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Preface 

This research is a graduation thesis project of the BCs civil engineering program at HZ University 

of Applied Sciences mainly conducted to emphasize acquiring the required knowledge and 

competencies during the four years. As a result of the fast development in the field of civil 

engineering and construction, better technologies are needed in order to bear this fast 

development in the construction industry. Therefore, the purpose of this research is to design a 

new systemic approach that allows estimating the necessary input parameters for modelling the 

soil behaviour from Pressuremeter test. During the whole period of this research, I have learned 

a lot in the field of geotechnical engineering, particularly in the soil investigations field. It was 

quite challengeable to conduct my graduation research in such field; I faced many obstacles 

concerning the new terminologies, devices and software that I had to use. But with the support 

of my supervisor and experts in both UCA and Sergeyco whom without their support I could not 

have achieved the research goals, they directed me to deal with those obstacles in a 

professional manner. The research involves a wide range of reliable sources such books, 

scientific reports, digital sources and meeting with experts, which make the research process 

and its further results are beneficial to read.   
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Abstract 

There are a lot of problems associated with clayey soil. More geotechnical pathologies appeared 

as more developed project brighten up. The geotechnical engineers encounter problems with 

modelling the stiff clayey soil behaviour especially while using the classical methods for 

obtaining the input parameters of Finite Element Methods for modelling the soil behaviour. 

Therefore, This research paper intended to design a systematic approach that allows estimating 

necessary parameters from in-situ test specifically the Pressuremeter test to model the clayey 

soil behaviour using Finite Element Methods.  

The method used to assure the feasibility of using the pressuremeter test to estimate the input 

parameters was by implementing both Pressuremeter test and classical laboratory test in the 

same location before simulating the Pressuremeter test using the input parameters obtained 

from the laboratory test to compare the soil response of the modelling and the real test. A three 

different modelling techniques namely MohrCoulomb, hardening Soil and Cam-Clay model were 

assessed based on relevant criteria to be chosen as a method of conducting the modelling and 

further comparing and interpreting the results in PLAXIS. 

The main findings are that the agreement between the actual soil response and the modelling 

response curves are founded only with increasing the cohesion to relatively high values. Besides, 

inverse correlation founded between the Ep and E50 displays illogical behaviour and therefore 

more samples required to be studied to find a significant relation.  

As it was agreed upon by the In-Company and In-school supervisors during the In-company 

meeting,  this report doesn’t include any design or advance hand calculations in view of the fact 

that there was enough advanced modelling in PLAXIS, laboratory and site work together with 

the extra assignment represented in a pile foundation drawing to fulfill the professional 

competencies.  
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1. Introduction 

Geotechnical engineering without a doubt is fundamental in the construction industry, 

particularly in ensuring the functionality and long-term stability of various structures and 

earthworks. This research intended to study a geotechnical problem. Specifically, design 

approach to allow modelling clayey soils by using Finite Element Methods under Pressuremeter 

Test. This chapter will start by illustrating the background information related to the topic and 

the client. Subsequently, the problem definition and research objectives will be reviewed. And 

finally, the report outlines will be highlighted.  

1.1 Background Information 

1.1.1 Client: 

This research is led and supported by both Universidad de Cádiz (UCA) Research Centre and 

Sergeyco Andalucía S.L. Company in a joint venture. Sergeyco is an engineering company 

dedicated to provide solution and consultancy for off-shore projects and studies in geotechnical 

studies, quality control laboratory tests and environmental inspections. The research took place 

in both locations namely Algeciras where Civil Engineering campus of the University of Cadiz 

located, and San Roque as the nearest office and laboratories of Sergeyco Andalucía S.L. Both 

organizations contributed by means of expertise, technical insight, local knowledge and quality 

control to supervise the author of this research.  

1.1.2 Study area 

The chosen study area is located in the place where 

the University of Cadiz and laboratories located, the 

city of Algeciras. This place has been chosen due to 

the availability of the soil type that will be examined. 

Moreover, both clients location can be reached within 

a reasonable distance from the examined area. 

Therefore, there weren’t further difficulties and costs 

for the transportation and preparing the tests 

equipment in addition to the fact that the 

laboratories were within easy reach from the site 

which made the research process and execution goes 

faster and smoother. A detailed information of the 

Figure 1 Study area (Google, 2018) 

http://www.uca.es/
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study area can be found in Chapter 2.1. 

1.1.3 Assignment background 

Geotechnical investigations play a big role in the foundation designs and consequently in all civil 

engineering projects. Due to the fast development of projects and variety in the field of civil 

engineering, more geotechnical pathologies have been appeared, especially in the clayey soils. 

The clayey soils are more exposed to geotechnical problems such as long-term settlement and 

slope stability (Universiti Teknologi MARA (UiTM), 2014). Thus, the soil behaviour needs to be 

defined for each project to have better knowledge of the applications and design performance 

of the soil tested (Roy, 2017). 

Those behaviours normally defined by more complex models such Hardening Soil Small Strain 

Stiffness (HSSS) or Hardening Soil Model (HS) which demand a large list of parameters to be 

obtained from soil testing (Vermeer, Bonnier, & Schanz, 1999). Accordingly, more time and cost-

effective testing have to be examined to obtain same values and parameters of ordinary tests. 

The company conducts both in-situ tests represented in Pressuremeter test and laboratory test 

such triaxial test to obtain the soil parameters before using the Finite Element method for 

modelling the soil behaviour. Pressuremeter test has been widely used recently as a result of 

the fact that it is an in-situ investigation which can determine the stress-strain behaviour of the 

examined soil. There are different ways to evaluate the results obtained from the Pressuremeter 

and for design the foundation, correlations with other soil parameters or direct design method 

needed since it can’t depend upon the fundamental analysis yet. On contrary, taking samples 

and other coring techniques are facing difficulties in functioning in more deep waters especially 

with very stiff clays. Therefore, the importance of Pressuremeter tests appears when providing a 

direct access to the soil properties on sites without the need for sampling. But there is doubt in 

the accuracy of the results without combination with laboratory tests. 

Different studies have been made to find a good correlation between the real soil response 

obtained from PMT and the soil behaviour obtained from the numerical modelling for sandy or 

soft clayey soil. On contrary, the current study intended to study the stiff clayey soil and attain 

an experience on its behaviour and its correlation between the real in-situ test and the 

constitutive modelling response and therefore to conclude possibility of estimating the soil 

parameters from PMT. 

1.2 Problem Analysis 

Sergeyco has conducted a lot of offshore and on-shore projects related to the soil investigation, 

the company experienced obstacles in obtaining the samples of stiff clayey soil. This returns to 

the fact that stiff clay is more susceptible to disintegration, degradation and lose its properties 

during the transportation or processing to the laboratory tests (Arbanas, Grošić, & Briški, 2007) 
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due to the fact that working with stiff clayey soils is very difficult especially when it comes to 

taking samples. An accurate and efficient knowledge of the clayey soil behaviour is essential to 

avoid damages and failures in infrastructure as well as to improve the design since more 

conservative design applied because of the lack of reliable information. The stiff or rocky soil 

may not give reliable and accurate properties in the laboratory tests since it may lose its 

properties during the process of sampling tests. Hence, there are difficulties to obtain the 

necessary input data for modelling the soil using advanced modelling techniques when only lab 

testing is used. For instance, the FEM constitutive model requires 3-12 input parameters 

(Townsend, Anderson, & Rahelison, 2001). In essence, lab testing results in lack input data for 

modelling the soil. Additionally, in order to describe the mechanical properties of the soil from 

the laboratory tests, a very complex and arduous tasks needs to be done for the sampling 

process (Oliva, n.d.). However, the combination of laboratory and field tests has to carry out for 

such soils are directly affecting the design decisions and long-term geotechnical pathologies in 

addition to the fact that these currently used processes are negatively influencing the time and 

costs of the projects.  

1.2.1 Problem statement 

Sergeyco Company, as any other geotechnical firm, facing difficulties in describing the 

mechanical behaviour on stiff clayey soil by performing the classical laboratory tests. Moreover, 

the common method used doesn’t provide enough data for constitutive modelling inputs in 

comparison with PMT. 

1.3 Research Objective 

In order to solve the stated problem, Sergeyco tends to improve the method of obtaining the 

clayey soil parameters without the need for laboratory tests to achieve more accurate and 

efficient investigations. Hence, this research aimed to design a systematic approach which 

allows estimating the soil parameters from the Pressuremeter test. In principle, obtain input 

parameters of soil in order to define soil behaviour through one of the modelling techniques by 

using Pressuremeter test curves and without a need for additional laboratory tests. This 

research practically examined a new methodology, and its feasibility has been investigated by 

developing an additional triaxial CU (Consolidated  Undrained) tests to compare, interpret and 

calibrate both results by using Finite Element Method (FEM). 

Main question: 

Design of a systematic approach that allows the estimation of clayey soil parameters from in-

situ Pressuremeter test? 

Sub-question: 
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• Current situation analysis: 

1- What are the geotechnical and hydrological conditions of the studied area? 

2- How the stiff clayey soil parameters are being obtained nowadays?  

• Program of requirements 

3- What is the program of requirements to perform the tests followed by the soil modelling? 

4- What are the special requirements defined by the client concerning the experiment? 

• Assessing and choosing design variant 

5- What are the available modelling techniques can be used to model and allow comparing 

both laboratory and in-situ test of the same location? 

6- What are the pertinent criteria to be considered for the selection of the modelling 

technique?  

7- What is the feasible modelling technique and the most appropriate to meet the research 

objectives? 

• Detail engineering of the chosen variant. 

8- What are the activities and the procedure to model the soil behaviour and allow comparing 

both the in-situ the laboratory results in an experimental and scientific manner? 

9- To what extent are the PMT results comparable to the laboratory tests after modelling the 

soil behaviour?  

• Discussion and Conclusion 

10- What is the feasibility of the examined approach to measure and obtain stiff clayey soil 

parameters in-situ? 

1.4 Reading Guide 

The research report consists of six chapters namely Introduction, theoretical framework, 

Research Strategy, Results, Recommendations and Conclusion. Excluding the introduction, the 

content and a brief introduction to each chapter are presented below. 

 Chapter 2 (Theoretical Framework):  In this chapter, a literature review of a similar project, 

detailed theoretical discussions, and key concepts will be held to form a base of the research 

process. Specifically, the chapter will analyze the current situation of the project area in term of 

the geotechnical and hydraulic conditions. Thereafter, an analysis of the functional and technical 
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requirements for the relevant stakeholders of this research will be presented. The three 

selected variants will be further introduced together with the pertinent criteria that used for 

assessing the variants. Finally, an introduction to the codes and standards that were used to 

achieve the defined requirements will be briefly introduced. 

Chapter 3 (Research Design and Strategy): This chapter describes the research strategy whereby 

the research guidelines, products, activities and planning which were undertaken to answer the 

main question are analyzed. The chapter analyzes each sub-question separately in term of 

activities, products and resources used to conduct those activities. Additionally, an overview of 

the communication strategy held by the author and the relevant stakeholders (the host 

organizations and the educational institute) is presented in this chapter. 

Chapter 4 (Results): This chapter will epitomize the research results by means of showing the 

outcomes of the activities stated in Chapter 3 before discussing and interpreting those results in 

Chapter 5. In general, the chapter will present the evaluation of the different variants and the 

conclusion of the chosen one. Additionally, the outcomes of the in-situ and laboratory test will 

be shown and together with its further modelling outcomes. 

Chapter 5 (Discussion): This chapter will discuss the results listed in Chapter 4 and the reasons 

behind the possible result variations will be described. 

Chapter 6 (Conclusion and recommendations): The concluding chapter will highlight the main 

research aspects followed by answering the main question and presenting the final research 

outcomes. Besides, the recommendation chapter will conclude the improvements which can be 

made to improve the research outcomes in further studies and how the undesired results could 

be avoided. 
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2. Theoretical Framework: 

The base of the research and designing a new testing approach highly depends on the 

theoretical framework to describe the theory behind the research problem and to serve as 

fundamentals in implementing the further research activities. In this chapter, a literature survey 

has been conducted to discuss the current testing method characteristics, the geotechnical 

conditions of the studied area, possible modelling techniques, the program of requirements and 

the standards that have been used for executing this research. The desk research has risen to 

conservation with experts and consultation when needed.  

2.1 Current situation 

2.1.1 Geological conditions  

In this section, the information if the geological condition of the project will be highlighted since 

it is a practical interest of the project. The field of study is the area next to Guadarranque River, 

Los Barrios and Cadiz. The exact location of the experiments is emphasized in the red circle.  

 

Figure 2 Field of Gibraltar Cartographic locations (Sergeyco Andalucía S.L., 2018) 

Geologically, the study area belongs to combo de Gibraltar complexes. In general, these areas 

consist of Cretaceous-Tertiary sedimentary repetitions of the oceanic crust of the Betics flysch. 

Its deep marine facies are with polychrome clay lithologies and carbonated basal sandstones, 

mainly siliciclastic. Flysch facies are characterized by rhythmic layering with few fossils, which 
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deposited mainly by turbidity currents or mesooceanic ocean environments and under 

conditions of high tectonics instability (Sergeyco Andalucía S.L., 2018).  

Sergeyco Company has a database in GIS about the general geological condition of the area. The 

company provides the following typical geological section information representing the soil 

properties of the study area.  

Depth (m) Soil Description Density (kN/m2) Cohesion (kN/cm2) Friction angle 

0 - 1.5 Madefill 
(Madeground) 

18.5 5 20 

1.5 - 2 Weathered stiff 
clay 

19.5 15 22 

2 - 30 Stiff over 
consolidated 

marly clay 

205 50 25 

Table 1 Soil properties of underlying layers of the study area (Sergeyco Andalucía S.L., 2018) 

The exact underlying layers of the study area were not known until the borehole was 

completed.  But as explained earlier, the information provided by the client affirms that the area 

consists of a clayey soil. Moreover, and to comply with the research objectives, the exact 

research area were chosen after a preliminary investigation based on experience to make sure 

that the samples taken are including stiff clayey layers. The exact soil parameters of the tested 

samples will be presented later in Chapter 4.   

2.1.2 Hydraulic conditions 

As explained in the previous chapter, the study area mostly consists of impermeable layers of 

clay soil whereby water tables are not present. Figure 3 represents the aquifers distribution in 

the Combo De Gibraltar area, it the dotted, gray and yellow areas are the once which has 

aquifers. Alternatively, the dark yellow or brownie areas represent the areas where aquifers 

don’t show up. The city of Algeciras, as highlighted with a red circle, shows that there are no 

aquifers which mean that the hydraulic conditions and water tables are negligible and has no 

influence on the research outcomes. 
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Figure 3 Aquifers of Combo de Gibraltar (Sergeyco Andalucía S.L., 2018) 

2.1.3 Existing methodology 

There are many projects which have been executed in a rocky or stiff clayey soil. Most of those 

projects have been experienced difficulties or unreliable values while trying to obtain the soil 

parameters from laboratory tests or using combinations of the laboratory and in-situ tests. In 

this chapter, a theory of similar projects and current methods used to obtain the soil parameters 

will be discussed. 

One of the projects which involve a similar problem is the construction of the Adriatic motorway 

near the city of Rijeka in Croatia. The section involved complex geotechnical situations whereby 

limestone, flysch, limestone rocks and flysch rock mass covered by deposits of colluvial and 

residual soils. The project completed in 2006. Two years later, during the monitoring, a long-

term deformation observed while the analysis conducted during the construction shows that 

the deformation is significant to the measured value. (Arbanas et al., 2007) Expressed the needs 

for an in-situ soil investigation or further studies since the conventional methods which 

obtained the parameters based on laboratory tests and Geological Strength Index (GSI) doesn’t 

show accuracy especially for complex projects.  

