measured, and the results were 

recorded. The partial vacuum  was replaced with a seating cell pressure of 25 kPa.

3.3.1.1 Samples w ith W ater as Permeating Liquid

In the triaxial cell the vacuum  line was removed and the pore pressure in 

the specimen was restored to atmospheric pressure. De-aired w ater was then 

adm itted through the base pedestal, and allowed to percolate upw ards through 

the sample, displacing m ost of the air to atmosphere through the top drainage 

line. This stage was m aintained until a w ater volume equal to 2 times the void
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volume of the specimen (around 250 ml) was collected. The pum ping rate was 25 

m l/hr using a pum ping pressure around 7.00 kPa, which was considered slow 

enough to avoid any grain segregation and fabric disturbance.

3.3.1.2 Samples w ith Oil-Water mix as Permeating Liquid

For the preparation of the oil contam inated samples, the first stages were 

the same as described above, except that for these specimens, two m em branes 

separated by a thin film of silicon grease, which provided protection of the outer 

m em brane from the oil, w as used for the test program . After w ater was flushed 

from the specimen, oil w as introduced from  the top drainage line to the base 

pedestal line until an oil-water mix volume equal to 3 times the void volume of 

the specimen (around 375 ml) was collected. The pum ping rate was about 20 

m l/hr using a pum ping pressure around 30 kPa which is considered slow enough 

to avoid any grain segregation and fabric disturbance.

3.3.2 Testing Procedure

3.3.2.1 Saturation Phase

A series of back saturation B tests were undertaken to ensure that 

adequate sample saturation was achieved. For all samples a back pressure of 400 

kPa was applied by alternative increments in the cell and back pressure. The 

increments in the cell pressure were 25, 50, 100 and 210 kPa, always keeping the 

back pressure 10 kPa below the cell pressure trying to avoid any specimen
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disturbance. In order to accomplish specimen saturation, the 400 kPa back 

pressure was applied for a period of 24 hrs. After the application of the back 

pressure for the 24 hrs period, the cell pressure was increased to the desired 

effective stress and on final B test was performed. The B value for the clean sand 

ranged from 0.73 to 0.82, conversely, for the oil contaminated sands the B value 

w as always 1.00.

The chosen effective stresses were 250, 500 and 750 kPa w ith  a back 

pressure of 400 kPa, therefore applying cell pressures of 650, 900 and 1,150 kPa 

respectively.

3.3.2.2 Consolidation Phase

D uring the consolidation phase all the specimens were consolidated 

isotropically and the volume change and time w as recorded every 10 seconds. 

The consolidation phase was assum ed to be completed no incremental volume 

change was occurring and the pore pressure transducer had reached a constant 

value. Even though all the samples reached a constant volume and pore pressure 

before 15 minutes, this phase was considered finished after 1 hr.

3.3.2.3 Com pression Phase

All samples w ere tested undrained under constant strain rate controlled 

conditions. A constant strain rate of 0.15 m m /m in was used through the test 

program . The com pression testing was continued until a steady state or
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m axim um  deviator stress was reached. All samples were strained to greater than 

20 percent. The pore pressure, cell pressure, back pressure, vertical displacement, 

and vertical load on the sample were m onitored at intervals of 1 m inute using 

electronic transducer devices. All data was recorded in a com puter by means of a 

Dolphin data logger.

3.3.3 Problems Observed during the Test Program

Several problems were encountered during the test program . The main 

problem s that were encountered are listed below:

® Lack of suction in the inner m embranes during the preparation of 2 

specimens selected for oil contamination. The use of two membranes 

instead of one during the sample preparation decreased the effectiveness 

of the pum p to create the suction in the inner membrane.

• Loss of control board pressure for the 2 specimens confined to 750 kPa 

effective stress. Although the pressure system shows a maximum 

capacity of 1,200 kPa, the real capacity (maintaining a constant maximum 

pressure) is about 900 kPa, therefore it was not possible to m aintain a 

constant cell pressure of 1,150 kPa to perform  the maximum chosen 

confining pressures properly.

• A pore pressure transducer cable was dam aged and had to be replaced.
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Figure 3.4 Direct Shear Test Equipm ent Configuration

3.4.1 Sample Preparation

The density of the sand was determ ined by sensitive m easurem ent of the 

weight and volume of the sand. The target initial relative density for the samples 

was Dd = 60%. To facilitate drainage during shear, perforated grid plates were
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• The m em branes used for the oil contaminated specimens w ere partially 

dam aged (showed plastic deformation).

• It was observed that in the oil flushing stage, during the preparation of 

the oil contam inated samples, the collected fluid showed a m ilky color. It 

is inferred that this phenom ena was caused for four possible situations: 1) 

w ater was dissolved into oil 2) a chemical reaction between the oil, w ater 

and sand, 3) a w ashing of fines during this stage, 4) a combination of the 

previous three situations simultaneously.

3.4 Direct Shear Test

The direct shear test program  undertaken for this investigation used a 

W ykeman Farrance direct shear apparatus w ith a shearbox size of 60 mm. 

Figure 3.4 shows the whole configuration of the direct shear test equipm ent.

