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ABSTRACT
An important prerequisite for geotechnical foundation analysis is to have a sufficient amount of quality data on soil parameters. In difficult geotechnical soil condition, e.q. thick deposits of soft fine-grained unconsolidated soils, particular importance should be given to the selection and performance of field and laboratory investigations. This paper shows an example of geophysical and geotechnical investigation works, which were performed in Croatia (the city of Opuzen) for the purpose of foundation design. The main goal of the investigation works was to obtain the foundation soil profile along with the distribution of relevant geotechnical parameters values with depth. Due to specific terrain configuration, the planned building will be built on the embankment. According to the investigation work results, foundation soil consists of approximately 23 m thick soft unconsolidated sediments, on top of a dense sand layer. Considering complex geotechnical conditions and the loads, following investigation methods were selected: soil drilling, the piezocone penetration test (CPTu), vane shear test (VST), electrical tomography (ERT) and multichannel analysis of surface waves (MASW).
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INTRODUCTION
This paper presents an example of soil investigation works for the purpose of building foundation design. The site is in the closer area of the city of Opuzen, in the southern part of Croatia. The ground floor dimensions of the planned building are 19×16 m. According to the available information, up to 20-30 m, foundation soil at the site consists of thick deposits of soft soil materials. Taking into account available information about soil properties and the type of the building structure, following soil investigation methods were chosen: piezocone penetration test (CPTu), vane shear test (VST), electrical tomography (ERT) and multichannel analysis of surface waves (MASW). The investigation works layout is shown in the Figure 1 (right). 
GEOLOGY
The City of Opuzen is in the vicinity of Neretva river and Adriatic Sea (Figure 1 (left)). The wetland along the Neretva river is an obvious interruption of the prominent area of Biokovo mountain, towards the lower but cliffy coastline. Geomorphological area near Opuzen belongs to the Dinaric mountain system (Croatian part). The Macro-geomorphological region is Southern Dalmatia with an archipelago, and the area of the Neretva delta with the Komin county and the valley of Bacinska lakes represents a subgeomorphological region.
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Figure 1 Site location (left), investigation works layout (right).
Organic soil deposits at the site consist of cretaceous and tertiary sediments. In the cretaceous limestones and dolomites were developed, and in tertiary, limestones of marine and freshwater clastictic rocks. The geological material of the site and the wider Opuzen area in the vicinity of Neretva river consists of thick swamp sediments deposits. Quaternary deposits extents over the morphologically lowest part of the terrain. Sediments of the river delta are represented by a complex of accumulated marine, freshwater and lagoon deposits. Clear groundwater levels were measured in all probes at depths of -1.00 m, measured from the surface of the terrain, up to ± 0.00 m. An important factor for a relatively high level of groundwater is the presence of quaternary delta sediments, having intergranular porosity and thus are very permeable. Clay compositions have low absorbency and water permeability.
MATERIALS AND METHODS
Electrical Resistivity Tomography (ERT)
Electrical resistivity tomography is based on the measurement of electric resistance of the observed geomaterial. Figure 2 shows the orientational values of electrical resistances of different materials. Soil or rock resistance depends on several factors, e.g. water content, amount and type of dissolved mineral in water, porosity, and rock or soil structure.
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Figure 2. Electrical resistance of different soils [1]
Measurement by geoelectric tomography is carried out by introducing current into the ground, with a constant electrode spacing, which are grounded to the terrain surface. Electrical current between the current electrodes is measured, and based on the potential difference between potential electrodes, and their layout, apparent ground resistance is determined. The process of measuring and electrodes arrangement is shown in Figure 3. Interpretation of the obtained values results in thicknesses and specific electrical resistances of an individual geoelectric environment.