Another finding from the project, the same researcher affirmed that the siltstone, clay and rock 

mass are differed in term of the weathering grades from completely weathered (CW) to fresh 

rock mass (F). Since the rock mass is disintegrated in highly weathered (HW) and moderate 
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weathered (MW) siltstone, it is not possible to get samples of it during the geotechnical 

investigation works. Moreover, after extracting the loads and presenting a contact with water 

and air, these types of soil are susceptible to degradation and disintegration in slightly 

weathered (SW) and fresh soil (F). Similarly, it is not possible to achieve undisturbed samples in 

both completely weathered (CW) to the moderate weathered soil (MW). 

One of the current methods used to obtain the soil parameters in such situations is to apply 

Point Load Test (PLT) directly after the sampling (Ulusay, 2006). But this method results in a 

dispersal of the outcomes, especially in weak rock. (Arbanas et al., 2007) 

As discussed in the previous chapters, the research includes both in-situ Pressuremeter test and 

laboratory test to compare the results and check the feasibility and accuracy of the examined 

method results with ordinary methods. Hereby the principle, work procedure, and applications 

of those tests will be described.  

Triaxial test: 

Triaxial test one of the most used laboratory tests in the field of geotechnical engineering to 

determine the shear strength and stiffness of specific soil or rock sample. The direct shear test 

and measurement of pore water pressure are the main features of the test. The triaxial test 

allows obtaining primary soil parameters such as the cohesion, the angle of shear resistance and 

undrained shear strength. It is also possible to measure the stiffness and permeability using the 

developed equipment (Gawen, 2018). 

The Triaxial test works as a cylindrical specimen of the soil that bolted within rubber membrane 

placed into the cell that can be pressurized. Several initial preparations can be followed such 

making the specimen saturated, sheared, and consolidated to allow having soil response more 

comparative to the real in-situ conditions (Rees, 2013) During the sample, the in-situ stresses 

are simulated by applying stress conditions to the specimen. Figure 4 clearly illustrates the set-

up procedure of the triaxial test. 
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Figure 4 General set-up of a soil specimen inside a triaxial cell (Rees, 2013)  

There are three different types if Triaxial test namely UU Triaxial (Unconsolidated Undrained), 

CU Triaxial (Consolidated Undrained Triaxial) and CD Triaxial (Consolidated Drained Triaxial). 

Briefly, the UU Triaxial is describing the total stress, while the CD and CU Triaxial tests are 

involving the effective stress (Gawen, 2018). The CU test has been used in this study. 

In accordance with (Rees, 2013), the execution procedure of the triaxial test is divided into four 

stages as follow: 

- Specimen and system preparation 

The exact preparation of the specimen depends on the 

type of the specimen itself. For instance, for cohesive 

soil, trimming or cutting of the specimen from Shelby 

tube or block samples may take part. While for the 

granular soil, it involves direct preparation in the 

pedestal. In general, the disturbance of the specimen 

must be kept a minimum during the preparation.   

  
Figure 5, Specimen preparation (Nazhat, 2015) 
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- Saturation 

The aim of this stage is to guarantee that all voids are filled with water. This can be achieved by 

applying vacuum to the specimen to remove the air followed by draw water into the transducer 

and drainage lines. The effective stress needs to be under the required shear value at all time. A 

short test can be done before moving to the next stage to ensure that the specimen is fully 

saturated. This test called B-check, and it demands the specimen drainage to be closed whereas 

the cell pressure is raised. The value of B ≥ 0.95 mostly used to proof that specimen fully 

saturated. However, the dense soil such stiff clay may only result in a B ≈ 0.91 even if full 

saturation occurred (Rees, 2013).  

- Consolidation  

The main purpose of this stage is to assure that the effective stress brought to the desired 

shearing as well as to assume the appropriate rate of strain for the cohesive specimen. This 

reached by increasing the cell pressure while maintaining constant back pressure. When about 

95% of the pore pressure dissipated or volume change ΔV is not sufficient anymore, the process 

discontinued (Rees, 2013).  

- Shearing 

The final stage is to apply axial strain to the specimen at a constant rate by compressing and 

extending the load arm. The actual rate if the axial strain depends on the type of the triaxial 

test. Table 2 summarizes the test conditions during the shearing stage. 

 

Table 2: test conditions during the shearing stage. (Rees, 2013) 

The specimen outcomes are monitored by placing the deviator stress (q) against the axial strain 

(εa). The stage continues until a failure in the specimen occurs and thus an identification of peak 
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deviator stress, or identification of the peak deviator stress or peak effective principal stress 

ratio, observation of constant stress and excess pore pressure, or a specific value of axial strain 

being reached (Rees, 2013).  

As every other testing method, the triaxial test has advantages and disadvantages. Below, the 

main pros and cons of the triaxial test according to (Thakkar, 2017): 

• Advantages: 

- Possible to have executed the test with complete control under all three drainage 

conditions. 

- Direct measurement of the pore pressure and volumetric change 

- Uniform stress distribution over the failure plane 

- Adequate for accurate research work 

- Allow failure of the specimen on the weakest plane (anywhere). 

- Mohr circle can be drawn at any stage of the shear  

• disadvantages: 

- Possible to take a long time in case of drained test 

- The triaxial apparatus is expensive. 

- At large strains, hard to measure the cross-sectional area of the specimen accurately. 

Pressuremeter test  

The Pressuremeter test considered as one of the fast 

in-situ ways to measure the stress-strain relationship 

of the soil and in turn present other parameters such 

as the elastic modulus. Pressuremeter has been 

commonly used in both off-shore and onshore 

projects. (Geotechdata.info, 2014).  

The main concept of the test is to apply pressure 

into the cylindrical probe that has a flexible cover 

that allows it to expand radially in the borehole. Due 

to the pressure into the hole wall, the hole volume 

increase which allocates the soil deformation to be 

measured through the pressure-volume relation. The 

Pressuremeter test has been used also for measuring 

the strength of the soil, the lateral stress in the 

Figure 6 Schematic detail of the Pressuremeter. Source: (HOLT 
Engineering, 2009) 
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ground and the stress-strain behaviour (Cambridge Insitu Limited, 2018).  There are two main 

components of the Pressuremeter test. The first component is the readout unit which locates 

above the ground, while the second component is the probe which inserted into the ground to 

examine the pressure. The pre-bored Pressuremeter is the one has been used in this research. 

Thus, a detailed procedure of this Pressuremeter type will be explained later in this section.  

Pressuremeter test has advantages over the different in-situ or laboratory tests. Those 

advantages are summarized as following as stated by (Roger, 2017): 

- The test applicable for both dense and soft soils. But it is the best to use it for dense 

sand, hard clay or weathered rock which can’t be tested by normal bushing equipment.  

- Can be used with drilling or direct pushing equipment 

- Results in an extensive database which allows the geotechnical engineer to use 

accurately for various designs.  

Moreover, (Schnaid, 2012) stated that the Pressuremeter has uniqueness in term of measuring the stress-

strain in-situ and the applying cavity expansion theory. Conversely, (Cosentino, 2009) has reported some 

disadvantages as follows: 

- The test hole must be prepared accurately in case of pre-pored Pressuremeter type.  

- The Possibility of membrane failure results in a half-day delay. 

- Undrained and fully drained are the only stress paths can be followed in practice 

- Complicated procedures, qualified specialists are required to execute the test. 

There are different types of Pressuremeter. The equipment, installation procedure and 

application may slightly differ for each one. Below a brief description of the different 

Pressuremeter types: 

Pre-bored Pressuremeter 

The pre-bored Pressuremeter is the one has been used in this research. The instrument is placed 

in the hole that pre-formed using traditional drilling tools. The main defect in this method is the 

complete unloading of the cavity that occurs between the stages of removing the drilling tool 

and applying the pressure. The method suits both rock and stiff clay. But it is important to 

mention that the self-bored method provides shows data related to the cavity that may have to 

expand before the insertion disturbance erased. The operation itself requires supporting from 

the drilling rig which makes it possible to conduct laboratory test for the same cored material 

and compare the results. Additionally, the routine depth of the pre-bored method is 200 meters, 

but in fact, there is an experience of executing the method to greater than 500 meters. If the 
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method used for dense sand, a drilling mud needs to support the open borehole. However, the 

methods seemed not suitable for loose sand (Cambridge Insitu Limited, 2018).  

The test procedures start with drilling to prepare the test hole to the desired test level which is 

the most important step of the test. In order to make the test cavity satisfactory, the diameter 

of the hole has to be within the specified tolerance and the drilling equipment has to lower the 

possible disturbance to the surrounded soil and hole’s wall. When this step is complete, the test 

has to be performed immediately precedent by cleaning any debris or cuttings. The test starts 

with setting the V0 at 0 (volume of the measuring portion of the uninflated probe at 0 volume 

reading at the ground surface, cm3) by de-airing all circuits while the probe at atmospheric 

pressure. Then, lower the probe to the test depth as the depth of the midpoint of the probe and 

starts applying pressure in an equal incensement until the limit of the equipment reached. 

Readings of the volume V0 have to be taken after 30 seconds and 1 minute after the pressure 

increment applied. Once the maximum volume or pressure reached, the test stops by deflating 

the probe and take it out (ASTM International, 2016). 

 

 

Figure 7 Procedures of Pre-bored Pressuremeter test (GeotechnicalDesign.Info, 2017) 
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Self-boring Pressuremeter:  

Self-boring Pressuremeter has considerably the lowest 

disruptive where the disturbance is small enough and 

within the elastic range of the material (Campridge 

Insitu LTD, 2017). And it is mainly designed to minimize 

the disturbance to the surrounding soil (Schnaid, 

2012). 

The installation starts by making a pocket in the whole 

using the diminutive tunneling machine in which the 

device exactly fit. A sharp-edged cutting shoe also 

attached to the foot of the device. When boring starts, 

the instrument jacked into the ground and a rotating 

cutting device tends to cut the material by the sharp-

edged cutting shoe. In stiff soils, it is usual to use a 

flush with the cutting shoe as the distance between 

the leading edge of the shoe and the cutter head to allow the 

cutting device to take multiple forms.  

The Self-boring method is suitable for soils ranges from loose sand and soft clay to weak rock. 

Other materials, such as gravel and hard rock are not measured with self-boring instrument 

since it may damage the cutting edge. The self-boring technique usually takes part in 60 meters 

depth or more for a vertical hole. It also required the modest amount of reaction and less 

supporting tools, especially for soft clay.  

Pushing Pressuremeter 

This method involves full disruption and raising the stress of the soil surrounds the probe during 

the penetration (Schnaid, 2012). During the loading stage, the limit pressure is the only obtained 

parameter because of the full disturbance of the soil. The strength parameters are obtained 

from the contraction curve while the stiffness parameters from the rebound cycle outcomes. 

The main advantages of this method are it enables direct measurement for stiffness and 

strength parameters, considerably faster than the other methods and it can be done in all type 

of soil that allows inserting the cone. In contrary, the stresses required to make persuasive test 

are higher compared to the other methods which may result in crushing of the soil particles. 

 

Figure 8 Self-boring Pressuremeter instruments 
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The previously mentioned tests, triaxial and Pressuremeter, are the once that are relevant to 

this study. For the Pressuremeter test, the research will be restrained to only pre-bored 

Pressuremeter. This considers the fact of the type of soil examined since the pre-bored 

Pressuremeter is the more suitable for the stiff soils. Moreover, Sergeyco Company is well-

experienced in this type of tests. And in keeping with (Townsend et al., 2001), both tests were 

sufficient to attain the defined scope and interpreting the results.  

2.2 Program of requirements 

In this part, the research specifications and demands which have been accomplished were listed 

as a program of requirements. Those requirements were divided into two parts namely 

functional requirements and technical requirements.  

2.2.1 Functional requirement: 

Those requirements were mainly derived from client’s goals and the research objectives. The 

further requirements were defined according to the main research’s objectives with 

dimensional tolerance declared by the client. Literally, there are no direct requirements 

concerning the cost or accuracy. But in fact, some of the below mentioned requirements are 

based on accuracy, time, and cost issues as clarifies below.  

Location 

The location of the in-situ test has to be in the area of Combo De Gibraltar. This was due to limit 

the travel expenses as well as due to the availability of the type of soil to be tested.  

Soil type 

The client’s main goal was to develop or improve the current methodology used to obtain stiff 

clayey soil parameters. Therefore, stiff to the rocky soil is the allowed area to conduct the 

experiment and has to be considered. This also concerns the level of accuracy that the client 

wants to acquire.  

Finite Element Method  

The research conclusions should allow using the FEM based on the experiment conducted. Apart 

from the different numerical methods used to solve the mathematical problems, the Finite 

Element Method was required in this research to be used for the soil modelling. Therefore, the 

calculations were held using Finite Element analysis (FE). The use of Finite Element analysis 

modelling has been increased in the field of geotechnical engineering. This mainly due to the 

fact this kind of analysis tends to amend and control the engineering tasks (Obrzud, 2010). And 
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it confers modelling different geometric and soil conditions in addition to the diverse interface 

with complicated and non-linear behaviours (Jalali et al., 2012). The Finite Element modelling 

provides more realistic indications for the ground movement and states the pre-failure 

behaviour of the soil and non-linear –stress-strain relation before it meets the ultimate state. 

Those behaviours are known by its big differentiation of the soil stiffness and the pre-failure 

stiffness plays a substantial role in term of modelling common geotechnical problems such as 

retaining walls and tunnels excavation in dense areas.  

PLAXIS  

It can be noted that there is no requirement considering the accuracy or the cost. But in fact, 

the PLAXIS software has been elected due to its availability within the facilities of both UCA and 

Sergeyco and to avoid any further expenses of buying other software and further stuff training 

needed. Besides, the PLAXIS software has been selected due to its accuracy. For instance, there 

are different software can be used for modelling the soil behaviour, the input of those programs 

may slightly differ. In this project, clients required the use of PLAXIS Software for modelling the 

soil behaviour after obtaining the soil parameters. This as a result of the usual practice of the 

client, the availability of the different modelling alternatives as well as the worldwide standards 

used by PLAXIS. (AECOM, 2009). 

 

Figure 9: Popular Finite Element software used for modelling the soil behaviour 
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PLAXIS is software developed by TU Delft University which intended initially for analyzing soft 

soil before it has been developed for extensive geotechnical issues. PLAXIS become the most 

used software nowadays for modelling soil in consultancy offices, universities, research centres, 

and contractors. (AECOM, 2009) 

Apart from its ability to provide analysis of deformation and stability, PLAXIS allows modelling of 

the interaction between the soil and the structure as well as the hydrostatic pore pressure of 

the soil. The PLAXIS boundary conditions are defined in Chapter 3.2.4. 

2.2.2 Technical requirements: 

The technical requirements are the technical parts that the research has to fulfil. The research 

consists of field and laboratory works. That has been done according to standards used in 

Sergeyco Company. In this part, the general standards and codes will be mentioned. 

- Performing the Pressuremeter test according to ASTM Standards ASTM D2850, D4767 

and D2166 (ASTM Interational, 1994)  

- Performing the Triaxial test according to ASTM Standards ASTM 4767 

- Analyzing the triaxial test and PMT to extract necessary parameters based on the MCA 

results. 

- Optimizing the soil parameters obtained from triaxial testing. 

- Modelling soil behaviour using PLAXIS based according to Eurocode 7. 

Detailed technical requirements and specifications of the soil testing are explained later in 

Chapter 3.2.2. Additionally, modelling procedure, limitations and boundary conditions are 

presented in Chapter 3.2.4.  