In total six direct shear tests w ere carried out; 3 using w ater and 3 using oil as 

perm eating liquid.
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Figure 3.5 Oil Contam inated Sand Specimen Prepared in the Triaxial Cell 

After the oil contaminated sand sample was prepared in the triaxial cell, it 

w as split into three sections and each section was disaggregated, as show n in 

Figure 3.6, to allow for the preparation of the three direct shear specimens. 

Special care was taken to ensure m oisture contents did not change in the 

disaggregated sand material. The oil contaminated sand was placed in a dam p 

state in the shearbox and compacted (tamped) as necessary to produce the 

desired density, as show n in  Figure 3.7.

6 6
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Figure 3.6 Oil Contam inated Specimen Preparation: a) Trim m ed Soil from Triaxial 
Specimen and b) Disaggregated Sand Sample

Figure 3.7 Oil Contam inated Specimen Preparation in  the Shearbox: a) Soil in 
Dam p State in the Shearbox and b) Soil in Compacted State into the Shearbox

3.4.2 Testing Procedure

3.4.2.1 Saturation

As described previously, specimens prepared  w ith w ater as the 

perm eating liquid, w ater was poured steadily into the space betw een the 

carriage and  the shearbox, so that w ater could penetrate upw ards through the
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used instead of the solid plates, together w ith a porous plate behind each grid 

plate.

3.4.1.1 Samples w ith  W ater as Permeating Liquid

To avoid segregation, because of the appreciable quantity of silt, the dry 

sand w as placed in a dam p state and compacted (tamped) as necessary, then 

w ater was poured  carefully into the carriage so that it percolates slowly upw ards 

th rough the specimen (Head, 1981).

3.4.1.2 Samples w ith Oil-Water mix as Permeating Liquid

To prepare oil contam inated specimens for direct shear testing, the triaxial 

cell w as used to ensure the same proportion of w ater and oil in the samples as 

the oil contam inated specimens selected for the triaxial tests. Utilizing the same 

procedure discussed in Section 3.3.1.2, one specimen was prepared, as shown in 

Figure 3.5, which provided sufficient material for three oil contaminated direct 

shear specimens.
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specimen, thereby displacing as m uch air as possible present in the voids. After 

adding  water, the specimens were left for 1 hour and any vertical m ovem ent 

resulting from inundation was recorded.

For specimens prepared w ith oil-water mix as the perm eating liquid, oil 

w as poured steadily into the space between the carriage and the shearbox. After 

adding oil, the specimens were left for 1 hour and any vertical m ovem ent 

resulting from inundation was recorded.

3 A .2 .2  Consolidation

After the application of the specified effective norm al stress ov (62.5, 125 

and 250 kPa respectively) the specimens w ere allowed to consolidate for 1 hour 

and vertical m ovem ent was recorded. FUGRO (2002) had estimated that Ko at 30 

m dep th  was approximately 0.5. Given the in situ effective vertical stresses 250 

kPa, this corresponds to an in situ effective horizontal stress of 125 kPa. The 

stress range 62.5 kPa to 250 kPa brackets this stress level and provides a 

reasonable range of anticipated stresses applied to the steel piles at a depth  of 30 

m.

3.4.2.3 Shearing

All samples were tested drained under constant strain rate controlled 

conditions. A constant strain rate of 0.123 m m /m in was used through the test 

program , w hich w as sufficiently slow to avoid any excess pore pressure induced
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by shearing. The shear testing was continued until a horizontal displacement 

around 8 m m  w as reached. The horizontal shear force, vertical movement, and 

horizontal displacem ent were monitored at intervals of 30 seconds using 

electronic transducer devices. All data were recorded in a com puter by means of 

a H ew lett Packard data logger.

3.4.3 Problem s O bserved during the Test Program

The problem s presented in this testing program , as any laboratory test 

carried out on sand, w ere in the reconstitution of the specimens specifically to 

reach the same initial relative density (Dd = 60 %) in all the specimens.

3.5 Interface Direct Shear Test

M any studies have been investigated experim entally the interface angle of 

friction betw een soil and construction materials under a w ide range of boundary 

conditions (Potyondy, 1961; Brum und and Leonards, 1973; Desai, 1981; Boulon 

and Foray, 1986; Kishida and Uesugi, 1987; Boulon, 1989; Al-Douri and Poulos, 

1992; Tabucanon et al., 1995; Subba Rao et al., 1998; Reddy et al.,2000; and Hu 

and Pu, 2004). Very few studies, however, have been conducted to investigate 

the interface behaviour betw een oil contam inated soils and construction 

m aterials or betw een soils and lubricated surfaces and these were prim arily the 

studies discussed in Chapter 2 (Amor, 1990; Evgin et al., 1995; Evgin et al., 1996; 

and H asan and Mostafa, 1996).
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The interface shear test program  undertaken for this investigation used a 

W ykem an Farrance direct shear apparatus with a shearbox size of 60 mm, which 

basically keeps the same test configuration used in the direct shear test as shown 

in Figure 3.4. The m ain difference in setup was the insertion of a m etal plate at 

the base of the shearbox assembly, as schematically shown in Figure 3.8. In total, 

9 interface shear tests were conducted; 5 using w ater and 4 using oil as 

perm eating liquid.