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Figure 3. Schematic representation of electrodes layout and measurement sequence for the 2D geoelectric tomography [2]
Multichannel analysis of surface waves (MASW)
MASW or multichannel surface waves analysis is a seismic geophysical method whose results can be used for soil stiffness estimation, due to the fact that is directly related to the soil shear modulus. Traditional approaches to seismic surface measurement are usually either seismic high-resolution reflection or refraction, achieving depths ranging from tens to several hundred meters. The seismic signals from these types of measurements consists of waves of frequencies greater than 50 Hz. In the MASW method, surface waves of lower frequencies (e.g. 1-30 Hz) are analysed, and much smaller depth ranges (up to several tens of meters) are achieved [3]. Compared to other seismic methods, the advantage of MASW method derives from the fact that it considers the complex nature of seismic waves. Their records include interference and noise (waves caused by traffic, etc.) as well as surface waves of fundamental mode. These waves affect the generated waves; thus they need to be properly taken into account during the analysis of the dispersed properties of the generated waves. By multichannel approach, the dispersion properties of all types of waves are captured using a wavefield transformation method, which directly converts a multichannel image to an image in which a specific dispersed pattern can be identified. Subsequently, the dispersion property (such as the fundamental mode) is extracted from the identified sample. All other reflected / scattered waves are usually automatically removed during transformation. By inversion of the dispersion curves, 1D profiles of the shear waves velocities are obtained. By applying an appropriate interpolation, from the obtained profiles, a 2D profile can be created [4].
Vane shear test (VST)
Field testing by vane shear test (VST) method is an economical method for determining the undrained shear strength of the cohesive soil. The test is applicable to soils with undrained strengths of less than 200 kPa. The VST is used extensively in a variety of geotechnical explorations to evaluate rapid loading strength for total stress analysis of saturated fine grained clays and silts. Since vane shear strength values are most always higher than field strengths for analyses they often are checked or compared with other methods of measuring undrained shear strength [5]. In the experiment, a vane probe with two perpendicular blades is pushed into the ground and slowly rotated, while the torque measured. This method determines the peak and residual undrained strength of the soil. The test is carried out so that the rod with vane probe is pushed into the ground and rotated at a rate of 0.1˚/s, whereby the torque is measured. For the purpose of undrained shear strength assesment, values of resistance developed along the rods needs to be subtracted from the measured torque. The interpretation of results is based on the assumption that the soil around the vane probe failures, respectively, undrained shear strength activates along the surface (base and shaft) of the probe. For standard vane probes dimension D/H = 1/2, undrained shear strength is determined by the expression:
Piezocone penetration test (CPTu)
The electric cone penetration test (CPT) has been in use for over 40 years. The CPT has major advantages over traditional methods of field site investigation such as drilling and sampling since it is fast, repeatable and economical. In addition, it provides near continuous data and has a strong theoretical background. These advantages have produced a steady increase in the use and application of the CPT in many parts of the world [6]. In the Cone Penetration Test (CPT), a cone on the end of a series of rods is pushed into the ground at a constant rate and continuous or intermittent measurements are made of the resistance to penetration of the cone. Measurements are also made of either the combined resistance to penetration of the cone and outer surface of a sleeve or the resistance of the surface sleeve. The total force acting on the cone, Qc, divided by the projected area of the cone, Ac, produces the cone resistance, qc. The total force acting on the friction sleeve, Fs, divided by the surface area of the friction sleeve As, produces the sleeve friction, fs. In the piezocone penetrometer, pore pressure is measured typically at one, two or three locations. These pore pressures are known as: on the cone (u1), behind the cone (u2) and behind the friction sleeve (u3).
The CPT has three main applications in th site investigation process:

