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ABSTRACT 

The development of a new or an existing port involving features such as quaywalls, turning basins, access 

channels and reclamation areas generally is significantly affected by local geological conditions. In general these 

geological conditions represent a high risk factor to the construction project if they are not well described. On the 

other hand, when appropriate geological ground models are available the design of the construction can profit 

from it, reducing dredging and construction costs based on  appropriate designs taking into account the prevailing 

geological conditions and taking advantage of them. The geological model forms the basis of quantities, design 

and risk management. 

The mitigation of geological risks in ports and marine construction can be realised by including enhanced 

geophysical methods in the site investigation prior to commencement of the project. Enhanced geophysical 

methods are defined as high quality geophysical methods capable of producing accurate 4D digital ground 

models showing sediment and rock depths and thicknesses as well as rock and sediment qualities. This geological 

information presented in GIS format can be further completed and defined using other geotechnical and 

environmental information.  

The Aquares resistivity method is such an enhanced geophysical method. This paper explains the principles of 

this method and shows how it has been used in the past as an essential and highly successful tool to generate 

digital 4D ground models used for mitigating geological risks in ports and marine construction projects. A 

number of inappropriate practices in current site investigation procedures are described as well as ways to 

overcome them. 
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INTRODUCTION 

Site investigations at ports and marine construction projects usually are centralised on a geotechnical campaign, 

eventually combined with a geophysical campaign to assist in the interpolation of the geotechnical information.  

However, it is not only impractical, but impossible to describe the entire subsurface of a project by core borings 

alone since the gaps between boreholes remain unknown.  In order to describe the subsurface, engineers, 

designers and contractors usually consider local knowledge and best practice regarding the choice of borehole 

locations.  There are some guidelines for subsurface sampling in various State and Federal manuals, however for 

the most part decisions regarding testing locations are often left to best guess.  

The use of 4D digital models of the subsurface based on geophysical information of the proposed project 

geology, could mean a significant improvement with regards to the selection of borehole locations. 

As such, geophysical investigations of an earthwork or dredging project are very important to the design, 

construction and productivity. Far too often the cheapest geophysical method is selected by engineers and 

contractors. Unfortunately the cheapest method does not provide the most reliable information and indeed will 

not contribute to the effective management of cost and risk. 

A poor understanding of geophysical methods combined with poor procurement practices have degraded 

geophysical studies to the point where they cannot effectively answer key questions on design and risk 

management. Further, and perhaps more importantly, this has resulted in a lack of innovation in geophysics, to 

the extent that the industry currently still largely relies on 1960’s or earlier technology. This has generated a 

perception amongst marine and port construction contractors and their clients that geophysical methods are not 

reliable and that boreholes should be the backbone of a proper marine site investigation. In reality, geophysical 

studies offer the only means to understand the geological setting and allow sensible decisions to be taken 

regarding sustainable design and cost and risk management. 

As randomly placed boreholes generate only pin point information, many marine construction projects have 

suffered from a lack of geological information. With weakening economic conditions throughout the world 

Principals are beginning to realise there is a need for enhanced geophysical methods, meaning reliable, high-

quality geophysical methods capable of generating 4D models of the subsurface showing extent, thickness and 

quality of geological structures.  Using such a 4D model based on geophysical information as the primary dataset, 

a limited number of well-positioned boreholes can be selected to allow geotechnical parameters to be correlated 

with the geophysical structures encountered. As such, a robust verified 4D model is obtained. These 

groundthruthed models contain the base information for the design phase of the project and during tendering and 

execution of the project. 

The Aquares marine resistivity method is a geophysical method based on resistivity measurements. It generates 

high precision depths and thicknesses without the need for additional acoustic velocity information. It can 

distinguish different qualities of rock and sediments based on their  resistivity value and produces results that are 

combined in a 4D model. As such it fulfills the requirements to be considered an enhanced geophysical method. 

The principles and performance of this relatively new method are explained and illustrated in what follows. 
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PRINCIPLES OF ELECTRICAL SOUNDING 

Land based applications 

The Aquares resistivity survey method is based on the principles of electrical sounding. For land based 

applications the method of geoelectrical sounding is not new: it was described about a 100 years ago by a French 

engineer named Conrad Schlumberger. 