3.5.1 Sample Preparation

The target relative density remained 60% for this test series. The mild 

steel plate w as placed in the lower half of the shear box where the upper surface 

of the plate was levelled w ith the top edges of the lower half, as show n in Figure 

3.9. To achieve the relative density, a specified w eight of sand is placed and 

com pacted in the upper half of the shear box.
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Loading pad
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Sectional V iew Frontal View

Figure 3.8 Shearbox Assembly for Interface Shear Test 
(modified from Subba Rao et alv 2000)

itvmmiS-

Figure 3.9 Steel Plate Placed into the Lower Half of the Shearbox
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3.5.1.1 Samples w ith  W ater as Permeating Liquid

The sam e procedure used for the preparation of the direct shear 

specimens, as discussed in Section 3.4.1.1, was followed for the preparation of the 

w ater-sand interface test specimens.

3.5.1.2 Samples w ith  Oil-W ater mix as Permeating Liquid

The sam e procedure used for the preparation of the direct shear 

specimens, as discussed in Section 3.4.1.2, was followed for the preparation of the 

oil-water-sand interface test specimens. A nother triaxial cell specimen was 

prepared for this test series.

3.5.2 Testing Procedure

The saturation, consolidation and shearing phases followed the same 

procedures explained in  Sections 3.4.2.1, 3.4.2.2 and 3.4.2.3 respectively.

3.5.3 Problem s Observed during the Test Program

Achieving consistent results for the specimen preparation in the interface 

test program  w as difficult. Two additional w ater-sand specimens and one 

additional oil-w ater-sand specimen were required due to three tests w hich did 

not show satisfactory results.
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4. TEST RESULTS AND DISCUSSION

4.1. Triaxial Tests

Two sets of triaxial tests w ere conducted on m edium  dense sand (relative 

density equal to 60%). One set had  w ater as the perm eant or pore fluid and the 

second set had an oil-water mix as the pore fluid. Table 4.1 shows the test 

conditions for the specimens prepared w ith water as perm eating liquid, called 

"w ater samples" and Table 4.2 shows the test conditions for specimens prepared 

w ith  an oil-water mix as the perm eating liquid, called "oil samples".

As show n in these tables, lower m oisture contents, 5% for the oil samples 

as com pared to 17% for the w ater samples, were obtained following 

consolidation of the test specimens. The 5% moisture content for the oil samples 

corresponds to the residual w ater remaining on the w ater-w et sand grains 

following oil saturation.
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Table 4.1 Test Conditions for W ater Samples

SPECIMEN Water#l Water#2 Water#3
INITIAL Density (g/cm3) 2.098 2.095 2.096

Moisture (%) — —

Dry Density (g/cm3) 1.764 1.759 1.760
Void Ratio 0.502 0.507 0.506

AFTER CONSOLIDATION Density (g/cm3) 2.110 2.116 2.119
Moisture (%) 17.91 16.48 18.31
Dry Density (g/cm3) 1.783 1.792 1.798
Void Ratio 0.486 0.479 0.474

SATURATION STAGE Initial pwp (kPa) 5 5 5
Saturated pwp (kPa) 400 400 400
Final Cell Pressure (kPa) 410 410 410
B value 0.73 0.85 0.82

CONSOLIDATION STAGE Cell Pressure (kPa) 650 900 1070
Back Pressure (kPa) 400 400 400
Initial pwp (kPa) 575 817 941
Final pwp (kPa) 400 400 400

COMPRESSION STAGE Cell Pressure (kPa) 650 900 1070
Initial pwp (kPa) 400 400 400
Initial 0 3 ' (kPa) 250 500 670
Rate of Strain (% per hour) 7.35 7.35 7.35

FAILURE CONDITIONS Strain % 23.820 20.160 21.840
( a i - U 3 ) f  (kPa) 544 977 1016
U f (kPa) 435 529 646
a 3f' (kPa) 215 371 424
cru' (kPa) 759 1348 1441
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Table 4.2 Test Conditions for Oil Samples

SPECIMEN O il# l Oil#2 Oil#3
INITIAL Density (g/cm3) 2.045 2.076 2.116

Moisture (%) — —

Dry Density (g/cm3) 1.771 1.822 1.889
Void Ratio 0.496 0.454 0.403

AFTER CONSOLIDATION Density (g/cm3) 2.056 2.098 2.143
Moisture water (%) 5.22 6.69 4.95
Dry Density (g/cm3) 1.790 1.858 1.933
Void Ratio 0.434 0.387 0.333

SATURATION STAGE Initial pmp (kPa) 10 10 10
Saturated pmp (kPa) 400 400 400
Final Cell Pressure (kPa) 410 410 410
B value 1 1 1

CONSOLIDATION STAGE Cell Pressure (kPa) 650 900 1055
Back Pressure (kPa) 400 400 400
Initial pmp (kPa) 640 890 1045
Final pmp (kPa) 400 400 400

COMPRESSION STAGE Cell Pressure (kPa) 650 900 1055
Initial pmp (kPa) 400 400 400
Initial 03  (kPa) 250 500 655
Rate of strain (% per hour) 7.35 7.35 7.35