2.3 Modelling techniques  

A lot of constitutive modelling techniques have been developed especially in last four decades 

for modelling the stress-strain behaviours of the soil. Some techniques formulated based on 

theoretical principle and others based on experimental evidence (Lade, 2005). In this research, 

the constitutive modelling techniques were the design variants that have been evaluated based 

on the criteria chosen based on the research objectives.  There are more than 10 modelling 

techniques are available in PLAXIS Software, but the client suggested to conduct the research 

within one of three techniques namely Mohr-coulomb, Hardening Soil and Cam-Clay modelling 

technique. This suggestion based on the experience in the field, availability, the type of soil, and 

the relevance of the research objectives. Therefore, this research confined to those techniques 

only.  
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 The constitutive modelling techniques initially developed based on two laws namely the Hoke’s 

law and Coulomb’s law. The first is made upon the linear elasticity for describing the soil 

behaviour and the latter upon perfect plasticity for describing soil behaviour under collapse 

state. The Combination of those laws was made which known as Mohr-Coulomb model. And 

since the soil is not linearly elastic and has very complicated behaviour, different constitutive 

models have been studied and proposed to define the soil characteristics and behaviour in 

details and implement such Finite Element method for the geotechnical engineering perspective 

(Ti, 2009). This emphasizes the importance of the modelling techniques to compare the current 

and examined method for obtaining the soil parameters and its effect on the soil behaviour. 

According to (Lade, 2005), the advance soil modelling involved in solving different geotechnical 

problems such soil reinforcement and anchorage, dams, embankment, tunnels, and settlement 

due to fluid extraction in addition to cut slopes.  Hereby an overview of different modelling 

techniques will be discussed with its purpose, limitation, and principles to allow allocating the 

most suitable technique for this project.  

2.3.1 Mohr-Coulomb model: 

Mohr-Coulomb model considered to handle what is called first-order which is to obtain a first 

approximation of soil or rock behaviour. This returns to the fact that this model deals with an 

assumption of plastic-perfectly and elastic-perfectly as clearly shows in Figure 10 which in turn 

offers an advantage of making the analysis runs fast. (Plaxis, 2011).  

 

Figure 10 Elastic-perfectly and Plastic-perfectly assumption of MC model (Gouw, 2014) 
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The input parameters needed to for this model are Poisson's ratio (ν), cohesion c, friction 

angle phi (φ), dilatancy angle psi (ψ) and Young's modulus (E) (Ti, 2009). The Mohr-Coulomb is 

very applicable and simple model technique especially when it comes to three-dimensional 

stress space and due to the need for only two strength parameters. The areas of application of 

this model are shallow foundations, slopes, the stability of dams and embankments. In contrary, 

one of the main disadvantages of this model is the overestimate of the soil strength which may 

lead to unpractical design decisions and soil failures (Surarak et al., 2012).  

For retaining wall case, the Mohr-Coulomb model uses a linearly elastic response for the soil 

behind the retaining wall, which in turn leads to underestimation of the horizontal displacement 

or wall deflection (Obrzud, 2010). Figure 11 illustrates the results of computing the retaining 

wall in Berlin sands using the Mohr-Coulomb modelling technique. The figure provides global 

information about the wall lifting, but there is no precise prediction for the settlement or the 

displacement.  

 

Figure 11 Results of computing retaining wall using Mohr-Coulomb model. Source: (Obrzud, 2010) 

2.3.2 Hardening Soil model: 

The need for Hardening Soil modelling arises as a result of the fact that the soil behaviours 

which stems from nature are more complex and provides elastic and plastic non-linearity that is 

hard to be calculated without such advance modelling techniques (Obrzud, 2010). A 
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development has been made to Mohr-Coulomb model which arise the Hardening Soil (HS) 

model at first (Surarak et al., 2012).  This modelling technique is accounting for two hardening 

mechanisms namely isotropic and deviatoric. The first one is a formulation of the cap 

mechanisms which developed to measure the threshold point below which significant plastic 

straining takes place. The isotropic modelling plays an important role when modelling 

consolidation problems related to the footing or groundwater lowering. Moreover, it allows 

degradation of soil stiffness while raising the strain. The second mechanism, deviatoric, 

formulated to take over the soil hardening produced by the plastic shear strains. This can be 

seen in such as settlement behind a retaining wall occurs, whereby a domination of plastic shear 

strains can be observed for soil elements (Obrzud, 2010). Hardening Soil model is capable to 

analyze the behaviour of both soft and hard soils as well as its adequate to model any type of 

application (Ti, 2009). To ensure an accurate modelling of the soil stiffness, and in contrary to 

other modelling techniques, three input stuffiness are needed: Triaxial loading stiffness, triaxial 

unloading stiffness and the oedometer loading stiffness rather than friction angle, the cohesion, 

and the dilatancy angel. Those stiffnesses are corresponding to the triaxial loading, triaxial 

unloading, and oedometer tests. It is acceptable to have data from Triaxial or Oedometer test 

but for better quality data a one type test correlations or in-situ test such Pressuremeter test is 

more preferred (PLAXIS, 2016). In total, 10 parameters are necessary to be obtained whether 

from laboratory or in-situ tests to conduct the Hardening Soil Modelling For stiff clayey soil; 

oedometer or Triaxial test can be used to obtain the parameters. Table 3 states the parameters 

and its descriptions.  

Parameter Description 

Φ’ Internal friction angle 

C’ cohesion 

Rf Failure ratio 

Ψ Dilatancy angel 

Eref50 Reference secant stiffness from a drained triaxial test 

Eref oed Reference tangent stiffness for oedometer primary loading 

Eref ur Reference unloading/reloading stiffness 

M Exponential power 

vur Unloading/reloading Poisson’s ratio 

Ko Coefficient of earth pressure at rest (NC state) 

Table 3 Hardening soil model input parameters 

The model contains two types of hardening, shear and compression hardening. Therefore, the 

model is accurately analyzing situation whereby a reduction in mean effective stress and 

mobilization of shear strength occur, such as retaining walls and tunnel construction projects. It 

is also known for its accuracy to forecast the displacement of different geotechnical situations 

and diverse applications.  



   

22 

 

In contrary, despite the fact that the Hardening Soil (HS) modelling considered an advanced 

modelling technique for predictions of complex soil behaviour, there are several limitations for 

specific soil which can’t be approximated. One of those limitations is that the HS is not able to 

account for the behaviour related to soil dilatancy and soil restructuration which is mostly 

insensitive soils. Moreover, it is not possible to obtain hysteric behaviour during the cycling 

loading (Obrzud, 2010). 

An example of the modelling outcomes, Figure 12  shows the results of the Hardening Soil (HS) 

modelling for the Berlin sand case. It can be clearly seen that with the HS produces realistic 

information of the settlement behind the wall as well as a prediction of the direction of the 

horizontal soil displacement.  

 

Figure 12 results of computing retaining wall using Hardening Soil model. (Obrzud, 2010) 

Finally, it is worth to mention that an additional computational effort needed for this model. 

The user may conduct many irritations for each computational comparing to the simple model. 

It is also depending on the number of stages and phases that need to be modelled and the type 

of modelling as most techniques can be observed by 2D or 3D.  

2.3.3 Cam-clay model (CC) 

The yield point controlling the stress-strain response is capable to degrade in term of 

rebounding at high over-consolidation ratios. This may result in a bonding breakdown. The main 
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principle of the Cam-Clay modelling is to allocate the degradation of the yield point and its 

influence on the soil behaviours (Kraft & Amerasinghe, 1983). In other words, due to the 

reloading which leads to residual strain, irreversible straining occurs before the maximum stress 

reached.  The Cam-clay model is the use of the stress hardening theory of elasticity to contrive 

full stress-strain model of normally consolidated of lightly over-consolidated clay in the triaxial 

test. The model has been modified to an elastic plastic strain hardening model which allows 

modelling the non-linear behaviour through hardening plasticity (Ti, 2009). The Cam-clay (CC) 

and Modified Cam-Clay (MCC) are both represent three significant parts of the soil behaviours 

clarified as the strength, compression or dilatancy and the Critical state at which soil particles 

can experience unlimited deformation without any changes in stress or volume. 

 

Figure 13 (a) Yield surface for cam clay model; (b) Yield surface for modified cam-clay model. (Potts & Gens, 1988) 

As reported by (Ti, 2009), the model is based on the Critical State theory. This theory assumed 

the logarithmic relation between the mean effective stress (p) and the void ratio (e). Figure 14 

shows the Virgin compression and recompression are linear in (e-nl) (p) space which is suitable 

and most realistic for near-normally consolidated clay but it is noted also by (Potts & Gens, 

1988) that this theory is not suitable to model silt, saturated clay and stiff overconsolidated 

clays.  
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Figure 14 Response of real soil to hydrostatic stress and Response of idealized soil to hydrostatic stress. (Ti, 2009) 

The Cam-Clay model is very practical for the modelling of the deformation rather than failure, 

particularly in the normally consolidated soft soil. Additionally, it is more applicable and 

performs best in modelling projects that involve loading situations such as embankment and 

foundations.  

As stated by (Doherty, Alguire, & Wood, 2012), there are five input parameters needed for the 

model as listed in the table below: 

Parameter Description 

Λ Isotropic logarithmic compression index 

Κ swelling index 

M friction constant 

E initial void ratio 

vur Unloading/reloading Poisson’s ratio 

Table 4 Cam-Clay input parameters 

Both k and λ can be specified either triaxial test or oedometer test in which both give same 

values (ZACE Services Ltd, 2011). It is also known that those parameters may need an 

optimization because those parameters may not be available directly from the test data. Thus, 

reduplicate or irrigation preaches may be required in the most cases for identifying the 

parameters needed for the Cam-Clay model. This approach is required further modelling and 

changing the modelling parameter itself to reach match with those parameters obtained from 

the laboratory test. This optimization process is time-consuming and will be further discussed if 

the Cam-Clay will be the feasible alternative for this project (Doherty et al., 2012).  
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2.4 Assessment criterion: 

The criteria that have been used to select the variant have further explained in this section. 

Those criteria are chosen based on the previous experiments and with the supported by 

consultation with expertise and client. Some of those criteria can be considered as a project 

boundary conditions as to keep the specific criterion to the minimum such cost and time. While 

some others had to be within reasonable values such the precision.  

2.4.1 Precision  

As clarified earlier in chapter 2.3, the reality and precisions of predictions are varying among the 

different alternatives depends mainly on their assumption of the stress-strain relations and 

possibly other factors. And in line with (Ti, 2009), the main criteria for choosing the modelling 

technique is to assure its consistency with theoretical requirements in terms of continuity, 

stability and uniqueness. Hence, the theoretical requirement of any research is to achieve more 

adequate results which require precise execution techniques. Moreover, (Obrzud, 2010) 

reported that the choice of the modelling technique highly depend on the expected precision 

and prediction. Thus, the more accurate and precise is more favourable to attain the research 

purpose. As long as the precision is the most important aspect towards the research objective 

and the result accuracy, it had been given an importance of 35% out of the total criteria.  

2.4.2 Applications: 

The geoengineering computing can be divided into two main parts; those related to Ultimate 

Limit State (ULS) such wall stability and slopes assessment. And the once related to 

Serviceability Limit State (SLS) such deep excavation and tunnel excavations (Obrzud, 2010). 

Chapter 2.3 illustrates that each technique is more applicable in a specific situation than other. 

Even though there is no specific application has been planned for the tested area, this will be 

taken into consideration during the assessment of the alternatives as the virtual load that is a 

deep foundation in this case. This took in consideration if further studies to be optimized using 

such structure as it is the most common application in the area. Therefore, and since there is no 

real structure to be model in this research while this criterion considered only if a virtual loads 

needed to be studied -such the deep foundation in this case- , this criterion had been weighted 

5% out of the overall scale.  

2.4.3 Cost:  

Apart from the mutual cost of the testing execution, such the mobilization, field inspection, 

site clearing… etc., the different modelling techniques need different input parameters. Hence, 

there are different tests required to be carried out which means that the prerequisite 

equipment, labor, and further soil analysis will differ. The cost is an important criterion for any 
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project; the lower cost is the more preferred option. Therefore, the cost had been given a 

significance of 25% in this project.  

2.4.4 Time: 

The time of performing the modelling itself may vary for each modelling in the software due to 

the need for examining of different cases and loading situations and the time needed for 

modelling these cases may vary in each modelling technique. Even though the time of in-situ 

and laboratory testing are different for each technique, and this mainly depends on the 

requirements of the technique, the difference between the involved techniques is 

unremarkable. Therefore, this criterion had been given an importance of 15%.  

2.4.5 Experience-based evaluation 

This criterion aims to evaluate the model based on the previous practices of the experts and 

assess the suitability to fit the experimental objectives and available parameters. In accordance 

with (Ti, 2009), the second main criterion of assessing the constitutive modelling technique is 

evaluating the appropriateness to fit the variety available tests and the ease of determining the 

material parameters from the available data. More so, (Obrzud, 2010) reported the available 

knowledge of the material plays a key role in the choice of the constitutive model. As a result, 

and since the experience is more accurate than the theoretical provided information concerning 

the knowledge of the material and the suitability to fit the available tests, this criterion had been 

given a weight of 20%. 

2.4 Safety and Design Standards 

The standards must be addressed before any engineering practice, this to ensure that materials, 

products, processes and services are appropriate for their intent. Therefore, the following 

international and national standards were considered during the execution of this research 

based on the approach that the Sergeyco Company follows in similar practices. 

2.4.3 ASTM: 

ASTM is the American Society for Testing and Materials. It develops and publishes voluntary 

consensus technical standards for different materials, products, systems, and services (ASTM, 

2018). The laboratory and in-situ practical tests were preceded based on ASTM standards. This 

as a result of the usual approach of the local branch of Sergeyco Company in Spain, the 

availability of the standards and the working procedures.  
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2.4.4 Eurocode 7: Geotechnical Design 

Even though the Eurocode 7 is not very popular to use within Spain, the PLAXIS Software offers 

to model according to the Eurocode. Therefore, the modelling and calculations of the soil 

behaviours and allocating the partial factors were conducted according to the Eurocode 7.  
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3 Research Design and Strategy 

This chapter clarifies the research design and strategy that illustrates the research activities 

were executed to come up with the following stated results. Firstly, the research sets out with 

analytical examinations including literature review and interviewing experts. Next, an 

experiment was held involving modelling and explicating results before reaching the final 

conclusion and recommendations. The steps toward the research outcomes and the execution 

of mentioned elements will be described minutely in this chapter.  

3.1 Communication: 

The research involved three different organizations, the communication between the researcher 

and the organization was as follow: 

3.1.1 Host Organizations: 

The host institution is the organization where the research was held and supported by means of 

consultation, laboratories, and local conditions during the research period from February 2018 

to June 2018. In this case, there were two host organizations and the research conducted in 

both locations depends on the research process and needs.  

Organization name Universidad de Cadiz 

Visiting address       s/n, Av. Ramón Puyol, 11202 Algeciras, Cádiz 

City Algeciras 

Country  Spain 

Phone +34 956 02 80 00 

Host Institution supervisor Prof. F.J.M. Aguado 

E-mail paco.moreno@uca.es 

Communication 

Communication with Prof. Moreno took place through day-to-day meetings for expert advice, 

local conditions, and guidance regarding the process of the research.  

Organization name Sergeyco Andalucía S.L 

Visiting address       Carretera San Roque - La Línea km 1, 11360 San Roque, Cádiz 

City San Roque 

Country  Spain 

Phone +34 956 78 00 76 

In-company tutor Francisco Javier Manzano Diosdado  

E-mail franciscojavier.manzano@uca.es 

https://www.google.es/search?q=polit%C3%A9cnica+algeciras&sa=X&ved=0ahUKEwjd-p3_pb_ZAhUHuRQKHavyDPwQ7xYIJigA&biw=1707&bih=827
mailto:paco.moreno@uca.es
https://www.google.es/search?q=sergeyco&oq=sergey&aqs=chrome.2.69i57j0j69i59l2j0l2.5377j0j7&sourceid=chrome&ie=UTF-8
https://www.google.es/search?q=sergeyco&oq=sergey&aqs=chrome.2.69i57j0j69i59l2j0l2.5377j0j7&sourceid=chrome&ie=UTF-8
https://mail.hz.nl/owa/?ae=Item&t=IPM.Note&a=New&to=franciscojavier.manzano%40uca.es&nm=Francisco+Javier+Manzano+Diosdado
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Communication 

Communication with Eng. Javier Manzano was via e-mail and weekly meetings for expert advice, 

local conditions, and experiments requirements.  