An electrical current is injected into the subsurface by means of two current electrodes. The voltage gradient 

associated with the electrical field of this current is measured between two voltage electrodes placed in between 

the current electrodes (see fig. 1). Based on the measured values of current and voltage the average resistivity of 

the subsurface is calculated for a subsurface volume down to a certain penetration depth. The penetration depth 

depends on the distance between the current electrodes. Larger electrode distances are associated with increasing 

penetration depths.  

Figure 1.  Principles  

If the measurements are repeated with progressively increasing current electrode distances information is 

obtained from progressively deeper geological structures (fig. 1). As such, a fieldcurve is obtained showing the 

resistivity as a function of the (horizontal) distance between the current electrodes. After computermodelling this 

fieldcurve is transformed into a real geophysical subsurface section showing the resistivity as a function of depth. 

The resistivity of a geological structure depends on it’s porosity, water saturation and the conductivity of the pore 

water. Unsorted gravel usually has a lower porosity as compared to sand and therefore it’s resistivity value is 

higher. Clay with generally very high porosities shows very low resistivity values.  Solid limestone has a low 

porosity and shows very high resistivity values. Weathered limestone tends to show lower resistivity values. 

Every geological structure has it’s own specific resistivity value distinguishing it from other geological structures. 

Fluvial and marine applications 

For water based applications, the electrodes are placed on a multichannel cable on the seabed towed behind the 

survey vessel (fig. 2). The umbilical cable connecting the resistivity cable on the seabed with the electronic 

equipment on board the survey vessel carries a number of conductivity data loggers continuously measuring the 

water conductivity. This allows to calculate the effect of the watercolumn on the resistivity measurements. 
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Figure 2.  Electrical sounding in marine environments 

 

While the survey vessel is sailing the measurements are carried out and stored automatically without any 

intervention from the operator. As such, an entire electrical sounding may be obtained every second. At a boat 

speed of 2 m/s this corresponds to a horizontal resolution of 1 sounding every 2 meters.  

During the fieldsurvey qualitative results are already shown on computer screen. The quality of the fielddata may 

thus be monitored on line so the operator can intervene at any moment to adjust and optimise the survey 

parameters. 

Data processing and  interpretation 

The processing sequence consists of a number of steps. 

First, the resistivity fielddata are edited and filtered to increase the signal/noise ratio. The bathymetric and 

positioning data are edited as well. Then, the resistivity data, positioning data and bathymetric data are combined. 

Geometrical corrections are applied to correct for the fact that the sailed line (and the cable as well) may show 

more or less significant curvatures. Measurements made with a strongly curved cable are rejected. The effect of 

the watercolumn is subtracted. 

An important phase in the processing sequence is the resistivity data inversion. In this step the apparent resistivity 

data is transformed into a vertical section of the subsurface showing depths and thicknesses of each geological 

structure. 

The resistivity information is interpolated into a regular grid either on a crosssection or in two dimensions. Each 

interpolated grid point represents a complete geological profile of the subsurface showing the resistivity value as 

a function of depth. The results are visualised in color on crosssections showing the different geological 

structures in function of depth and geographical position. The results can be calibrated with information from a 

limited number of boreholes in order to verify and sample each geological structure. 

The processing procedure described above is an interactive process. In order to extract a maximum of 

information out of the raw survey data the processing sequence has to be repeated several times to find the 

optimum processing parameters. 
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CASE STUDIES 

Limbe port development 

In Limbe, Cameroon the decision was taken to build a port for the maintenance of offshore oil drilling platforms. 

In a first instance the port was designed and tendered without any detailed previous knowledge of the geological 

characteristics of the construction site. A marine construction company bidding for this project and understanding 

the importance with regards to their cost estimates, decided to carry out a resistivity survey to find out the 

geological situation. 