FAILURE CONDITIONS Strain % 13.700 13.970 16.590
(m-CT3)f (kPa) 1516 2953 2941

Uf (kPa) 144 94 64
CT3f' (kPa) 506 806 991
Gif' (kPa) 2022 3758 3931
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4.1.1. Isotropic Consolidation -  Pore Pressure Dissipation

All samples w ere isotropically consolidated. Figures 4.1 and 4.2 provide 

com parative results on the rate of excess pore pressure dissipation during 

consolidation for oil contaminated and clean specimens at effective confining 

stresses of 250 kPa and 500 kPa, respectively. These results clearly show that oil 

contam inated samples take longer to fully consolidate than clean samples. The 

prim ary reason is the higher viscosity of the oil prevents the rap id  dissipation of 

excess pore pressures. This behaviour was also evident in  the experimental 

results from  Evgin and Das (1992), Cook et al. (1993), Hasan et al. (1995), Wissam 

and  Evgin (1998) and Vijay (2000).

4.1.2. U ndrained Behaviour during Triaxial Compression

Figures 4.3, 4.4, and 4.5 provide the stress-strain and pore pressure 

response curves for w ater and oil samples #1, #2 and #3, respectively. Both sands 

display similar low strain response; contractant behaviour m anifested with 

increasing pore pressures during undrained shear. At the initiation of a dilatant 

response in the samples, however, the behaviour between the w ater and oil 

sam ples begins to differ. The water sample displays mild strain hardening 

response w ith  an eventual decrease in pore pressure at large (> 10%) axial strains. 

The oil sample, however, displays a highly dilatant, strain hardening response 

w ith  the concomitant rapid decrease in pore pressures. Because of the highly
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dilatant response for the oil samples, they tend to reach a maximum deviator 

stress at lower axial strain (sa~ 14%) than the clean samples (sa~ 25%). The strain 

hardening response of the oil samples results in a larger m axim um  deviator 

stress than the w ater specimens. The implication of this type of behaviour is that 

oil contam ination m ay positively influence the undrained strength of silty sand, 

given that the sand shows a dense behaviour in the stress-strain curves, w ith a 

peak deviator stress and strain softening after the peak. On the other hand, the 

clean sand behaves m ore like loose sand, showing the m aximum deviator stress 

a t high axial strain (around 22 %) w ithout any peak.
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Figure 4.1 Pore Pressure Dissipation for W ater and Oil Samples #1
( ( 7 3 = 2 5 0  kPa)
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Figure 4.2 Pore Pressure Dissipation for W ater and Oil Samples #2
(o'3=500 kPa)

The cyclic pressure response that occurred in the tests for Sample #3 

(Figure 4.5) occurred because of pressure loss in the control board of the testing 

system. This interm ittent pressure loss caused the cell pressure to increase and 

decrease in a cyclic m anner w ithout any control w hen it was intended to apply 

the m axim um  capacity of the pressure system.

Also shown in Figures 4.3, 4.4 and 4.5 are undrained pore pressure 

responses that developed in the samples during shear. The same trend is 

apparent in all tests; the water samples develop higher pore pressures than the 

oil samples during shearing, causing a reduction in mean effective confining
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stress and therefore a lower maximum deviator stress or failure stress is reached 

in the clean sand than in the oil contam inated sand.

Table 4.3 summarizes the soil strength and deformation param eters 

determ ined from the triaxial tests data. For frictional strength, the norm alized 

stress or stress ratio curves shown in Figure 4.6 are utilized. Based on the q/p ' 

values at failure noted in this figure, the effective friction angle for the w ater 

sam ples is 35.4° and the effective friction angle for the oil samples is 39.4°. Note 

that sam ple #3 for both the w ater and the oil samples w as excluded from this 

analysis. While the mechanisms are unclear, these results show that the -  

presence of the oil improves the strength param eters of the sand since the 

effective friction angle is almost 4° higher than the w ater saturated sand. 

Furtherm ore, the initial tangent m odulus (Ei) and secant elastic m odulus (Es) 

show  higher values for the oil contam inated specimens than for the clean 

specimens. The values of the secant elastic m odulus (Es) were com puted as the 

ratio of m axim um  deviator stress to the axial strain at this stress level.

4.1.3. U ndrained Stress Paths

Figures 4.7 4.8 and 4.9 compare the stress paths betw een the oil 

contam inated samples and the clean samples. These plots show how  the effective 

norm al pressure, in the plane of the m axim um  shear stress of the specimens, 

changes during  the shearing. From these plots can it be seen that the oil
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contam inated sam ples clearly exhibit strain hardening behaviour and can 

develop significantly higher shear stresses at failure than the w ater samples. The 

prim ary  mechanism  for this is the developm ent of higher effective normal 

pressures in the shear plane for the oil contam inated samples com pared w ith the 

clean samples.

4.2. Direct Shear Tests

Tables 4.4 and 4.5 show the initial and after consolidation conditions of 

the sand specimens. Although the original idea was to prepare the sand 

specimens w ith  a relative density around Dd= 60 %, it w as experienced the 

challenge to prepare the sand specimens w ith the same densities under different 

sam ple preparation conditions. Like the one for oil contam inated sand (sand 

already saturated) and clean sand (dry sand).