3.1.2 Educational Institute: 

Organization name HZ University of Applied Sciences 

Visiting address       Edisonweg 4, 4382 NW Vlissingen, Netherlands 

City Vlissingen 

Country  The Netherlands 

Phone +31 118 489 000 

In-school supervisor G.Scuderi 

E-mail scud0001@hz.nl 

Communication 

Communication with Dr. Scuderi through e-mail and Skype meetings to follow up the 

research progress and feedback related to the research’s requirements and competencies. 

3.2 Activities and Products: 

To answer the main question, the sub-questions mentioned in Chapter 1 had to be answered. 

The activities were carried out to answer each sub-question will be described later in this 

chapter.  Figure 15 Research strategy flowchart summarizes the main research products and 

provides an overview of the sequence of the research activities and strategy. 

https://www.google.es/search?q=hz+university+of+applied+sciences&oq=hz+un&aqs=chrome.5.69i57j69i60j0j69i60l2j35i39.5132j0j9&sourceid=chrome&ie=UTF-8
https://mail.hz.nl/owa/?ae=Item&t=IPM.Note&a=New&to=franciscojavier.manzano%40uca.es&nm=Francisco+Javier+Manzano+Diosdado
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Figure 15 Research strategy flowchart 
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3.2.1 Current situation analysis (Answering sub-question 1 and 2): 

The below mentioned activities are carried out and their pointed products can be found in 

Chapter 2. The table below shows the activities conducted and the reality of the source that 

leads up to the required products.  

 

 Activities Products 

 

Sources 

1 Meeting with the client o Define the geotechnical and 
hydrological information 
from the documents 
provided by the client 

o List of boundary conditions 
o List of starting points 
o Knowledge about existing 

situation and methodology 

o Document 
provided by 
the client. 

o Previous 
studies 

2 Desk research and literature review about the 
study area and previous similar studies 

 

3.2.2 Program of requirements (Answering sub-questions 3 and 4) 

The program of requirements is important to provide comprehensive specification and guidance 

to the research. To draw the schedule of requirements, the research goals and client wishes 

have been taken into account. A functional requirement has been listed earlier in chapter 2.2 to 

meet the client’s expectations. Besides, preliminary technical requirements defined in 2.2 based 

on the codes and standards that were used in the research. For the tests, there was no specific 

protocol have been followed in UCA or Sergeyco. Hence, the national and international 

standards used for the tests procedures. Moreover, there are no certain requirements for FE 

modelling. However, boundary conditions have to be defined depending on the situation and 

the project. Therefore, a list of boundary conditions which were used in the project are listed in 

Chapter 3.2.4 

Fieldwork: Pressuremeter testing and sampling 

❖  Scheduled: Week 13: 26th March 2018 

❖ Location: Algeciras 

❖ Equipment: 

- Data acquisition system  
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- Pressuremeter. Type: Elastmeter-2.  Which consist of the following instruments: ( See 

Appendix A:  Pressuremeter Model and Specifications) 

o Probe: consists of three parts: two guard cells and one main cell (measuring cell)  

o Control unit 

o Tubing 

o Membrane 

- Drilling rig. Type: DeltaBase 520/525. (See Appendix B: Drilling rig Model and 

Specifications) includes: 

o Shelby tubes 

o Sampling tools  

❖ Technical and safety requirements: 

- Performing the Pressuremeter test according to ASTM Standards ASTM D2850, D4767 

and D2166 (ASTM Interational, 1994) 

 

• Safety requirements (California Department of Transportation, 2017) 

o Implement and approve site safety plan 

o Communicate to the Driller Worker about the operational needs 

for the drilling program 

o Ensure wearing the needed protective devices  

o Safety information in case of an accident 

o Discontinue the field work if any unsafe condition exists 

• Site preparation 

o Site clearance  

o Define borehole location 

o Equipment mobilization 

o Barrier  

• Test Execution according to ASTM standards D4719 including (See 

Appendix C: PMT ASTM standards): 

o Boring/Drilling 
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o Drilling desired depth 

o Calibration of the membrane 

o Applying pressure 

o Load-deformation and volume-change diagrams deducted 

❖ Aim and General Test Procedure 

The test performed to observe the deformation and to obtain the stress-strain relation of the 

soil by applying a pressure to the borehole sidewalls. The test started by means of site 

preparation and defining the borehole location. After that, the borehole drilled and a Shelby 

sampling conducted for the laboratory tests by forcing the sampler into the soil using a constant 

pressure. Meanwhile, the probe positioned in the borehole at the same depths where sampling 

performed and an increment of the equivalent pressure applied. Next, the outcomes and 

readings of unload-reload, stress and strain at the start of any load-unload cycles, and the 

pressures in the transducers are recorded at a frequency of 30 seconds intervals were specified. 

These activities were repeated in depths 1.5m, 7m and 9m. Further test outputs and results can 

be found in Chapter 4.  

  

Figure 16 In-situ test activities and equipment  
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Lab work: Triaxial test 

❖ Scheduled: Week 16 - 17 ( 16th April to 27th of April) 

❖ Location: Universidad De Cadiz (UCA) laboratories. 

❖ Equipment: 

- Triaxial apparatus (Compression machine, triaxial cell accessories, control panels and 

system accessories) 

- Data acquisition computer 

❖ Technical requirements: 

- Performing the Triaxial test according to ASTM Standards ASTM 4767 (Appendix D: 

Triaxial Test ASTM standards) 

• Apparatus 

o Required apparatus to perform satisfactory test is correspond to 

what described in ASRM D4767 section 5 

• Specimen preparation 

o test Specimen preparation is done according to ASTM D4767 

6.1,6.2 and 6.3 

• Mounting specimen 

o Before mounting the specimen into the triaxial chamber, 

preparations specified in ASTM D4767 7.1.1-7.1.4 has been 

followed 

o For a  wet mounting method, procedures specified in ASTM 

D4767 7.2.1-7.2.5 have been followed 

o Placing the rubber membrane around the specimen with a 

positive seal at each end 

o Adding the drainage at the top and checking the alignment of 

both specimen and specimen cap. 

• Performing the test 

o Proceed with the test corresponding to the rules and conditions 

in ASTM D4767 section 8 
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• Removing the specimen 

o Removing the specimen after the shear is completed, referring 

to the instruction in D4767 section 

❖ Aim and General Test Procedure 

The test performed is a consolidated undrained (CU) test. This mainly aims to extract the 

strength parameters of the soil under effective pressure. The parameters were later used in 

modelling the soil behaviour and as input parameters for the modelling. The test carried out 

using the apparatus mentioned in the previous section (See Figure 17). Considering the 

different samples from different depths, the test executed for more than five specimens 

which took more than a week to be completed. The test starts with preparing the specimen 

which had a diameter of 3.8 cm and 7.7 cm height in average for the different samples. The 

preparation stage involved extracting the specimen from Shelby tubes, trimming and placing 

a rubber membrane around the specimen before placing it in the triaxial cell and being filled 

with fluid. Then, a vacuum and effective pore pressure applied to ensure no voids have 

remained in the specimen as this called the saturation stage. This was guaranteed by 

determining the Skempton’s B-value whereby the cell pressure increased and drainage 

closed. Then, an increase in the cell pressure applied with performing a back pressure to 

bring the specimen to the effective pressure required. Finally, a slow axial load applied and 

the drainage kept closed while the excess pore pressure recorded until the failure occurred. 

All the results and records of the triaxial test can be seen in chapter 4. These activities were 

repeated for the different samples from different relevant depths. Method of the analysis 

and interpreting the results are later described in Chapter 3.2.4.   
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Test analysis: 

Since the CU triaxial test doesn’t provide the necessary parameters directly, an analysis of the 

tests results was needed to extract the main parameters. Determining the advance sensitive 

parameters will be explained later in this chapter according to the MCA results and the chosen 

model. For consolidated clay, the following steps have been followed to determine the main 

shear strength parameters: 

First, the following parameters were known 

σ3: Total major principal stress at failure. 

(Δσd)f: Deviator stress. 

( Δu)f: Pore pressure. 

Total and effective stress 

For normally consolidated clay (σ’= σ – Δu)  

For over consolidated clay (σ’= σ – (-Δu))  

To calculate the increase in pore pressure  

Skempton’s pore water pressure: Ā = Āf = (∆ud)f / (∆σd)f 

Figure 17 Triaxial Test equipment  
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Determination of Shear strength (c’ (cohesion), ф(friction angle) and Ψ (dilatancy angel): 

- Draw the total stress Mohr’s circles based on the laboratory test report 

- Draw a line that touches all the Mohr’s circles. expressed by  τf = σ tan Ф 

In which: 

σ: total stress 
Ф: the angle that the total stress failure makes with the normal stress axis (Angle of shearing 
resistance) 

Thus: ф = sin ⁻¹(
σ1−σ3

σ1+σ3
) 

or: 

M= 
6 sin ф

3− sin ф
 where M is the slope of the Mohr-Coulomb line as stated in (PLAXIS, 2016) 

Figure 18 also illustrates clearly another method of calculating the shear strength such the 

friction angle and soil cohesion parameters based in MC circles. With the help of Excel sheets, 

the following method used to analyze the results and obtain the main shear strength such as the 

friction angle, cohesion and the density of the specimens and further the other sufficient 

parameters have been extracted based on the chosen variant. However, Figure 19 sows the 

typical stress-strain curves of different clayey samples. 
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Figure 18 Typical Total stress failure from CU test in OC clay 

Centre of the circle = (σ1 + σ3)/2  
Radius = (σ1 −  σ3)/2 

Soil Density (p) = 
1000 𝑚

𝐴 𝐿
  (mg/m3) 

Where: 

m: mass of the specimen 

A: The initial cross-sectional area of the specimen 

L: The initial length of the specimen 
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Figure 19 Typical Stress-strain curves for CU triaxial test (Rodney & Eng, 2008) 

3.2.3 Assessing and choosing of design variant (Answering sub questions 5, 6, and 

7) 

The possible modelling techniques have been explained earlier in Chapter 2.3, namely the Mohr-

Coulomb (MC) model, Hardening Soil (HS) model, and Cam-Clay (CC) model. An overview of the 

principle, area of applications, and the parameters required for each modelling technique are 

described and elaborated earlier in Chapter 2.3. Those techniques have been analyzed based on 

criteria that fit the project objectives and client requirements whereby an advantage and 

disadvantages were weighted with respect to the determined criteria. Each criterion has been 

evaluated by setting a score varying from 1 to 5. The significance of the scoring can be seen in 

Figure 20. 
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Figure 20 significance of the evaluation scoring 

Chapter 2.4.describes the weighting factor has been given for each criterion and its importance 

and relevance to the desired objectives. 

 Activities Products 

 

1 Setting up alternative and variants o List of modelling techniques and its 
working principle 

o List of the criteria that are relevance 
to the chosen variance based on the 
functional and technical 
requirements 

o Defining the most suitable variant 
according to the analysis outcomes 

2 Setting up a criteria 

3 Assessment of each alternative against the 
defined criteria 

Assessment method 

Multi-Criteria Analysis is the method which was used for the assessment of the appropriate 

modelling technique that fit the requirements and the asserted criterions. The method allows 

evaluating different options when multiple criteria are present. The method is well-known and 

popularly used in the decision making in civil engineering projects and other different fields to 

assign the most preferred alternative.  Table 5 clearly shows the assessment criterion, weight 

factors and the involved variants.  

Table 5 Assessment method 

 Modelling Variants 

Criteria Weight factors Mohr Coulomb Hardening Soil Cam-Clay 

Precision 35%    

Applications 5%    

Cost 25%    

Time 15%    

Experience-
based evaluation 

20%    

An overview of the variant evaluation and the analysis results can be found in chapter 4.1. 
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3.2.4 Detail engineering of the chosen variant. (Answering questions 8 and 9 

Once the Multi-Criteria Analysis is completed and the alternative is chosen according to the 

criteria, the details engineering starts with extracting the necessary parameters, modelling, 

calculations and drawing up the technical conclusion.  

Modelling of soil behaviours 

This part is the main part to verify if the Pressuremeter test allows estimating the soil 

parameters and thus to attain the main research objective. This was verified by PLAXIS using the 

following activities: 

❖ Analyzing and extracting the necessary parameters from the triaxial test results 

To start the PLAXIS modelling, input parameters were needed from both the CU triaxial and the 

PM tests conducted. Figure 21 illustrates the necessary input parameters needed for the HS 

model from CU triaxial test and the method of extracting those parameters. Note that some 

parameters were not available directly from the test and advance level of analyzing and 

calculation needed. Therefore, the parameter optimization function used to allow optimizing 

the estimated values towards real laboratory results. Some input parameters of the 

optimiza

tion tool 

were estimated within the recommended scientific values.  

Table below shows the estimated values of the parameters entered for the optimization step 

which were not available directly from the test as advised by the research supervisor. The 

Figure 21 summary of HS model input parameters (Townsend, Anderson, & Rahelison, 2001) 
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optimization activity requires entering estimated values of the expected outputs before 

optimizing the real test parameters.  

In which: 

Eref50 13000 KPa (estimated 

Eref oed 9561 KPa (estimated) 

Eref ur 112700 KPa (estimated) 

M 0.5 (constant) 

vur 0.2 (estimsted) 

Ko 1 

Table 6 The Input paarmeters for the Parameter Optimization tool 

The above mentioned values were initially estimated based on the experience of similar projects 

before optimizing them and obtaining the real values. The input of the estimated values can be 

seen in the section below. The calculation and analysis results of the triaxial used as a reference 

for optimizing the soil parameters as clarified in the next section. 

❖ Optimizing the parameters obtained from the triaxial test 

This activity completed by using the Parameter Optimization function in SoilTest tool in 

PLAXIS. This function allows back-calculating the triaxial test and therefore finding the most 

desired values of the selected parameters of the measured data. It allows choosing the 

parameters that need to be optimized (See figure 15). By ending this activity, the best 

possible parameters obtained from the triaxial test were available.  
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Figure 22 Parameter optimization function (PLAXIS, 2013) 

❖ Analyzing and extracting the necessary parameters from the PMT results 

For the PMT, some data such as applied pressure, corrected pressure and volume change are 

reported directly to the data acquisition system from the Pressuremeter cell. Other parameters 

such as the pressure limit (PL) and Pressuremeter modulus (Ep) are calculated as follow: 

- Calculation of the Pressure limit: (PL) 

Pl = (( r2 + ro2 - (2 r. ro)) / ro2 

- Calculation of the Pressuremeter modulus (Ep): 

 Ep = (1+ϑ) . rm . (ΔP / Δr) 
 
In which: 
Ep = Pressure module or Menard module 
θ = Poisson's coefficient 
ΔP = Pressure increase considered in the elastic branch. 
Δr = Variation of radius considered in the elastic branch, after the discharge-recharge cycle 
rm = Average radius 
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❖ Modelling the PMT in PLAXIS 

First, the geometry and PLAXIS boundary conditions are defined as follow: 

- Hardening Soil (HS) model set as the material model based on the MCA results. 

- The geometry: the geometry created corresponding to the soil profile of the study area. 

In both tests, the top boundary was drawn as y=0 while the bottom boundary was 

chosen to be 0.5m deeper than the cell pressure depth. 

- Hydraulic conditions: none: this means there is no special hydraulic condition applied 

and the standard fixities were used for the calculations. 

- Loading situation: a uniform horizontal line load was used to introduce the pressure of 

the real PMT in PLAXIS. This was sufficient to represents the PMT loading situation and it 

further lead up to the intended outputs. 

- Due to the clayey soil profile, undrained condition chosen as recommended by (PLAXIS, 

2016). 

- Fine mesh selected as mesh coarse as a result of its known accuracy and quick 

simulation (Peaker, Cao, Jinyuan, Kanagaratnam, & Balachandran, 2016).  

- The bottom of the model was vertical fixity and the vertical faces of the model were 

chosen to be horizontally fixed.  