A complete 3D model of the construction site was generated based on the resistivity results. A number of 

horizontal resistivity sections at -10, -12 and -16 m relative to chart datum were developed as well as a vertical 

section showing the thicknesses of some of the geological structures (figure 3). The construction site consists of 

solid basalt overlain by weathered basalt and fine to coarse sediments as confirmed by a limited number of 

boreholes. 

Based on the original design it appeared that dredging operations and construction of the quaywall would be 

extremely expensive due to the presence of very hard basalt. After some calculations and various communications 

with the client's consultants, it then was decided to modify the design to take advantage of the location of the 

basalt for the foundation of the quaywalls and softer rock and sediments for the turning basin and rehandling pit. 

By adjusting port design to the geological conditions it was estimated that more than 50% of the construction 

costs were saved. 

 

Figure 3.  Horizontal and vertical resistivity sections in Limbe port development 
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Port Darú 

Two multinational contruction companies interested in building a gas export facility in a mangrove swamp on an 

island near Papua New Guinea decided to carry out an extensive soil investigation around the island to find 

suitable sand for reclamation purposes. Initial studies included various geophysical and geotechnical surveys 

involving seismics, sidescan sonar, multibeam bathymetry, 77 vibocores and 116 boreholes costing about $12 

million. Although the geophysical investigations were of reasonable quality, the technology was ill suited to the 

geological setting and the aims of the survey. In addition the vibrocores and boreholes were randomly placed.  

After 2 years of investigations the final exploration report concluded that no significant volumes of sand were 

available. 

The consultants then decided to carry out an Aquares resistivity survey hoping for better results. After 10 days of 

survey work the resistivity results showed the location of more than 200 million m3 of sand deposits close to the 

site. Moreover, the resistivity results also showed the proposed navigation channel leading to the island to be 

cutting a number of areas containing rock as well as stiff clay (figure 4). By changing the design of this channel 

and shifting it about 300 m to the east very expensive and unforeseen dredging costs were avoided. 

Cost savings based on resistivity results have been estimated at many tens of millions of dollars: more than 1000 

times the survey costs. 

 

Figure 4.  Horizontal resistivity section PNG sand search 

 

Buenaventura 

A company specialised in port operations and logistics planned to build a new port in a mangrove swamp in 

Buenaventura, Colombia. In order to be able to correctly and economically design quaywalls and turning basin 

they decided first to carry out a detailed soil investigation program involving an Aquares resistivity survey. 
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Figure 5 shows a horizontal and a vertical resistivity section of the construction site. The high resistivity values 

(green-red) correlate with siltstone rock while the low resistivity values (blue) correlate with muddy sediments as 

confirmed by boreholes. Based on this type of sections dredge volumes of sediment and rock can be calculated 

for the proposed turning basin north of the existing ship channel and proposed quaywalls can be designed south 

of the ship channel based on accurately known rock head levels. 

Figure 5.  Horizontal and vertical resistivity section Buenaventura port development 

Interestingly, the horizontal as well as the vertical section both show different resistivity values for the rock heads 

underlying the mangroves (green-yellow: 1.5-3.5 Ohmm) as compared to rock head resistivity values (red: >5 

Ohmm) underlying open water north of the ship channel. This phenomenon is most likely associated with low pH 

values in mangrove areas caused by sulphate concentrations generated by the decomposition of organic material 

in the mangrove swamp. If no appropriate precautions are taken during dredging operations, this potential acid 

sulphate hazard may become an accute menace to the existence of marine life in the surrounding area.  

It is obvious that without the application of enhanced geophysics these potential environmental hazards most 

likely would be detected only during execution of the project when actually unleashed by the dredging 

operations. 
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Figure 6.  Resistivity survey in a mangrove swamp, Buenaventura 

Eden 

The Eden Port Development project is a $25 million port construction project managed by NSW Trade and 

Investments (Crown Lands) in New South Wales, Australia, involving the extension of an existing breakwater, 

quaywalls and mooring dolphins, associated dredging operations and a fixed or floating wave attenuator. 