The result was in general sand specimens prepared w ith a density slightly 

lower than the proposed, especially the oil contam inated specimens which 

show ed lower calculated dry  densities in all cases.

A ppendix A provides additional inform ation about a couple of sand 

samples tested during  the triaxial test program.
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Table 4.3 Sum m ary of Soil Param eters - Triaxial Test -

Clean Sand Oil Sand
Effective Internal Frici 

4)' (degrees.
don Angle

35.4 39.4
At

(Auf/Aqt)
Specimen #1 +.07 -.17
Specimen #2 +.13 -.10
Specimen #3 +.20 -.12

Initial Tangent Modulus 
Ei 

(MPa)

Specimen #1 23 28
Specimen #2 101 120
Specimen #3 128 157

(for as = 1,055 kPa)
Secant 

Elastic Modulus 
Es 

(MPa)

Specimen #1 2.3 11
Specimen #2 4.9 21
Specimen #3 4.7 20

(for 03 = 1,055 kPa)
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Table 4.6 shows the failure conditions for the sand specimens. The failure 

condition w as taken at the m aximum shear stress developed during shearing in 

all cases. It can be seen that for all specimens tested under the same normal 

stress, the oil samples show better strength/deform ation properties than the 

w ater samples. It appears that the oil saturation is causing the sand to behave in 

a dense m anner, even though the density is below the dense state for this silty 

sand. These results agree w ith the triaxial tests results presented in the previous 

section.

Table 4.7 shows the w ater content of the specimens after shearing. The 

w ater content of the specimens after shearing agrees w ith the triaxial test

8 6
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samples for both clean and oil contam inated soil conditions. This im plies a 

consistent sample preparation between the triaxial and direct shear tests.

4.2.1. Shear Stress and Vertical M ovement versus Horizontal D isplacem ent

Figures 4.10, 4.11 and 4.12 com pare the shear stress/vertical displacem ent 

v.s. horizontal displacem ent behaviour of the oil and w ater sand specimens. 

These plots clearly illustrate the oil samples behaving like dense sands as 

evidenced by the strain softening behaviour after the peak shear stress has been 

reached. The w ater sand samples behaviour very m uch like loose sand. The 

dense, dilatant response for the oil samples is also reflected in the vertical 

displacem ent behaviour during shear. Oil samples show an increase in volum e 

o r increasing vertical displacem ent while the w ater sands samples decrease in 

volum e during shear.

Appendix A provides additional inform ation about an oil contam inated 

sand sample tested during the direct shear test program .
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Table 4.4 Initial Soil Conditions - Direct Shear Test -

Sample Void Ratio e0 Dry Density pD (g/cm3)
A Dry Density p0 
Water vs Oil (%)

A Dry Density 
from target ptarget 1.760 g/cm3 (%)

Soil-Soil Water #1 0.573 1.683 -4.3
Soil-Soil Oil #1 0.697 1.520 -9.7 -13.6
Soil-Soil Water #2 0.547 1.712 -2.7
Soil-Soil Oil #2 0.637 1.576 -7.9 -10.4
Soil-Soil Water #3 0.565 1.693 -3.8
Soil-Soil Oil #3 0.597 1.615 -4.6 -8.2

Table 4.5 Soil Conditions after Inundation  and  Consolidation - Direct Shear Test -

Sample Void Ratio ei Dry Density pi (g/cm3)
A Dry Density pi 
Water vs Oil (%)

A Dry Density 
from target ptarget 1.760 g/cm3 (%)

Soil-Soil Water #1 0.515 1.749 -0.6
Soil-Soil Oil #1 0.683 1.533 -12.3 -12.9
Soil-Soil Water #2 0.481 1.788 1.6
Soil-Soil Oil #2 0.617 1.595 -10.8 -9.3
Soil-Soil Water #3 0.489 1.779 1.1
Soil-Soil Oil #3 0.578 1.635 -8.1 -7.1

00
00
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Table 4.6 Failure Conditions - Direct Shear Test -

Sample
Maximum Shear Stress 

(kPa)
Normal Stress 

(kPa)
Horizontal Displacement 

(mm)
Vertical Movement 

(mm)
Soil-Soil Water#l 49.72 62.5 4.261 -0.237
Soil-Soil Oil#l 51.39 62.5 0.876 0.123
Soil-Soil Water#2 89.82 125 4.342 -0.361
Soil-Soil Oil#2 111.55 125 0.898 0.105
Soil-Soil Water#3 162.52 250 4.173 -0.440
Soil-Soil Oil#3 192.60 250 2.059 0.109

Table 4.7 W ater C ontent after Shearing - Direct Shear Test -

Sample
Water Content 

(w%)
Soil-Soil Water #1 16.99
Soil-Soil Oil #1 4.70
Soil-Soil Water #2 16.60
Soil-Soil Oil #2 5.02
Soil-Soil Water #3 15.58
Soil-Soil Oil #3 4.46

oo



Table 4.8 shows the sum m ary of the soil param eters for each soil 

condition. The analysis confirms that the shear strength for the oil contam inated 

sand is higher than the w ater sand. The internal friction angle for the oil 

contaminated sand is almost 5° higher than the one of the clean sand, and the 

cohesion found in the oil contaminated samples is 2 kPa higher than the clean 

samples. The cohesion found in the direct shear test agrees w ith the soil 

param eters found in soils w ith appreciable am ount of silt (Head, 1981).