- Axisymmetric model was chosen for simulating the PMT as recommended by (Schanz, 

Vermeer, & Bonnier, 1999). 

The following figures illustrate some of the inputs and boundary conditions used before 

modelling the tests. 
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Figure 24 PLAXIS boundary conditions (Mesh type) 

Figure 23 PLAXIS boundary conditions (Flow conditions) 
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Figure 25 PLAXIS boundary conditions (soil parameters) 

PMT simulation carried out for the two depths in the following two stages: 
-  Borehole drilling  

-  Applied pressure at the probe borehole interfaces progressively.  
In this part, a simulation of the PMT made with the same loading situation of the real test. The 
experiment held with pre-bored Pressuremeter, the simulation done by applying the theory of 
the cylinder expansion in the soil mass. A progressive pressure applied identically to the one 
applied in the real test. The change in the horizontal displacement of the nodes connected to 
the central cell is measured for the purpose of acquiring the expansion volume of the borehole. 
In this research, the Pressuremeter was simulated as asymmetric model to allow carrying 
analysis using cylindrical coordinates such the radial direction (r) and the vertical direction (z) 
according to (Peaker et al., 2016) while the HS model chosen to model the material behaviour 
based on the MCA outcomes.  
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Figure 26 PLAXIS loading stage 

Once a correlation was not found using the real parameters, the parameters have been changed 

followed by check if an acceptable correlation can be found between both tests. 

❖ Comparison of Elastic modulus obtained from the triaxial test with Pressuremeter 

modulus (E50 and Ep). 

Comparing the E50 and Ep is one of the main techniques to check the feasibility of estimating 

the soil parameters using the Pressuremeter outcomes especially once a persistent formula 

found between them. This has been done by plotting both values from different samples and 

establishing a formula which represents the relation between them. 

3.2.5 Discussion and Conclusion (Answering question 10) 

The results from the numerical analyses are plotted in Pressure-displacement (Ux ) curves and 

further compared with the test curves in the field. Moreover, an analysis of the reliability of the 

values of Ep and E50 from the available samples is conducted. The discussion chapter was based 

upon the available knowledge and the involved experts’ opinions.   
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3.3 Quality control 

There are several actions and procedures have been followed to ensure that the research is 

upon the required standards and demanded competences. To start with, the communication 

between the researcher and the three involved parties is subjected to a communication plan as 

clarified in Chapter 3.1. A periodical follow up from the HZ supervisor was held and the 

consequent feedback has taken into consideration with respect to the thesis manual provided 

by HZ University. Furthermore, a guidance and advice from supervisors in UCA institution and 

Sergeyco Company to ensure that the product meets the professional standards since both 

organizations have sufficient experience in the field of geotechnical and civil engineering.  

Moreover, a supporting document including activities, sources and planning with a logical 

structure were approved by HZ supervisor before starting the execution phase. In addition to 

the research proposal and research layout provided by the HZ Supervisor, a (Baarda, 2014) book 

followed for better research quality.  
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4 Results 

4.1 Variant Analysis 

Complying with the design variants and the set criteria described earlier in Chapter 2, and to 

provide clear arguments of the given score for each variant in order to clarify how the best 

variant was chosen, the characteristics of each variant will be deeply evaluated in this Chapter. 

The cost and time are judged based on information and activities needed for each modelling 

technique and the standard amount rate and time of those tests according to the manual used 

in Sergeyco Company.  The final analysis results are provided at the end of this chapter. Please 

note that the cost estimation used in the evaluation was based on the standard prices of 

geotechnical services in Spain as provided in Appendix I: Standard Prices of Geotechnical 

Services in Spain 

4.1.1 Variant Evaluation 

Mohr Coulomb model: 

Precision This modelling technique is more recommended for the first analysis of the 
problem and first-order approximation of the soil behaviour.  This due to 
the plastic-perfectly and elastic-perfectly assumptions which make it not 
accurate and therefore it is only recommended for simple projects (Plaxis, 
2011). Moreover, the MC model usually overestimates or underestimates 
the soil strength which negatively affects the researches outcomes as stated 
by (Wang, 1993) and (Obrzud, 2010). Furthermore, (Teo & Wong, 2012) 
affirms that the main shortcoming of the MC model is the production of 
unrealistic soil behaviour.  

Applications The areas of application of the MC model are shallow foundations, slopes, 
the stability of dams and embankments (Surarak et al., 2012). Therefore, it 
is not applicable for the virtual load in this research which is a deep 
foundation. Hence, a score of 1 has been dedicated to this variant 

Cost Considering the input parameters and the tests needed to obtain them, the 
Mohr Coulomb model requires slightly less cost compared to the other 
variants as a consequence of the sort of the parameters needed. The 
parameters of MC model can be obtained from a triaxial test or direct shear 
box text. The direct shear box test costs 88 euro for each sample (See 
Appendix I: Standard Prices of Geotechnical Services in Spain). The amount 
stated is very appropriate for the specified criteria and therefore a score of 
4 has been given to this criterion.   
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Time Even though the modelling itself needs considerably less time in comparison 
with the other variants due to the perfectly elastic and plastic assumptions, 
the five input parameters have to be obtained from in-situ measurements 
and laboratory tests in which a time and effort needed which is sort of less 
than the other variants. The parameters of the MC model can be obtained 
by the direct shear box test in 2 days for each sample. 2 days are very 
suitable in term of the research requirements; this explains the score of 4 
which was given in this criterion.   

Experience-based 
evaluation 

Apart from the fact that it requires less time, effort and cost. Mohr-
Coulomb is not accurate especially in such sensitive research and therefore 
not advisable based on the level of the accuracy that clients headed for at 
the stated research objectives. And since the accuracy plays an important 
role towards the final research outcomes, a score of 1 has been given to this 
criterion.  

Hardening Soil model: 

Precision The Hardening soil model allows estimating the complex soil behaviour.  
Besides, there are three input stiffnesses in this modelling technique to 
ensure an accurate modelling (Refer to Chapter 2.3.2). Moreover, there are 
non-linear assumptions of the elastic and plastic behaviours as well as the 
isotropic and deviatoric mechanisms which makes the Hardening Soil Model 
is the more precise in comparison with the other variants (Obrzud, 2010). 
The comparison between Figure 11 Figure 12 in Chapter 3 clearly illustrates 
the difference in the prediction of the soil behaviour between the MC 
model and HS model. 

Applications The Hardening Soil model as suitable type of any application including both 
hard and soft soil. Additionally, it is well-known in the prediction of different 
to geotechnical situations including the deep foundation as well as the 
situations whereby a reduction in the mean effective stress occurs (Ti, 
2009).  

Cost Due to the large parameters required for this model, a combination of in-
situ test and laboratory test is preferred for obtaining the necessary inputs. 
However, it is acceptable to acquire the data from the triaxial or oedometer 
test only. Therefore, this variant will have considerably higher cost in 
general compared to the other variants which require fewer input 
parameters. The triaxial test costs 332 euro for each 3.8cm sample 
according to the company manual (See Appendix I: Standard Prices of 
Geotechnical Services in Spain). Thus, a score of 2 has been given t this 
criterion.  
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Time As explained in the above criterion, due to the large list of parameters 
needed for this model, it requires analyzing a combination of laboratory and 
in-situ tests to extract the necessary parameters. The standard time 
required to obtain the necessary parameters from the triaxial test of the HS 
model is 4 working days including consolidation, saturation and shear. But 
mostly it requires an optimization for the parameters before executing the 
modelling.  This describes why a score of 3 was given to this criterion.  

Experience-based 
evaluation 

In line with (Schanz et al., 1999), the hardening soil model is the most 
accurate and popular comparing to the other variants. Moreover, (Oliva, 
n.d.) Highly recommends using the Hardening Soil since it is used in the 
characterization of material behaviour using Pressuremeter test. Likewise, 
the experts from UCA and Sergeyco who involved in this study were strongly 
advised to use the HS soil model before the intention of performing the 
MCA arise. This due to their knowledge of the suitability of the model to the 
available data and material.  

Cam-Clay model: 

Precision Since the Cam-Clay allows modelling the non-linear behaviour through the 
hardening elasticity (Ti, 2009), it means that the precision level is acceptable 
and can meet the research accuracy objectives. Therefore, a score of 3 has 
been given in this criterion 

Applications Even though that this model is more realistic for near-normally consolidated 
clay, according to (Potts & Gens, 1988), The Cam-Clay model is not suitable 
to model silt, saturated clay and stiff clay, Therefore, this model will not be 
applicable for modelling the stiff clay soil as our case study. It is also more 
applicable in projects that situations were loading situations such 
embankment and foundations which means it is acceptable for the virtual 
load planned. 

Cost The overall cost of this model is relatively higher than MC model. This due 
to the type of parameters needed. The CC model requires a combination of 
oedometer and shear box test to obtain its parameters. The cost of the 
shear box test is 88 Euro and the oedometer test is 137 Euro. Which mean 
the total cost is 225 Euro for each sample which seems suitable to the 
project constraints. Therefore, a score of 3 has been dedicated to this 
criterion. 
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Time Because of the selling index and Isotropic logarithmic compression index 
input parameters, a number of optimizations or reduplicate needed since 
those parameters are may not be available directly from the tests. This 
means that this model is time-consuming as well. More so, 10 working days 
needed to obtain the CC model parameters according to the standard 
manual provided by Sergeyco Company. Hence, a score of 1 has been given 
to this criterion since it is not favourable for the research objectives.  

Experience-based 
evaluation 

According to (Potts & Gens, 1988), the theory in which the Cam-Clay works 
upon is not suitable to model silt, saturated clay and stiff overconsolidated 
clays. That is the reason behind the low score of the model in this criterion.
  

4.1.2 Analysis of the variants 

In this section, the final analysis will be shown. The selection of the criteria and its weighting 

factors have been already discussed earlier in Chapter 2.4. The assessment and the scoring 

values were based on the evaluation which carried out in the previous chapter. It can be clearly 

seen that the Hardening Soil (HS) model has the highest score with 3.7 out of 5.   

 

Figure 27 Variant Analysis 

4.1.3 Conclusion 

As can be observed, the Hardening Soil (HS) model was the best variant with respect to the 

defined criteria. Therefore, The Hardening Soil model has been used in later stages for modelling 

the tested soil and interpreting the results towards achieving the final research goals. It is also 

worth to mention that due to the prominent disparity between the winning variant and the 

other options there was no need for sensitivity analysis especially in a case whereby 

uncertainties, project risks and margin of error are limited.  
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4.2 PMT: 

The test executed in three different depths. The execution errors such the borehole drilling and 

the limitation of the Pressuremeter in penetrating the gravel and claystone causing undesired 

test results at the shallower depth and therefore are not provided and used in this study. Those 

errors will be widely discussed later in Chapter 5. Figure 28 and Figure 29 presents an overview 

of the PMT results conducted at 7-7.5 m and 9-9.5m depths. The detailed results can be found in 

the excel sheet in Appendix E: PMT results. 

 

The graph displays that the displacement or the volume change goes up while increasing the 

pressure at the borehole. The apparent drop at the end is due to decreasing the pressure again 

to the lowest point. The declined pressure and the reduction in the volume usually recorded for 

unloading behaviour of the soil which is not intended to be studied in this research. A 10 mm 

maximum displacement logically was at the maximum applied pressure which is 2719 kN. 

As explained in the previous chapter, the test includes different loading stages, the readings 

have been taken for each loading stage at every 30 seconds according to the standards. The 

following table illustrates the readings of the pressure and the change in the deformation as a 

detail representation of Figure 28 as generated from the data acquisition system connected to 

the Pressuremeter probe.  

Figure 28 Actual and corrected curves of the pressure-volume relation at depth 7-7.5 m  
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Table 7 Readings of the soil deformation at different loading stages at every 30 seconds at 7m depth 

The above-shown table is directly produced from the data acquisition system. The corrected 

pressure readings are lower than the actual pressure because it considers the hydrostatic 

pressure of the water in the tubing (Oliva, n.d.). Accordingly, the corrected values are the once 

used in the calculations. From the table, the Pressure limit and Pressuremeter modulus were 

calculated as follow: 

The pressure limit (Pl) at depth 7m and according to the formula  (( r2 + ro2 
- (2 r. ro)) / ro2, = 2720 KPa 
 
 
While Calculation of the Pressuremeter modulus: Ep = (1+ϑ) . rm . (ΔP / Δr)  

Ep = 22470 KPa 
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Figure 29 Actual and corrected curves of the pressure-volume relation at depth 9-9.5 m 

At 9m depth, the maximum displacement was 9.6 mm at the maximum corrected pressure 3184 

kN as can be shown in Table 8. Therefore, it can be noticed that the deeper layer is stiffer in 

which it has less displacement even with higher pressure applied.  

 

Table 8  Readings of the soil deformation at different loading stages at every 30 seconds at 9m depth 
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From the above table, the Pressure limit and Pressuremeter modulus at 9m depth were 

caclculated as follow: 

The pressure limit (Pl) at depth 9m and according to the formula  (( r2 + ro2 
- (2 r. ro)) / ro2, = 3200 KPa 
 
 
While Calculation of the Pressuremeter modulus: Ep = (1+ϑ) . rm . (ΔP / Δr)  

Ep = 69235 KPa 

4.3 CU Triaxial Test: 

The Consolidated Undrained triaxial test conducted for different specimens of the same depths 

where PMT performed under different confining pressure (650 KPa and 900 KPa). Next 

subchapters display a summary of the results from sample 7.3 -7.6m and 9 – 9.3m respectively. 

While the detail calculations and lab report including pressure applied, Mohr Circles, parameters 

analysis and the specimen response can be found in a separate Excel sheet in Appendix F: 

Triaxial Test lab report 

4.3.1 Sample at 7m depth  

 

Figure 30 Stress-strain relation obtained from triaxial test at 7m depth 

Sample 2 _______ 

Sample 1 _______ 
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Figure 31 Mohr-Coulomb envelope for CU triaxial test at 7m depth 

Based on the Mohr circles and MC failure envelope,  the dry density, friction angle and the soil 

cohesion were calculated by excel sheet using the method described earlier in Chapter 3. The 

results for the two samples were 1.75, 176 (g/m3), 40 (degree) and 0 (KPa) respectively. It was 

quickly noted that the soil cohesion (c’) =0 doesn’t appear to be realistic value. But after using 

the parameter optimization function, a pragmatic value presented as will be shown in Chapter 

4.4.1.  

4.3.2 Sample at 9m depth  

Figure 32 Stress-strain relation obtained from triaxial test at 9m depth 

Sample 2 _______ 

Sample 1 _______ 
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Figure 33 Mohr-Coulomb envelope for CU triaxial test at 9m depth 

At 9m depth sample, the results for the three samples were 1.75, 1.67 (g/m3), 52 (KPa), 26.49 

(degree) and 52 KPa respectively.  

On the whole, both outcomes give the same value for the density while a remarkable variance in 

respect of cohesion and friction angle. It is sensible that deeper layer demonstrates a higher 

value of cohesion than the shallower layer, but a cohesion value of 0 KPa is not feasible in this 

type of soil. Therefore, the further parameter optimization step exhibits a rational value. 

4.4 Triaxial Test Simulation 

In this chapter, the results of simulating the triaxial test are presented. The simulation was done 

according to the method clarified earlier in Chapter 3.2.4.   

4.4.1 Parameters optimization 

The results the optimized parameters are presented in this chapter. The main goal of conducting 

this activity was to ensure obtaining the best possible parameters from the laboratory test to be 

used in the modelling of PMT. The detailed calculations can be found in Appendix G: Parameters 

Optimization The test simulation was carried out using the aforementioned winning variant in 

the MCA, the Hardening Soil model (HS).  
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Parameters optimization of the first sample (7m depth): 

 

Figure 34 Stress-strain resulting charts of parameter optimization function of 7m depth samples  

As can be observed, the MC model has been considered in this activity even though the HS were 

chosen to be used in all the modelling activities of this study based on the MCA outcomes. This 

took place because this PLAXIS function can consider both models and further produce their 

results without any noteworthy time or effort needed. Thus, the activity preceded using both 

modelling techniques to illustrate the eligibility of the chosen variant and its accuracy in 

comparison to the MC model as it can be clearly shown in Figure 34. The HS model shows an 

agreement with the test results especially at the lower pressure applied. Moreover, it 

represents a non-linear behaviour corresponding to the real soil behaviour as can be seen in the 

real test results. On contrary, even though the MC model shows some agreement in some 

specific events in the test, but it represents perfectly-linear behaviour which is not reasonable at 

the real tests. 