Originally the port design was based on a detailed site investigation including a classical seismic reflection 

survey, a side scan sonar survey, magnetometer survey, 21 boreholes and 15 vibrocores. Crown Lands then 

decided to carry out an additional site investigation based on enhanced geophysics (Aquares) and a limited 

number of additional boreholes to help mitigate latent geological risks specific to the project. 

An Integrated Digital Ground Model was created which included previous survey and geotechnical results 

utilising the Encom PA software package (Figure 7). The extent and thickness of high resistivity rock heads and 

gravels are clearly seen. Significant differences were noted between the seismic results and the enhanced 

resistivity (Aquares) results. Most importantly, the vertical nature of the geology was initially missed by poorly 

placed boreholes and inappropriate geophysical methods. The application of enhanced geophysics on this 

specific project have led to 20% savings in the project budget. 
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Figure 7.  3D  view of the Eden geophysical model 

Panama 

After a detailed site investigation involving a number of classical geophysical surveys and a borehole campaign, 

ACP (Autoridad del Canal de Panama) tendered a dredging project in the access channel leading to the 

Miraflores locks. A group of dredging companies interested in the project realised an additional investigation 

including enhanced geophysics (Aquares resistivity).  

Some of the results are shown in the horizontal and vertical resistivity section of figure 8. The vertical section 

shows the location and extent of hard basalt rock, softer mudstones and soft mud. The horizontal section shows 

the lateral extent of the geological formation at dredge level. A natural palaechannel is seen cutting into basalt 

rock by the Rio Chagres during geological times when Pacific sealevels were far lower than they are now. 

This type of high quality geophysical information complemented with a limited number of well targeted 

boreholes allow the dredging contractor to accurately calculate the geological risks. As a result, this dredging 

project was awarded at only 30% of the original budget estimate suggested by ACP in the tender documents 

based on their original site investigation that did not utilise enhanced geophysics. 
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Figure 8.  Vertical and horizontal resistivity sections Panama Canal 

 

DISCUSSION 

In view of the obvious advantages of enhanced geophysical methods the question arise why they are being used 

on a surprisingly small number of ports and marine construction projects. Why is enhanced geophysics not being 

used systematically on every site investigation? 

The reason for this is to be found in a number of inappropriate practices in the industry effectively blocking the 

use of enhanced geophysics. These problems could easily be overcome following the recommendations described 

below. 

Economical interests against high-quality enhanced geophysics 

In many situations the geological risks are left to the marine contractors who generally are more experienced in 

organising a site investigation as compared to the Principal (their client) in charge of the project. However, while 

shifting responsabilities for these studies may seem to provide relief to the proponent, it also may lead to 

conflicting situations with the design and construct contractor, that will not necessarily result in the best outcome 

for the proponent. This is especially true in situations where the client has no access to the geological information 

or where no risk sharing agreement exists. Contracts including risk sharing tend to be less open to exploitive 

variations based on previous geological information known by the contractor but not by the proponent. 

Clients should be aware they are in a vulnerable position if they have less geological information as compared to 

their contractors.  

In other situations the geophysical aspect of the site investigation rests in the hands of the geotechnical 

contractor. Geotechnical contractors sometimes tend to select cheap in-house geophysical methods regardless of 

the applicability of these methods in the given situation.  Moreover, as geotechnical boreholes in marine 

environment are expensive while geophysical campaigns are relatively cheap, the geotechnical contractor 
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perversely may have an economical interest to choose poorly performing geophysical methods generating the 

need for larger quantities of expensive lucrative boreholes after the geophysical campaign failed to acquire 

sufficient geological information. 

Such practices negatively affect the quality and global cost of the site investigation and in some cases may well 

jeopardize the entire project in all it's technical and economical aspects.  

These undesirable situations can easily be avoided by the client or Principal controlling the site investigation. In 

the US most marine site investigations are not carried out by the marine contractor but by the US Army Corps of 

Engineers. In Australia most port authorities or their consultants organise the site investigations while conferring 

with the marine contractor regarding the geophysical methods to apply and offering the opportunity to the marine 

contractor to witness the boreholes.  

Poorly defined tender specifications imposing irrelevant technologies  

Too often we see Principals directly requesting specific geophysical methods regardless of the applicability to 

their specific situation and without a clear specification of the aims of the survey or the outcomes desired.  