4.3 Interface Direct Shear Tests

Tables 4.9 and 4.10 show the pre- and post-consolidation state for all the 

sand specimens. The original concept was to prepare the sand specimens w ith  a 

relative density around Dd = 60 % but unfortunately, significant challenges were 

experienced during the preparation of sand specimens that had the same 

densities as the oil contam inated sand (sand already saturated) and clean sand 

(dry sand).

As a result, interface shear tests specimens were prepared w ith a density 

slightly lower than the target density, especially the oil contam inated specimens 

which had lower dry  densities in all cases.
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Table 4.8 Sum m ary of Soil Parameters - Direct Shear Test -

Internal Friction Angle cj) 
at Maximum Shear Stress 

(degrees)
Cohesion c 

(kPa)
Clean Sand 30.8 13.3
Oil Contaminated Sand 35.3 15.9

Table 4.11 shows the failure conditions for the sand specimens. The failure 

condition was taken at the maximum shear stress developed during shearing. 

Table 4.12 shows the water content of the specimens after shearing. The w ater 

content in the specimens after shearing is quite similar w ith the triaxial test and 

direct shear test samples for both the w ater and oil contaminated conditions.

4.3.1 Shear Stress and Vertical Movement vs Horizontal Displacement

Figures 4.13, 4.14 and 4.15 compare the shear stress/vertical displacem ent 

versus horizontal displacement behaviour for both oil contaminated and w ater 

sand specimens. These plots show that the oil contaminated sand behaves like 

dense sand, displaying a strain softening response following the peak shear 

stress, even though the density is lower than the w ater sand, which behaves like 

loose sand. A lthough the oil sand specimens behave as if they were prepared in 

a dense state, their maximum shear stress are alm ost the same as the clean sand 

specimens. As well, the steel-sand w ater #3 sample developed a higher 

m axim um  shear stress during shearing than the steel-sand oil #3 sample 

(Figure 4.15) at the same norm al stress.
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Table 4.9 Initial Soil Conditions - Interface Direct Shear Test -

Sample Void Ratio eo
Dry Density po 

(g/cm3)
A Dry Density po 
Water vs Oil (%)

A Dry Density from target 
ptarget =1.760 g/cm3 (%)

Steel-Water #1 0.646 1.609 -8.6
Steel-Oil #1 0.737 1.480 -7.99 -15.8
Steel-Water #2 (B) 0.646 1.609 -8.57
Steel-Oil #2 0.706 1.507 -6.29 -14.3
Steel-Water #3 (B) 0.645 1.610 -8.5
Steel-Oil #3 0.659 1.550 -3.70 -11.9

Table 4.10 Soil Conditions after Inundation and Consolidation -  Interface Direct Shear Test -

Sample Void Ratio ei
Dry Density pi 

(g/cm3)
A Dry Density pi 
Water vs Oil (%)

A Dry Density from target 
p ta r g e t= 1 .7 6 0  g/cm3 (%)

Steel-Water # 1 0 . 5 8 9 1 . 6 6 7 - 5 . 2

Steel-Oil # 1 0 . 7 3 1 1 . 4 8 5 - 1 0 . 9 - 1 5 . 6

Steel-Water # 2  (B) 0 . 5 7 8 1 . 6 7 8 - 4 . 6

Steel-Oil # 2 0 . 6 8 7 1 . 5 2 4 - 9 . 2 - 1 3 . 4

Steel-Water # 3  (B) 0 . 5 8 2 1 . 6 7 4 - 4 . 9

Steel-Oil # 3 0 . 6 3 5 1 . 5 7 2 - 6 . 0 - 1 0 . 6
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Table 4.11 Failure Conditions -  Interface Direct Shear Test -

Sample
Maximum Shear Stress 

(kPa)
Normal Stress 

(kPa)
Horizontal Displacement 

(mm)
Vertical Movement 

(mm)
Steel-Soil Water#l 39.3 62.5 4.75 -0.38
Steel-Soil Oil #1 44.3 62.5 0.86 0.02
Steel-Soil Water#2 (B) 72.7 125 4.21 -0.21
Steel-Soil Oil #2 76.5 125 0.50 0.02
Steel-Soil Water#3 (B) 141.2 250 4.98 -0.31
Steel-Soil Oil #3 138.7 250 1.12 0.01

Table 4.12 W ater Content after Shearing -  Interface Direct Shear Test -

Sample
Water Content 

(w%)
Steel-Water #1 15.6
Steel-Oil #1 2.9
Steel-Water #2 (B) 15.4
Steel-Oil #2 3.4
Steel-Water #3 (B) 15.2
Steel-Oil #3 3.6

ON



W ith respect to vertical displacements during shear, the oil contaminated 

specimens showed a m odest increase in the vertical displacem ent supporting the 

dilatant response seen in the shear stress results. In comparison, the oil 

contam inated samples used for the interface steel-sand direct shear tests showed 

less dilation (less than 0.1 m m  of vertical movement) than the oil contam inated 

samples used for the direct shear test (around 0.3 m m  of vertical movement).