The Parameter Optimization function produces tables of both 650 and 900 KPa chamber 

pressure in accordance with the real triaxial test pressures. The produced tables were further 

copied to an excel sheet in order to create resulting charts to be compared with the real test 

data. However, the optimized parameters are directly outputted from the aforementioned 

function as can be seen in the next table. 

Table 9 Optimized parameters for 7m depth samples 

Optimized parameters 

E50 4.50E+04 kN/m2 

Eoed 4.70E+04 kN/m2 

Eur 1.30E+05 kN/m2 

ν 2.20E-01  

c´ 3.20E+01 kN/m2 

phi´ 4.00E+01 º 
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Parameters optimization of the second sample (9m depth): 

 

Figure 35 Stress-strain resulting charts of parameter optimization function of 7m depth samples 

Just as the same steps performed for the sample at 7m depth, the triaxial test simulated using 

same pressure applied in the real test. The resulted stress tables were further compiled as 

charts representing stress-strain response of the samples using different chamber pressure and 

with different modelling techniques of the material behaviours as presented in Figure 35. 

Table 10 Optimized parameters for 9m depth samples 

Optimized parameters 

E50 1.60E+04 kN/m2 

Eoed 1.70E+04 kN/m2 

Eur 2.00E+05 kN/m2 

ν 2.20E-01  

c´ 5.00E+01 kN/m2 

phi´ 2.80E+01 º 

 
It can be noticed that the soil cohesion (c´) and the friction angle (phi´) at this depth are greater 
than the once at 7m depth. While the E50 and Eoed are lower.  

4.5 Modelling of PMT 

This activity was carried out in accordance with the method mentioned in Chapter 3.2.4. The 

modelling of PMT shows the soil displacement for each loading stage. These displacements were 

listed in order with the applied pressure comparable with the loading situation of the real test 

before it has been interpreted to a chart. The modelling results seem to over-predict the soil 
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displacement when the exact parameters used. The acceptable correlation was not found with 

same parameters obtained and optimized from the triaxial test. Therefore, the modelling 

conducted using different cohesion until a reasonable correlation found as demonstrated in 

Figure 36.  The detailed results of the modelling can be found in Appendix H: PMT simulation 

results. The vertical axis in the following chart represents the applied pressure in kPa while the 

horizontal axis states the soil displacement in mm.  

 

Figure 36 Comparison of the experimental and the numerical stress-displacement results 

The actual test results are represented in the solid blue line, while the dotted lines illustrate the 

PLAXIS outcomes when simulating the real test but using different cohesion value as an input 

parameter to achieve an acceptable correlation. It can be clearly seen that the simulation gives 

an acceptable correlation at lower cell pressure, while it overestimates the displacement once 

the pressure noticeably increased. Additionally, it’s apparent that the reasonable correlation 

found once the cohesion has been greatly increased to impracticable value (c’=400). These 

circumstances will be discussed later in Chapter 5.  

4.6 Ep vs E50 correlation 

The following figure shows the correlation and the formula between E50 and Ep derived from 

the available values of the two samples.  
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Figure 37 Ep versus E50 correlation 

The correlation presents an inverse relation between the Secant modulus (E50) and the 

Pressuremeter modulus (Ep). This outcome was not expected and doesn’t seem to be realistic as 

both parameters representing the shear strength of the same tested soil while showing an 

inverse relation. Moreover, the formula derived from the relation shows uncertain values mainly 

as a result of the fact that two samples are not enough to establish such formula.  The further 

causes of these unexpected results will be discussed in the next chapter. 
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5 Discussion 

In the current chapter, a discussion of the MCA, PMT, laboratory test and the modelling results 

will be discussed.  

5.1 Multi-Criteria Analysis 

The evaluation of the MCA was done based on a theory and facts of the three different models 

retrieved from desk research and literature review especially for the precision and the 

application of each variant.  The cost and time criteria were judged based on the standards used 

in Spain as provided by the client (See Appendix I: Standard Prices of Geotechnical Services in 

Spain  while the experience-based evaluation assessed by the experts who were involved in this 

study. As it has been concluded in the previous chapter, the HS model had the highest score 

among the other variants. The main characteristics of the HS model were the precision and the 

experience-based evaluation. Both criteria have a total weight of 55% per cent which 

outbalanced this variant amongst CC model and MC model. Other related points to consider are 

that the MC model is slightly higher than the HS model in terms of the cost and time but the 

inconsiderable difference and the lower weight of those criteria couldn’t make it sufficient to be 

the most appropriate variant. On the other hand, CC model isn’t influential in any of the 

specified criteria whereby ended up with the lowest score. It is noteworthy that these results 

were highly expected from the experts in Sergeyco even before the MCA starts due to the basis 

of theory such as the better performance of the HS model in most geotechnical applications 

while the MCA conducted to allocate the best variant based on more scientific and evidential 

method. More so, the sensitivity analysis was not favourable to be done in a case were the 

potentials of risks and uncertainties are limited. 

5.2 Laboratory and in-situ work results 

To start with, the PMT was conducted at three different depths as explained earlier in Chapter 

3.2.2. There was a problem with the shallower test conducted due to the limitations of the 

Pressuremeter probe. The probe has a diameter of 76 mm and maximum probe radial expansion 

is only 10mm which requires an accurate drilling of the borehole. Therefore, the shallower PMT 

results show a high disturbance during the drilling which makes it unusual to be used in our 

case. Likewise, the reason of the irregularity in test results could be the requirement of the 

support from conventional drilling techniques as mentioned by (Cambridge Insitu Limited, 2018) 

At the remaining depths, the results illustrate corrected and real values of the pressure applied 

and it can be clearly seen that the corrected curves in both tests had a lower pressure than the 

real pressure applied. This due to the hydrostatic pressure of the water in the tubing and 

membrane resistance and the volume difference is referred to the water compression in the 

Pressuremeter circuits (Oliva, n.d.) Both results show nearly the same maximum volume change 
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at the maximum pressure applied; this explains that the shear strength of the soil at the 

examined location is higher at deeper layers. 

For the triaxial test results, the sample extracted at shallower depth was not considered in the 

research mainly because the PMT results at same depth was not sufficient and hence a 

comparison and a correlation and can’t be found. Additionally, the sample was extremely 

disturbed as noticed during the specimen preparations as a consequence of the transportation 

procedure assumed. At the other two depths, the samples provide practical results and show 

very stiff parameters which made them sufficient to be used further in the study except for 

some values such the cohesion in the second sample (-7 m depth) which gave a zero value. This 

value doesn’t look realistic especially in this type of soil under CU testing conditions. This may be 

happened because of the wrong indication of the Mohr Circle in which there were higher values 

should be drawn to increase the tangent. In the other hand, using the SoilTest Optimization tool 

results in more realistic values and were consistent with the primary values arise from the real 

test. This displays that the laboratory test went well and the optimized parameters can be used 

further in the study. 

5.3 Modelling of PMT  

The graph presented in chapter 4.5 shows that the input parameter obtained from the triaxial 

doesn’t give agreement with the real test when it used in the numerical analysis of the PMT. the 

agreement was not found when using the actual input parameters. This may refer to the 

frequent existence of the rocky elements as well as the heterogeneousness kind of soil (Oliva, 

n.d.). The numerical curves are in sensible agreement only when the cohesion considerably 

increased while the other parameters remain unchanged. In fact, such input parameters used 

when a much stiffer soil is present than the tested samples. One of the main reasons behind the 

variance of the curves once the actual parameters used, is the process of the transporting, 

cutting and preparing the specimens. This produces a weakening of the soil and therefore it 

loses its authentic properties particularly the soil cohesion. Moreover, the the different at early 

stages refer to the soil disturbance caused by drilling the borehole. Accordingly, the PMT is more 

accurate in terms of estimating the soil parameters and results in more reliable stress-strain 

relation of the soil. But a doubt still in the relation between the Ep and E50 as will be clarified in 

next chapter.  

5.4 E50 versus Ep correlation 

The results provided in chapter 4.6 shows there is an inverse relationship between the 50% 

secant modulus (E50) and the Pressuremeter modulus (Ep) which is not logical and practical 

behaviour. Additionally, the sample at 9m depth shows a value of 16000 KPa for the E50 and 

69236 KPa for Ep. In practice, this difference a relatively is high compared to the sample 
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obtained at 7m depth and can’t be sufficient for obtaining a credible correlation. This becomes 

clear in the correlation formula inferred from the values stated in Figure 37. Moreover, these 

results contradict with the findings provided by (Sedran, Failmezger, & Dravininkas, 2013) as 

they stated that there should be a constant relation between the Ep and E50 even though if the 

Ep doesn’t directly represent the E50. The same writers indicate that the degradation of the 

elastic modulus caused by tension resulted from drilling the borehole as well as the soil 

disturbance may be the reasons behind the difference between the two values. Hence, two 

samples present no statistical significance and hence not adequate to derive an accurate 

correlation for the relation between the E50 and Ep, especially in the clayey soil. 
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6 Conclusion and recommendations 
6.1 Conclusion 

In order to solve the problem of inaccurate parameters results from the laboratory testing and 

hence in an erroneous indication of the soil behaviour, a new approach represented in PMT is 

examined and compared with the classical laboratory tests using FEM. The modelling techniques 

were defined earlier by the client based on the available resources 

The analysis of three different variants was done using a Multi-Criteria Analysis (MCA). After a 

detailed evaluation in term of cost, time, precision, application and experts point of view, the 

Hardening Soil (HS) model chosen to for modelling the soil behaviour which had the highest 

score by 3.7 out of 5 comparing to 2.45 and 2.55 for Cam-Clay  (CC) model and Mohr-Coulomb 

(MC) model respectively 

After simulating the PMT using PLAXIS, plotted curves are created to compare the numerical 

outputs with real test results. The agreement wasn’t found with the existing optimized triaxial 

test parameters. The simulation re-performed with increasing the cohesion until an acceptable 

agreement was founded. This leads to inferring that the stiff clayey soil loses its parameters 

after the sampling and therefore results in weak soil comparing to the one in-situ.  

Moreover, from the first glance, the correlation between the elastic modulus (E50) and the 

Pressuremeter modulus (Ep) doesn’t provide a logical behaviour and clearly shows that only two 

samples are statically insignificant to consider that the founded formula y = -0.6201x + 58934 is 

credible. 

On the whole, the used method, boundary conditions and the project requirements were not 

sufficient to design the systematic approach which allows estimating the parameters of stiff 

clayey soil from PMT. On the other hand, this research can be considered as a key point and 

baseline towards attaining the defined goal once the research outcomes taken into account in 

addition to the recommendations provided in the next chapter.  
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6.2 Recommendations 

The conducted experiments and the analysis to check the feasibility of estimating the stiff clay 

parameters from Pressuremeter test, together with the conclusion summed up in the previous, 

have all drove to several recommendations concerning the optimization of the further related 

studies. The research scope was bounded with some functional requirements as well as factors 

such the available resources and time. Thus, many uncertainties presented at the study 

conclusion which can be minimized and thus more precise outcome acquired once the following 

recommendation implemented.  

First of all, to establish a significant correlation and adequate formula of the comparison 

between the Ep and E50, much more samples need to be studied and further modelled for 

which imposes more time and resources to obtain dependable relation. 

Furthermore, the disturbance of the samples obtained from the in-situ tests must be kept at 

very limited levels. This can be achieved by high-quality execution and well-trained experts as 

well as choosing proper drilling method.  

Lastly, since the modelling techniques as a design variants were selected by the client as a 

functional requirement due to the limitation of time and resources, further studies can take into 

account more accurate or suitable modelling techniques such Hardening Soil Small Strain (HSSS) 

model and relook to the method of executing the model as more stages could be included. 

Accordingly, (Townsend et al.,2001) recommends using unload-reload cycle for calculating the 

stiffnesses while it is stated that those values may not be available usually.   
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Appendix B: Drilling rig Model and Specifications 
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Appendix C: PMT ASTM standards 
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Appendix D: Triaxial Test ASTM standards  
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Appendix E: PMT results 
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Appendix F: Triaxial Test lab report 
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Appendix G: Parameters Optimization results 

❖ -9m depth sample: 

TEST PLAXIS 

650 900 Morh - 
Coulomb 
(650) 

Morh - 
Coulomb 
(900) 

Hardening 
Soil (650) 

Hardening 
Soil (900) 

Strai
n 

q Strai
n 

q Strain q Strain q Strain q Strain q 

0.01 0 0 0 0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00
997 

5.48
8 

0 17.2
48 

-
2.00E
-03 

5.86E
+01 

-
2.00E
-03 

3.39E
+02 

-
2.00E
-03 

5.43E
+01 

-
2.00E
-03 

9.62E
+01 

0.00
998 

2.35
2 

0 19.7
96 

-
4.00E
-03 

5.86E
+01 

-
4.00E
-03 

3.39E
+02 

-
4.00E
-03 

5.41E
+01 

-
4.00E
-03 

1.59E
+02 

0.01
001 

7.84 -
0.00
002 

17.3
46 

-
6.00E
-03 

5.86E
+01 

-
6.00E
-03 

3.39E
+02 

-
6.00E
-03 

5.17E
+01 

-
6.00E
-03 

1.99E
+02 

0.01 1.66
6 

-
0.00
008 

15.1
9 

-
8.00E
-03 

5.86E
+01 

-
8.00E
-03 

3.39E
+02 

-
8.00E
-03 

5.31E
+01 

-
8.00E
-03 

2.26E
+02 

0.01
001 

5.88 -
0.00
017 

13.3
28 

-
1.00E
-02 

5.86E
+01 

-
1.00E
-02 

3.39E
+02 

-
1.00E
-02 

5.53E
+01 

-
1.00E
-02 

2.45E
+02 

0.00
997 

0.88
2 

-
0.00
022 

17.1
5 

-
1.20E
-02 

5.86E
+01 

-
1.20E
-02 

3.39E
+02 

-
1.20E
-02 

5.76E
+01 

-
1.20E
-02 

2.58E
+02 

0.01
002 

7.64
4 

-
0.00
031 

15.0
92 

-
1.40E
-02 

5.86E
+01 

-
1.40E
-02 

3.39E
+02 

-
1.40E
-02 

6.00E
+01 

-
1.40E
-02 

2.69E
+02 

0.00
999 

5.78
2 

-
0.00
036 

16.9
54 

-
1.60E
-02 

5.86E
+01 

-
1.60E
-02 

3.39E
+02 

-
1.60E
-02 

6.25E
+01 

-
1.60E
-02 

2.77E
+02 

0.01 6.86 -
0.00
047 

19.0
12 

-
1.80E
-02 

5.86E
+01 

-
1.80E
-02 

3.39E
+02 

-
1.80E
-02 

6.51E
+01 

-
1.80E
-02 

2.84E
+02 

0.00
999 

4.60
6 

-
0.00
053 

14.8
96 

-
2.00E
-02 

5.86E
+01 

-
2.00E
-02 

3.39E
+02 

-
2.00E
-02 

6.77E
+01 

-
2.00E
-02 

2.89E
+02 

0.01 11.0
74 

-
0.00
066 

85.8
48 

-
2.20E
-02 

5.86E
+01 

-
2.20E
-02 

3.39E
+02 

-
2.20E
-02 

7.05E
+01 

-
2.20E
-02 

2.93E
+02 
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0.01 15.9
74 

-
0.00
073 

83.4
96 

-
2.40E
-02 

5.86E
+01 

-
2.40E
-02 

3.39E
+02 

-
2.40E
-02 

7.33E
+01 

-
2.40E
-02 

2.97E
+02 

0.00
999 

15.9
74 

-
0.00
079 

97.8
04 

-
2.60E
-02 

5.86E
+01 

-
2.60E
-02 

3.39E
+02 

-
2.60E
-02 

7.62E
+01 

-
2.60E
-02 

3.00E
+02 

0.00
998 

19.8
94 

-
0.00
082 

105.
35 

-
2.80E
-02 

5.86E
+01 

-
2.80E
-02 

3.39E
+02 

-
2.80E
-02 

7.92E
+01 

-
2.80E
-02 

3.03E
+02 

0.01 27.8
32 

-
0.00
093 

128.
87 

-
3.00E
-02 

5.86E
+01 

-
3.00E
-02 

3.39E
+02 

-
3.00E
-02 

8.22E
+01 

-
3.00E
-02 

3.05E
+02 
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29.8
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-
0.00
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3.20E
-02 