For example, a tender to build a bridge might indicate the requirement for a geophysical refraction survey to map 

rock levels and 2 boreholes, one on each pile location. Tenders such as these unfortunately are typical throughout 

the world and contractors will assume the following: 

1. the Principal has a bridge design in mind and wants to build it regardless of the suitability of the design to the 

geological setting and regardless of environmental and economical risks; 

2. the Principal is most probably price motivated (for the site investigation) and will primarily score the proposals 

on price and 

3. The Principal is probably not able to compare the value of innovative or non-compliant methods. 

The result is that contractors will provide the lowest price (and standard) possible, providing the requested 

refraction method even though this method, for the example mentioned, would not be suitable and most probably 

would not provide the required information. The construction budget most likely would run over as there is no 

understanding of the geological setting and the actual geological conditions encountered during construction 

would likely force modifications to be made in the original design. In addition, as design and build contractors 

understand the risk of these types of ground studies, smaller companies, who can not accept such risks will not 

bid for this tender and larger companies will be free to apply greater risk margins and/or expensive latent 

geological conditions clauses. 

Instead of specifying a particular geophysical method in the tender it would have been more appropriate to 

specify the aims of the geophysical investigation, leaving the choice of the geophysical method open to the 

contractor and specifically requiring historical evidence showing the technical capabilities of the proposed 

method with regards to the aims of the investigation. This would allow the Principal to use the experience of the 

geophysical contractors in the choice of the method and discard unsuitable proposals on technical grounds. 

Price rather than technical criteria to select a geophysical method 

After realising the advantages of enhanced geophysical methods based on previous experiences with marine 

resistivity as applied by their marine contractors (see survey example above), local Panamanian authorities 

decided to call for an international tender to carry out a resistivity survey on Lake Gatun. As no technical criteria 

were applied to select the successful bidder, the cheapest geophysical survey company was selected regardless of 

experience and technical quality. When the tender came out including the cheap geophysical results, the dredging 

contractors rejected the useless poor-quality geophysical results provided by the client and decided to do it over 

using the Aquares resistivity method instead. The results was that the Panamanian client paid for two geophysical 
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surveys: a first poor-quality survey rejected by the dredging contractors and a second high quality enhanced 

geophysical survey of which they never received the results and nevertheles paid for it as part of the dredging 

contract. 

In other cases where the site investigation rests in the hands of a consultant, there exists a risk that the consultant, 

tendering for a consultancy job, would be reluctant to propose a slightly more expensive enhanced geophysical 

method, especially if the costs for the geophysical survey is buried in his consultancy fee. The Principal, 

therefore, should be aware of this and separate the consultancy budget from the geophysical budget. 

It is important to apply not only financial but also technical criteria to ensure the selection of the most appropriate 

geophysical method. It generally suffices to ask the prospective geophysical contractor to show historical 

evidence for a particular method providing results in a similar environment. In general this historical evidence 

should allow to verify if the proposed method can produce 3D models of sufficient quality to facilitate the 

selection of borehole locations. 

CONCLUSIONS 

The ability of enhanced geophysical methods to produce high quality geophysical data presented in a 4D model 

accessible to the client for planning geotechnical campaigns and for design purposes, undoubtedly is of high 

economic and environmental importance as seen in the examples above. 

In order to obtain optimal value from enhanced geophysical methods in marine construction and port 

development it is necessary to take some precautions while tendering for a site investigation in order to 

encourage best practise: 

1. By keeping control over the site investigation the client can insist enhanced geophysics to be part of the site 

investigation in order to recover value from the site investigation studies. 

2. By specifying the aims of the geophysical survey rather than the methodology the client profits from the 

experience of the geophysical contractor in the choice of the geophysical method while maintaining the 

possibility to refuse the geophysical results if the aims are not reached. 

3. By specifically requesting historical evidence showing the technical capabilities of the proposed method with 

regards to the aims of the investigation, the client maintains the possibility to refuse a particular method on 

technical grounds during the tender process. 
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