Table 4.13 shows the summary of the soil param eters for each test 

condition. These param eters confirm that the shear strength for the w ater sand is 

higher than the oil contaminated sand. This is contrary to the result obtained 

from the direct shear and triaxial testing results. The interface steel-sand friction 

angle for the w ater sand is almost 3° higher than the interfacial friction angle for 

oil contam inated sand. It is noted that the oil contaminated sand shows a higher 

cohesion value than the clean sand.

Table 4.14 shows the summary of the soil param eters for each soil 

condition at 5 m m  of horizontal displacement. This displacem ent was chosen to 

determ ine soil param eters at a point which is closer to a critical state for these 

silty sands. This will help minimize the influence of differences in the initial 

relative density of the test samples. These results show that for w ater sand 

specimens, the interface steel-sand friction angle rem ains 1° higher than the oil 

contam inated sand. As well, the cohesion decreases, for both soil conditions,
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com pared w ith  the analysis carried out using the m axim um  shear strength. This 

reduction w as found higher for the oil contaminated samples.

Clearly, these interfacial test results indicate that the oil contam ination has 

a negative im pact on the interface steel-sand shear strength for the tested sand.

A ppendix A provides additional information about an oil contam inated 

sand sam ple tested during the interface direct shear test program .

4.4 Discussion of Test Results

The soil param eters used to assess the im pact of oil contam ination on the 

selected sand were: initial tangent m odulus (Ei); friction angle (<£>' and cf>) and 

cohesion (c) in direct shear tests. Each of these param eters show ed an increase in 

their m agnitude for oil sand samples, as presented in Table 4.15 and 4.16. As 

discussed previously, this leads to the conclusion that the oil contam ination 

im proves the mechanical properties of the analog sand. By inference, this w ould 

suggest that contamination of sand layer IV near the offshore structures in the 

Cantarell Field by Maya crude oil will not significantly affect the mechanical 

properties of the sand.

A t conditions of failure, im portant observations can be m ade concerning 

the difference in behaviour between oil and w ater sand samples. The axial strain 

and pore w ater pressure at failure w ere lower for the oil samples than for the
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w ater samples. In addition, the deviator stress w as observed to be higher for the 

oil samples than for the w ater samples in all the specimens tested.

In contrast, interfacial test results indicate that the oil contam ination has a 

negative im pact on the interface steel-sand shear strength for the tested sand.
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Table 4.13 Summary of Soil Param eters -  Interface Direct Shear Test -

Soil Condition

Interface Friction Angle 6 
at Maximum Shear Stress 

(degrees)
Cohesion c 

(kPa)
Clean Sand 28.6 5.0

Oil Contaminated Sand 26.0 13.2

Table 4.14 Summary of Soil Param eters close to Critical State
-  Interface Direct Shear Test -

Soil Condition

Interface Friction Angle 5 
at 5 mm Horizontal Displacement 

(degrees)
Cohesion c 

(kPa)
Clean Sand 28.7 2.9

Oil Contaminated Sand 27.3 5.4

Table 4.15 Initial Tangent M odulus -  Based on Triaxial Test -

Clean Sand Oil Contaminated Sand
Initial Tangent Modulus 0 3  = 650 kPa 22.7 28.4

E i 0 3  = 900 kPa 101.3 119.6
(MPa) 0 3  = 1,070 kPa 127.9 156.5 

(for 0 3  = 1,055 kPa)

Table 4.16 Sum m ary of Soil Parameters

Friction Angle (degrees) Cohesion (kPa)

Type of test
Clean
Sand

Oil
Contaminated

Sand

Clean
Sand

Oil
Contaminated

Sand
Undrained Compression 
Triaxial Test (cj/)

35.4 39.4 0 0

Direct Shear Box Test (c|)) 30.8 35.3 13.3 15.9
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Although dilation behaviour w as observed during the shearing stage of 

the interface direct shear test betw een steel and soil, the effect of oil 

contam ination on the sand w ithin the range of factors studied caused a decrease 

in the interface friction angle (6) betw een the smooth steel plate and the sand. 

This suggests a possible decrease in the frictional resistance of the steel piles, 

w hich constitute the foundation of the offshore platforms, because of oil 

contamination. Table 4.17 compares the parameters obtained betw een clean and 

oil contam inated sand obtained from the interface direct shear test.

Table 4.17 Interface Steel-Soil Direct Shear Test Results

Interface Friction Angle 6 
(degrees)

Cohesion c 
(kPa)

Condition
Clean
Sand

Oil
Contaminated

Sand

Clean
Sand

Oil
Contaminated

Sand
at Maximum Shear Stress 28.6 26.0 5.0 13.2

at 5 mm Horizontal 
Displacement

28.7 27.3 3.0 5.4
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

RESEARCH 

5.1 Conclusions

• The effect of oil contamination, within the range of param eters studied in 

this research, was to convert the mildly dilatant/contractant behaviour of 

w ater saturated silty sand samples to a strongly dilatant behaviour. This 

behaviour was found in all three different geotechnical tests used for this 

investigation; undrained triaxial compression, direct shear and interface 

direct shear tests.