1. To determine sub-surface stratigraphy and identify materials present

2. To estimate geotechnical parameters, and,

3. To provide results for direct geotechnical design

For the above applications the CPT my be supplemented by borings or other tests, either in situ or in the laboratory [7].
For the purpose of this study, a standard CPT probe with a diameter of 35.7 mm was used. The inclination at the top of the cone is 60 °, projected area of the cone is 10 cm2 and the friction sleeve area is 150 cm2. The standard dimension of the insertion rod was used: 36 mm in outer diameter, 22 mm in inner diameter, and 1.0 m in length. 
RESULTS AND DISCUSSION
ERT

Interpreted 2D profile of Electrical Resistivity Tomography (ERT) is shown in the Figure 4. The depth of the profile is 15m. From the profile, the foundation soil can be generally identified as silty and sandy sediments. At the distances of approx. 35 and 72 m, two anomalies in electrical resistivity can be detected (blue coloured areas) in the Figure 4. With the respect of the fact that the Adriatic Sea is in the vicinity of the site, very low values of the resistivity within these areas indicates that saltwater possibly penetrated into the soil pores. 
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Figure 4.  ERT-1 profile
MASW
MASW measurement data has been interpreted using the SeisIMAGER data analysis software. The interpreted results are shown in the Figure 5, which presents the shear waves velocity (vs) distribution with depth. A border between two zones of vs can be clearly distinguish at the depth of approx. 23 m. Generally, from the ground surface up to 23 m of depth, vs value is relatively low, vs<180 m/s. This value corresponds with soft fine grained soil layers. Below the depth of 23 m, vs values are increasing with depth, what indicates a presence of firm soil layers.
[image: image5.png]o
1

|

/

|
h \ / Y

‘ [ N

[T T T T T T e
n n n n n
R ¥ 8 8 %
5 85 9 ¥ 8

5 10 15 20 25 30 35 40 45 S50 55 60 65 70 o'
Distance [m] (misec)





Figure 5 Shear waves velocity at seismic profile MASW-1
VST

Measurements using vane shear test were carried out in the bore holes B-1, B-2 and B-3, at depths of about 6-21 m. The purpose of the test was to determine the undrained shear strength (su) of the foundation soil. The tests were performed by pressing the vane probe beneath the bottom of the borehole, to the depth of the undisturbed soil. Measured undrained shear strengths are within the range from 40 to 70 kPa. The results vane shear test are shown in Figure 6.
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Figure 6 Vane shear test results
CPT
Interpretation of measured data obtained by the CPTu test is carried out using the program CpeT-IT GeoLogismiki. The program performs soil layer identification using the measured data, according to the soil behaviour type (SBT). For the purpose of various soil geotechnical parameters values estimation, empirical correlations according to [7] were used. Measured data and estimated values of geotechnical parameters are shown in the Figures 7 and 8. 
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Figure 7 CPT-u test results
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Figure 8 Estimated geotechnical parameters from CPT-u test results
Using the results obtained from investigation works, geotechnical profile has been created. The profile consisting of 6 soil layers, as shown in Figure 9. Up the depth of approx. 23 m, soil is composed of sandy and clayey materials with poor geotechnical properties. Below a depth of 23 m, a dense sand with favorable geotechnical characteristics is detected. 
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Figure 9 Geotechnical profile
CONCLUSION
Since the building foundation is planned to be placed on a soft soil, multiple soil investigation methods have been selected. The idea was to select investigation methods whose results mutually complement and confirm. A good match between CPTu, MASW and VST results is presented. Due to the possible penetration of saltwater into the soil pores, which manifested as locally reduced electrical resistance in the ground, ERT results were not used in the interpretation. Considering all the results, the geotechnical profile was created. Generally, up to the depth of approx. 23 m, the ground consists of sandy and clayey deposits with silt. Beneath the depth of 23 m, a layer of dense sand is found, which can be clearly distinguished on the results of CPTu-1 and MASW 1. At depths of approx. 5.0-9.0 m, a layer of stiffer material is detected, with shear waves velocity of approx. 180 m/s, and an undrained shear strength of up to 70 kPa. The rest of the geotechnical profile consists of the soil with unfavourable geotechnical characteristics. 
The soil investigation works presented in this paper were executed for the purpose of building foundation design. According to the results and their interpretation, it is concluded that the ground at the site is not suitable for shallow foundations, that is to say, it should be improved, or an alternative foundation technique should be employed. 
Executed investigation works provided sufficient and quality information about soil properties, which are a good basis for the further geotechnical analysis.
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