3.39E
+02 

-
3.20E
-02 

8.53E
+01 

-
3.20E
-02 

3.07E
+02 

0.01 33.1
24 

-
0.00
116 

130.
242 

-
3.40E
-02 

5.86E
+01 

-
3.40E
-02 

3.39E
+02 

-
3.40E
-02 

8.85E
+01 

-
3.40E
-02 

3.09E
+02 

0.01
002 

38.8
08 

-
0.00
127 

143.
472 

-
3.60E
-02 

5.86E
+01 

-
3.60E
-02 

3.39E
+02 

-
3.60E
-02 

9.18E
+01 

-
3.60E
-02 

3.11E
+02 

0.01 33.4
18 

-
0.00
133 

161.
21 

-
3.80E
-02 

5.86E
+01 

-
3.80E
-02 

3.39E
+02 

-
3.80E
-02 

9.50E
+01 

-
3.80E
-02 

3.12E
+02 

0.01
001 

44.0
02 

-
0.00
151 

162.
68 

-
4.00E
-02 

5.86E
+01 

-
4.00E
-02 

3.39E
+02 

-
4.00E
-02 

9.84E
+01 

-
4.00E
-02 

3.13E
+02 

0.01
002 

46.8
44 

-
0.00
177 

170.
52 

-
4.20E
-02 

5.86E
+01 

-
4.20E
-02 

3.39E
+02 

-
4.20E
-02 

1.02E
+02 

-
4.20E
-02 

3.15E
+02 

0.01 44.1 -
0.00
184 

172.
97 

-
4.40E
-02 

5.86E
+01 

-
4.40E
-02 

3.39E
+02 

-
4.40E
-02 

1.05E
+02 

-
4.40E
-02 

3.16E
+02 

0.01 48.7
06 

-
0.00
219 

181.
202 

-
4.60E
-02 

5.86E
+01 

-
4.60E
-02 

3.39E
+02 

-
4.60E
-02 

1.08E
+02 

-
4.60E
-02 

3.17E
+02 

0.00
998 

46.7
46 

-
0.00
257 

184.
436 

-
4.80E
-02 

5.86E
+01 

-
4.80E
-02 

3.39E
+02 

-
4.80E
-02 

1.12E
+02 

-
4.80E
-02 

3.17E
+02 

0.01 53.5
08 

-
0.00
28 

198.
352 

-
5.00E
-02 

5.86E
+01 

-
5.00E
-02 

3.39E
+02 

-
5.00E
-02 

1.15E
+02 

-
5.00E
-02 

3.18E
+02 

0.00
999 

57.2
32 

-
0.00
317 

201.
096 

-
5.20E
-02 

5.86E
+01 

-
5.20E
-02 

3.39E
+02 

-
5.20E
-02 

1.18E
+02 

-
5.20E
-02 

3.19E
+02 
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0.00
99 

60.9
56 

-
0.00
378 

208.
054 

-
5.40E
-02 

5.86E
+01 

-
5.40E
-02 

3.39E
+02 

-
5.40E
-02 

1.21E
+02 

-
5.40E
-02 

3.20E
+02 

0.00
983 

59.0
94 

-
0.00
386 

212.
464 

-
5.60E
-02 

5.86E
+01 

-
5.60E
-02 

3.39E
+02 

-
5.60E
-02 

1.24E
+02 

-
5.60E
-02 

3.20E
+02 

0.00
974 

61.4
46 

-
0.00
446 

215.
894 

-
5.80E
-02 

5.86E
+01 

-
5.80E
-02 

3.39E
+02 

-
5.80E
-02 

1.27E
+02 

-
5.80E
-02 

3.21E
+02 

0.00
969 

68.9
92 

-
0.00
48 

219.
814 

-
6.00E
-02 

5.86E
+01 

-
6.00E
-02 

3.39E
+02 

-
6.00E
-02 

1.30E
+02 

-
6.00E
-02 

3.22E
+02 

0.00
963 

70.7
56 

-
0.00
498 

227.
36 

-
6.20E
-02 

5.86E
+01 

-
6.20E
-02 

3.39E
+02 

-
6.20E
-02 

1.33E
+02 

-
6.20E
-02 

3.22E
+02 

0.00
953 

70.8
54 

-
0.00
541 

236.
768 

-
6.40E
-02 

5.86E
+01 

-
6.40E
-02 

3.39E
+02 

-
6.40E
-02 

1.36E
+02 

-
6.40E
-02 

3.23E
+02 

0.00
943 

70.2
66 

-
0.00
583 

235.
886 

-
6.60E
-02 

5.86E
+01 

-
6.60E
-02 

3.39E
+02 

-
6.60E
-02 

1.39E
+02 

-
6.60E
-02 

3.23E
+02 

0.00
932 

72.5
2 

-
0.00
604 

242.
354 

-
6.80E
-02 

5.86E
+01 

-
6.80E
-02 

3.39E
+02 

-
6.80E
-02 

1.41E
+02 

-
6.80E
-02 

3.23E
+02 

0.00
923 

76.2
44 

-
0.00
656 

253.
82 

-
7.00E
-02 

5.86E
+01 

-
7.00E
-02 

3.39E
+02 

-
7.00E
-02 

1.44E
+02 

-
7.00E
-02 

3.24E
+02 

0.00
924 

76.2
44 

-
0.00
678 

250.
39 

-
7.20E
-02 

5.86E
+01 

-
7.20E
-02 

3.39E
+02 

-
7.20E
-02 

1.46E
+02 

-
7.20E
-02 

3.24E
+02 

0.00
915 

78.2
04 

-
0.00
703 

253.
232 

-
7.40E
-02 

5.86E
+01 

-
7.40E
-02 

3.39E
+02 

-
7.40E
-02 

1.49E
+02 

-
7.40E
-02 

3.25E
+02 

0.00
904 

80.1
64 

-
0.00
779 

258.
916 

-
7.60E
-02 

5.86E
+01 

-
7.60E
-02 

3.39E
+02 

-
7.60E
-02 

1.51E
+02 

-
7.60E
-02 

3.25E
+02 

0.00
895 

81.4
38 

-
0.00
765 

267.
442 

-
7.80E
-02 

5.86E
+01 

-
7.80E
-02 

3.39E
+02 

-
7.80E
-02 

1.53E
+02 

-
7.80E
-02 

3.25E
+02 

0.00
892 

86.7
3 

-
0.00
837 

266.
56 

-
8.00E
-02 

5.86E
+01 

-
8.00E
-02 

3.39E
+02 

-
8.00E
-02 

1.55E
+02 

-
8.00E
-02 

3.26E
+02 

0.00
881 

77.2
24 

-
0.00
88 

271.
852 

-
8.20E
-02 

5.86E
+01 

-
8.20E
-02 

3.39E
+02 

-
8.20E
-02 

1.57E
+02 

-
8.20E
-02 

3.26E
+02 
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0.00
87 

81.9
28 

-
0.00
884 

279.
104 

-
8.40E
-02 

5.86E
+01 

-
8.40E
-02 

3.39E
+02 

-
8.40E
-02 

1.60E
+02 

-
8.40E
-02 

3.26E
+02 

0.00
859 

83.5
94 

-
0.00
926 

282.
828 

-
8.60E
-02 

5.86E
+01 

-
8.60E
-02 

3.39E
+02 

-
8.60E
-02 

1.61E
+02 

-
8.60E
-02 

3.26E
+02 

0.00
854 

88.1
02 

-
0.00
984 

293.
51 

-
8.80E
-02 

5.86E
+01 

-
8.80E
-02 

3.39E
+02 

-
8.80E
-02 

1.63E
+02 

-
8.80E
-02 

3.27E
+02 

0.00
818 

83.2
02 

-
0.01
01 

295.
666 

-
9.00E
-02 

5.86E
+01 

-
9.00E
-02 

3.39E
+02 

-
9.00E
-02 

1.65E
+02 

-
9.00E
-02 

3.27E
+02 

0.00
804 

86.7
3 

-
0.01
078 

291.
844 

-
9.20E
-02 

5.86E
+01 

-
9.20E
-02 

3.39E
+02 

-
9.20E
-02 

1.67E
+02 

-
9.20E
-02 

3.27E
+02 

0.00
747 

82.8
1 

-
0.01
051 

291.
06 

-
9.40E
-02 

5.86E
+01 

-
9.40E
-02 

3.39E
+02 

-
9.40E
-02 

1.69E
+02 

-
9.40E
-02 

3.27E
+02 

0.00
723 

88.4
94 

-
0.01
09 

302.
722 

-
9.60E
-02 

5.86E
+01 

-
9.60E
-02 

3.39E
+02 

-
9.60E
-02 

1.70E
+02 

-
9.60E
-02 

3.27E
+02 

0.00
728 

91.0
42 

-
0.01
122 

308.
406 

-
9.80E
-02 

5.86E
+01 

-
9.80E
-02 

3.39E
+02 

-
9.80E
-02 

1.72E
+02 

-
9.80E
-02 

3.27E
+02 

0.00
671 

93.8
84 

-
0.01
147 

307.
034 

-
1.00E
-01 

5.86E
+01 

-
1.00E
-01 

3.39E
+02 

-
1.00E
-01 

1.73E
+02 

-
1.00E
-01 

3.27E
+02 

0.00
618 

90.1
6 

-
0.01
187 

316.
246 

-
1.02E
-01 

5.86E
+01 

-
1.02E
-01 

3.39E
+02 

-
1.02E
-01 

1.75E
+02 

-
1.02E
-01 

3.27E
+02 

0.00
6 

94.9
62 

-
0.01
22 

316.
736 

-
1.04E
-01 

5.86E
+01 

-
1.04E
-01 

3.39E
+02 

-
1.04E
-01 

1.76E
+02 

-
1.04E
-01 

3.27E
+02 

0.00
534 

95.0
6 

-
0.01
279 

318.
598 

-
1.06E
-01 

5.86E
+01 

-
1.06E
-01 

3.39E
+02 

-
1.06E
-01 

1.78E
+02 

-
1.06E
-01 

3.27E
+02 

0.00
521 

91.0
42 

-
0.01
271 

322.
518 

-
1.08E
-01 

5.86E
+01 

-
1.08E
-01 

3.39E
+02 

-
1.08E
-01 

1.79E
+02 

-
1.08E
-01 

3.27E
+02 

0.00
474 

93.6
88 

-
0.01
318 

323.
106 

-
1.10E
-01 

5.86E
+01 

-
1.10E
-01 

3.39E
+02 

-
1.10E
-01 

1.80E
+02 

-
1.10E
-01 

3.27E
+02 

0.00
421 

92.0
22 

-
0.01
386 

330.
652 

-
1.12E
-01 

5.86E
+01 

-
1.12E
-01 

3.39E
+02 

-
1.12E
-01 

1.81E
+02 

-
1.12E
-01 

3.27E
+02 
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0.00
426 

91.7
28 

-
0.01
397 

335.
65 

-
1.14E
-01 

5.86E
+01 

-
1.14E
-01 

3.39E
+02 

-
1.14E
-01 

1.82E
+02 

-
1.14E
-01 

3.27E
+02 

0.00
383 

94.5
7 

-
0.01
444 

333.
2 

-
1.16E
-01 

5.86E
+01 

-
1.16E
-01 

3.39E
+02 

-
1.16E
-01 

1.83E
+02 

-
1.16E
-01 

3.27E
+02 

0.00
315 

96.2
36 

-
0.01
48 

333.
494 

-
1.18E
-01 

5.86E
+01 

-
1.18E
-01 

3.39E
+02 

-
1.18E
-01 

1.84E
+02 

-
1.18E
-01 

3.27E
+02 

0.00
325 

100.
45 

-
0.01
504 

340.
354 

-
1.20E
-01 

5.86E
+01 

-
1.20E
-01 

3.39E
+02 

-
1.20E
-01 

1.85E
+02 

-
1.20E
-01 

3.27E
+02 

0.00
267 

100.
156 

-
0.01
541 

337.
022 

-
1.22E
-01 

5.86E
+01 

-
1.22E
-01 

3.39E
+02 

-
1.22E
-01 

1.86E
+02 

-
1.22E
-01 

3.27E
+02 

0.00
216 

100.
254 

-
0.01
555 

344.
666 

-
1.24E
-01 

5.86E
+01 

-
1.24E
-01 

3.39E
+02 

-
1.24E
-01 

1.87E
+02 

-
1.24E
-01 

3.27E
+02 

0.00
202 

102.
312 

-
0.01
578 

348.
194 

-
1.26E
-01 

5.86E
+01 

-
1.26E
-01 

3.39E
+02 

-
1.26E
-01 

1.87E
+02 

-
1.26E
-01 

3.27E
+02 

0.00
14 

100.
058 

-
0.01
601 

351.
624 

-
1.28E
-01 

5.86E
+01 

-
1.28E
-01 

3.39E
+02 

-
1.28E
-01 

1.88E
+02 

-
1.28E
-01 

3.27E
+02 

0.00
122 

96.6
28 

-
0.01
655 

356.
916 

-
1.30E
-01 

5.86E
+01 

-
1.30E
-01 

3.39E
+02 

-
1.30E
-01 

1.89E
+02 

-
1.30E
-01 

3.27E
+02 

0.00
101 

99.6
66 

-
0.01
648 

358.
19 

-
1.32E
-01 

5.86E
+01 

-
1.32E
-01 

3.39E
+02 

-
1.32E
-01 

1.89E
+02 

-
1.32E
-01 

3.27E
+02 

0.00
033 

99.1
76 

-
0.01
683 

361.
718 

-
1.34E
-01 

5.86E
+01 

-
1.34E
-01 

3.39E
+02 

-
1.34E
-01 

1.90E
+02 

-
1.34E
-01 

3.27E
+02 

0.00
018 

101.
528 

-
0.01
709 

364.
658 

-
1.36E
-01 

5.86E
+01 

-
1.36E
-01 

3.39E
+02 

-
1.36E
-01 

1.91E
+02 

-
1.36E
-01 

3.27E
+02 

-
0.00
056 

100.
352 

-
0.01
758 

367.
402 

-
1.38E
-01 

5.86E
+01 

-
1.38E
-01 

3.39E
+02 

-
1.38E
-01 

1.91E
+02 

-
1.38E
-01 

3.27E
+02 

-
0.00
078 

96.8
24 

-
0.01
777 

366.
814 

-
1.40E
-01 

5.86E
+01 

-
1.40E
-01 

3.39E
+02 

-
1.40E
-01 

1.92E
+02 

-
1.40E
-01 

3.27E
+02 

-
0.00
073 

99.2
74 

-
0.01
798 

367.
696 

-
1.42E
-01 

5.86E
+01 

-
1.42E
-01 

3.39E
+02 

-
1.42E
-01 

1.92E
+02 

-
1.42E
-01 

3.27E
+02 
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-
0.00
128 

101.
332 

-
0.01
846 

375.
634 

-
1.44E
-01 

5.86E
+01 

-
1.44E
-01 

3.39E
+02 

-
1.44E
-01 

1.92E
+02 

-
1.44E
-01 

3.27E
+02 

-
0.00
18 

100.
646 

-
0.01
878 

371.
42 

-
1.46E
-01 

5.86E
+01 

-
1.46E
-01 

3.39E
+02 

-
1.46E
-01 

1.93E
+02 

-
1.46E
-01 

3.27E
+02 

-
0.00
192 

101.
234 

-
0.01
879 

375.
634 

-
1.48E
-01 

5.86E
+01 

-
1.48E
-01 

3.39E
+02 

-
1.48E
-01 

1.93E
+02 

-
1.48E
-01 

3.27E
+02 