• The soil parameters (initial tangent modulus, Ei; friction angle, cjT, cp; and 

cohesion, c) all increased in m agnitude as a result of the oil saturation. This 

implies that the oil contam ination m ay improve the mechanical properties 

of the analog sand and by inference, the mechanical properties of the in 

situ sand in  the Bay of Campeche.

• Oil contamination w ithin the sand, for the range of factors studied in this 

research, caused a decrease in the interface friction angle (5) betw een the 

sm ooth steel plate and the sand. This suggests a possible decrease in the 

frictional resistance of the steel piles, which constitute the foundation of 

the offshore platforms, because of oil contamination.
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• The positive influence of oil contam ination on the mechanical properties of 

the analog sand is contrary to the results of previous researchers w ho have 

concluded that oil contam ination leads to a decrease in strength. The 

m ethodology for producing oil saturated sand specimens differed 

substantially betw een the current research and the previous research 

studies. Care w as taken in this study to preserve the w ater wet 

characteristics of the oil contam inated sand specimens. Previous 

researchers simply saturated their specimens with oil. As well, a silty sand 

w as used in this study whereas previous investigators utilized clean sand 

w ith little to no fines content. It is postulated that these two reasons are 

the prim ary basis for the differences found for the influence of oil 

contam ination on silty sand behaviour.

• From the geotechnical investigations carried out by FUGRO either in the 

field or in the laboratory, it w as concluded that w here the soil was 

perm eated w ith liquid hydrocarbons, no direct effects could be discerned; 

however, where the hydrocarbon content is high, it w as alm ost certain that 

there will be free gas in the pore spaces which could affect the soil 

response. The results of this research agree with FUGRO's conclusions to
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discard the assum ption of a negative impact in the mechanical properties 

of sand because of oil contamination.

• Previous researchers studied the interface steel-sand phenom ena using 

different apparatus under several variables such as: test conditions 

(constant volume test, constant vertical load test), initial density, percent of 

oil contamination, d ry  or saturated sand, techniques to lubricate the 

smooth steel surface. In general, these previous studies agree that oil 

modifies the behaviour of the interface between sand and the sm ooth steel 

surface, w hen either there is an oil contaminated sand or a lubricated steel 

surface. Further, oil reduces the coefficient of friction and causes changes 

in the behaviour sim ilar to the effect of reduction in density. Because this 

research did not conduct interfacial shear tests over a range of densities, it 

is difficult to compare the results of the present research w ith  previous 

research studies. This research did, however, generate sim ilar results with 

regard to the conclusion that oil contamination will negatively influence 

interfacial strength properties. This suggests that the major issue about oil 

contamination m ay be the decrease in the frictional resistance of the steel 

piles in an oil contam inated sand zone which m ay lead to a structural risk 

for offshore platforms in the Bay of Campeche.
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5.2 Recommendations for Further Research

1. The implication of using higher vertical stresses, in the interface direct 

shear test, to simulate the frictional resistance of the steel piles w ith the oil 

contaminated sand on deeper sand layers in the Bay of Campeche m ust be 

addressed.

2. The effect of using calcareous or carbonate sands instead of silica sand 

needs to be investigated. This includes any chemical reaction between 

calcium carbonate, sea water and in situ hydrocarbons.

3. The effect of using Maya crude oil instead of engine m otor oil needs to be 

addressed.

4. The effect of using sea w ater (brine) instead of fresh w ater in the soil mass 

needs to be investigated.

5. The tem perature factor needs to be investigated, given that the in situ 

tem perature is higher than the average tem perature in the laboratory. 

However, it is expected that the tem perature has no effect in the shear 

resistance of the sand but may cause an increase in its compressibility.

6. A complete assessment of any fine migration, during the oil flushing stage 

in the triaxial cell, for the sample preparation m ust be addressed.
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7. Pile foundation system design assumptions (for pile capacity) should be 

reviewed in light of modified soil parameters, especially the reduced 

interfacial steel-soil friction angle (6). Lateral and axial load capacity for 

piles in the Bay of Campeche oil contaminated soils subjected to hurricane 

wave loadings using any analytical available model as: SPASM, 

DRAIN3D or ULSLEA.
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Figure A .l Sand Sample (Water #3) used in the Triaxial Test Program having
W ater as Perm eating Liquid
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Figure A.2 Sand Sample (Oil #3) used in the Triaxial Test Program  having
Oil-Water Mix as Permeating Liquid
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Figure A.3 Sand Sample (Soil-Soil Oil # 3) used in the Direct Shear Test Program,
having Oil-Water Mix as Permeating Liquid
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APPENDIX A SAND SAMPLES

This Appendix contains pictures of sand samples showing the main steps 

in each test program , including Triaxial, Direct Shear and Interface Direct Shear 

Testing.
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Figure A.4 Sand Sample (Steel-Soil Oil # 2) used in the Interface Direct Shear
Test Program, having Oil-Water Mix as the Perm eating Liquid
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