-
0.00
246 

106.
232 

-
0.01
941 

377.
692 

-
1.50E
-01 

5.86E
+01 

-
1.50E
-01 

3.39E
+02 

-
1.50E
-01 

1.94E
+02 

-
1.50E
-01 

3.27E
+02 

-
0.00
279 

102.
606 

-
0.01
977 

379.
75 

-
1.52E
-01 

5.86E
+01 

-
1.52E
-01 

3.39E
+02 

-
1.52E
-01 

1.94E
+02 

-
1.52E
-01 

3.27E
+02 

-
0.00
31 

101.
43 

-0.02 382.
2 

-
1.54E
-01 

5.86E
+01 

-
1.54E
-01 

3.39E
+02 

-
1.54E
-01 

1.94E
+02 

-
1.54E
-01 

3.27E
+02 

-
0.00
361 

103.
978 

-
0.02
015 

383.
572 

-
1.56E
-01 

5.86E
+01 

-
1.56E
-01 

3.39E
+02 

-
1.56E
-01 

1.95E
+02 

-
1.56E
-01 

3.27E
+02 

-
0.00
378 

98.5
88 

-
0.02
035 

388.
276 

-
1.58E
-01 

5.86E
+01 

-
1.58E
-01 

3.39E
+02 

-
1.58E
-01 

1.95E
+02 

-
1.58E
-01 

3.27E
+02 

-
0.00
414 

103.
39 

-
0.02
077 

387.
1 

-
1.60E
-01 

5.86E
+01 

-
1.60E
-01 

3.39E
+02 

-
1.60E
-01 

1.95E
+02 

-
1.60E
-01 

3.27E
+02 

-
0.00
482 

100.
94 

-
0.02
114 

396.
018 

-
1.62E
-01 

5.86E
+01 

-
1.62E
-01 

3.39E
+02 

-
1.62E
-01 

1.95E
+02 

-
1.62E
-01 

3.27E
+02 

-
0.00
457 

101.
92 

-
0.02
153 

398.
37 

-
1.64E
-01 

5.86E
+01 

-
1.64E
-01 

3.39E
+02 

-
1.64E
-01 

1.96E
+02 

-
1.64E
-01 

3.27E
+02 

-
0.00
52 

104.
86 

-
0.02
179 

400.
33 

-
1.66E
-01 

5.86E
+01 

-
1.66E
-01 

3.39E
+02 

-
1.66E
-01 

1.96E
+02 

-
1.66E
-01 

3.27E
+02 

-
0.00
579 

100.
94 

-
0.02
227 

397.
39 

-
1.68E
-01 

5.86E
+01 

-
1.68E
-01 

3.39E
+02 

-
1.68E
-01 

1.96E
+02 

-
1.68E
-01 

3.27E
+02 

-
0.00
578 

107.
604 

-
0.02
26 

405.
132 

-
1.70E
-01 

5.86E
+01 

-
1.70E
-01 

3.39E
+02 

-
1.70E
-01 

1.96E
+02 

-
1.70E
-01 

3.27E
+02 

-
0.00
619 

103.
978 

-
0.02
268 

404.
446 

-
1.72E
-01 

5.86E
+01 

-
1.72E
-01 

3.39E
+02 

-
1.72E
-01 

1.97E
+02 

-
1.72E
-01 

3.27E
+02 
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-
0.00
677 

100.
156 

-
0.02
279 

408.
954 

-
1.74E
-01 

5.86E
+01 

-
1.74E
-01 

3.39E
+02 

-
1.74E
-01 

1.97E
+02 

-
1.74E
-01 

3.27E
+02 

-
0.00
677 

110.
152 

-
0.02
312 

416.
206 

-
1.76E
-01 

5.86E
+01 

-
1.76E
-01 

3.39E
+02 

-
1.76E
-01 

1.97E
+02 

-
1.76E
-01 

3.27E
+02 

-
0.00
744 

105.
644 

-
0.02
38 

410.
718 

-
1.78E
-01 

5.86E
+01 

-
1.78E
-01 

3.39E
+02 

-
1.78E
-01 

1.97E
+02 

-
1.78E
-01 

3.27E
+02 

-
0.00
779 

100.
744 

-
0.02
389 

410.
718 

-
1.80E
-01 

5.86E
+01 

-
1.80E
-01 

3.39E
+02 

-
1.80E
-01 

1.97E
+02 

-
1.80E
-01 

3.27E
+02 

-
0.00
798 

105.
546 

-
0.02
435 

411.
992 

-
1.82E
-01 

5.86E
+01 

-
1.82E
-01 

3.39E
+02 

-
1.82E
-01 

1.97E
+02 

-
1.82E
-01 

3.27E
+02 

-
0.00
862 

104.
272 

-
0.02
48 

419.
048 

-
1.84E
-01 

5.86E
+01 

-
1.84E
-01 

3.39E
+02 

-
1.84E
-01 

1.97E
+02 

-
1.84E
-01 

3.27E
+02 

-
0.00
88 

103.
978 

-
0.02
48 

414.
442 

-
1.86E
-01 

5.86E
+01 

-
1.86E
-01 

3.39E
+02 

-
1.86E
-01 

1.98E
+02 

-
1.86E
-01 

3.27E
+02 

-
0.00
891 

107.
506 

-
0.02
537 

422.
772 

-
1.88E
-01 

5.86E
+01 

-
1.88E
-01 

3.39E
+02 

-
1.88E
-01 

1.98E
+02 

-
1.88E
-01 

3.27E
+02 

-
0.00
983 

101.
92 

-
0.02
548 

421.
89 

-
1.90E
-01 

5.86E
+01 

-
1.90E
-01 

3.39E
+02 

-
1.90E
-01 

1.98E
+02 

-
1.90E
-01 

3.27E
+02 

-
0.00
985 

104.
958 

-
0.02
578 

423.
556 

-
1.92E
-01 

5.86E
+01 

-
1.92E
-01 

3.39E
+02 

-
1.92E
-01 

1.98E
+02 

-
1.92E
-01 

3.27E
+02 

-
0.01
007 

111.
034 

-
0.02
577 

426.
79 

-
1.94E
-01 

5.86E
+01 

-
1.94E
-01 

3.39E
+02 

-
1.94E
-01 

1.98E
+02 

-
1.94E
-01 

3.27E
+02 

-
0.01
08 

103.
292 

-
0.02
626 

428.
456 

-
1.96E
-01 

5.86E
+01 

-
1.96E
-01 

3.39E
+02 

-
1.96E
-01 

1.98E
+02 

-
1.96E
-01 

3.27E
+02 

-
0.01
093 

103.
978 

-
0.02
68 

430.
22 

-
1.98E
-01 

5.86E
+01 

-
1.98E
-01 

3.39E
+02 

-
1.98E
-01 

1.98E
+02 

-
1.98E
-01 

3.27E
+02 

-
0.01
133 

104.
958 

-
0.02
689 

432.
18 

-
2.00E
-01 

5.86E
+01 

-
2.00E
-01 

3.39E
+02 

-
2.00E
-01 

1.98E
+02 

-
2.00E
-01 

3.27E
+02 
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Optimized parameters  

   

E50 1.60E+04 kN/m2 

Eoed 1.70E+04 kN/m2 

Eur 2.00E+05 kN/m2 

ν 2.20E-01  

c´ 5.00E+01 kN/m2 

phi´ 2.80E+01 º 

 

❖ -7m depth sample: 

TEST PLAXIS 

650 900 Morh - 
Coulomb 
(650) 

Morh - 
Coulomb 
(900) 

Hardening 
Soil (650) 

Hardening 
Soil (900) 

Strain q Strain q Strai
n 

q Strai
n 

q Strai
n 

q Strai
n 

q 

0.001
19 

0 0 0 0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

-
0.000
02 

24.0
1 

0 43.5
12 

-
2.00E
-03 

3.43E
+01 

-
2.00E
-03 

3.43E
+01 

-
2.00E
-03 

9.30E
+01 

-
2.00E
-03 

2.12E
+02 

-
0.000
03 

22.6
38 

0.000
01 

58.0
16 

-
4.00E
-03 

6.86E
+01 

-
4.00E
-03 

6.86E
+01 

-
4.00E
-03 

1.47E
+02 

-
4.00E
-03 

3.68E
+02 

0.000
01 

21.3
64 

-
0.000
03 

65.9
54 

-
6.00E
-03 

1.03E
+02 

-
6.00E
-03 

1.03E
+02 

-
6.00E
-03 

1.83E
+02 

-
6.00E
-03 

4.87E
+02 

- 28.8 - 65.3 - 1.37E - 1.37E - 2.08E - 5.82E

0

100

200

300

400

500

600

700

-0.25-0.2-0.15-0.1-0.050

Test results (650kPa)

Test results (900kPa)

MC-650

MC-900

HS-650

HS-900
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0.000
02 

12 0.000
01 

66 8.00E
-03 

+02 8.00E
-03 

+02 8.00E
-03 

+02 8.00E
-03 

+02 

-
0.000
03 

27.1
46 

0 71.5
4 

-
1.00E
-02 

1.45E
+02 

-
1.00E
-02 

1.72E
+02 

-
1.00E
-02 

2.26E
+02 

-
1.00E
-02 

6.58E
+02 

-
0.000
03 

23.8
14 

-
0.000
01 

71.2
46 

-
1.20E
-02 

1.45E
+02 

-
1.20E
-02 

2.06E
+02 

-
1.20E
-02 

2.40E
+02 

-
1.20E
-02 

7.20E
+02 

-
0.000
02 

24.0
1 

-
0.000
01 

71.8
34 

-
1.40E
-02 

1.45E
+02 

-
1.40E
-02 

2.40E
+02 

-
1.40E
-02 

2.51E
+02 

-
1.40E
-02 

7.73E
+02 

-
0.000
01 

27.9
3 

-
0.000
02 

75.8
52 

-
1.60E
-02 

1.45E
+02 

-
1.60E
-02 

2.74E
+02 

-
1.60E
-02 

2.60E
+02 

-
1.60E
-02 

8.17E
+02 

0.000
01 

22.7
36 

-
0.000
02 

86.4
36 

-
1.80E
-02 

1.45E
+02 

-
1.80E
-02 

3.09E
+02 

-
1.80E
-02 

2.67E
+02 

-
1.80E
-02 

8.55E
+02 

-
0.000
02 

24.9
9 

0.000
01 

76.2
44 

-
2.00E
-02 

1.45E
+02 

-
2.00E
-02 

3.43E
+02 

-
2.00E
-02 

2.73E
+02 

-
2.00E
-02 

8.88E
+02 

-
0.000
03 

34.8
88 

-
0.000
01 

81.2
42 

-
2.20E
-02 

1.45E
+02 

-
2.20E
-02 

3.77E
+02 

-
2.20E
-02 

2.78E
+02 

-
2.20E
-02 

9.17E
+02 

-
0.000
02 

28.0
28 

-
0.000
02 

79.4
78 

-
2.40E
-02 

1.45E
+02 

-
2.40E
-02 

4.12E
+02 

-
2.40E
-02 

2.83E
+02 

-
2.40E
-02 

9.42E
+02 

0.000
02 

29.4 -
0.000
08 

79.1
84 

-
2.60E
-02 

1.45E
+02 

-
2.60E
-02 

4.46E
+02 

-
2.60E
-02 

2.87E
+02 

-
2.60E
-02 

9.65E
+02 

-
0.000
01 

26.6
56 

0.000
01 

80.4
58 

-
2.80E
-02 

1.45E
+02 

-
2.80E
-02 

4.80E
+02 

-
2.80E
-02 

2.90E
+02 

-
2.80E
-02 

9.85E
+02 

0.000
02 

35.5
74 

0.000
02 

87.0
24 

-
3.00E
-02 

1.45E
+02 

-
3.00E
-02 

5.15E
+02 

-
3.00E
-02 

2.93E
+02 

-
3.00E
-02 

1.00E
+03 

0.000
01 

28.6
16 

0 89.5
72 

-
3.20E
-02 

1.45E
+02 

-
3.20E
-02 

5.49E
+02 

-
3.20E
-02 

2.96E
+02 

-
3.20E
-02 

1.02E
+03 

0.000
02 

32.5
36 

0.000
01 

82.7
12 

-
3.40E
-02 

1.45E
+02 

-
3.40E
-02 

5.58E
+02 

-
3.40E
-02 

2.98E
+02 

-
3.40E
-02 

1.03E
+03 

-
0.000
01 

28.2
24 

-
0.000
01 

92.3
16 

-
3.60E
-02 

1.45E
+02 

-
3.60E
-02 

5.58E
+02 

-
3.60E
-02 

3.01E
+02 

-
3.60E
-02 

1.05E
+03 

0.000 33.6 - 101. - 1.45E - 5.58E - 3.03E - 1.06E
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03 14 0.000
03 

332 3.80E
-02 

+02 3.80E
-02 

+02 3.80E
-02 

+02 3.80E
-02 

+03 

-
0.000
03 

34.1
04 

0.000
04 

96.1
38 

-
4.00E
-02 

1.45E
+02 

-
4.00E
-02 

5.58E
+02 

-
4.00E
-02 

3.04E
+02 

-
4.00E
-02 

1.07E
+03 

0.000
02 

32.8
3 

-
0.000
01 

102.
018 

-
4.20E
-02 

1.45E
+02 

-
4.20E
-02 

5.58E
+02 

-
4.20E
-02 

3.06E
+02 

-
4.20E
-02 

1.08E
+03 

0.000
02 

26.1
66 

-
0.000
02 

100.
352 

-
4.40E
-02 

1.45E
+02 

-
4.40E
-02 

5.58E
+02 

-
4.40E
-02 

3.08E
+02 

-
4.40E
-02 

1.09E
+03 

-
0.000
01 

35.9
66 

0.000
01 

103.
782 

-
4.60E
-02 

1.45E
+02 

-
4.60E
-02 

5.58E
+02 

-
4.60E
-02 

3.09E
+02 

-
4.60E
-02 

1.10E
+03 

-
0.000
05 

31.4
58 

-
0.000
01 

98.8
82 

-
4.80E
-02 

1.45E
+02 

-
4.80E
-02 

5.58E
+02 

-
4.80E
-02 

3.09E
+02 

-
4.80E
-02 

1.11E
+03 

-
0.000
03 

33.0
26 

-
0.000
04 

107.
604 

-
5.00E
-02 

1.45E
+02 

-
5.00E
-02 

5.58E
+02 

-
5.00E
-02 

3.09E
+02 

-
5.00E
-02 

1.12E
+03 

-
0.000
03 

27.1
46 

-
0.000
01 

130.
046 

-
5.20E
-02 

1.45E
+02 

-
5.20E
-02 

5.58E
+02 

-
5.20E
-02 

3.09E
+02 

-
5.20E
-02 

1.12E
+03 

-
0.000
01 

28.8
12 

-
0.000
04 

138.
768 

-
5.40E
-02 

1.45E
+02 

-
5.40E
-02 

5.58E
+02 

-
5.40E
-02 

3.09E
+02 

-
5.40E
-02 

1.13E
+03 

-
0.000
09 

25.9
7 

-
0.000
11 

164.
64 

-
5.60E
-02 

1.45E
+02 

-
5.60E
-02 

5.58E
+02 

-
5.60E
-02 

3.09E
+02 

-
5.60E
-02 

1.14E
+03 
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- 37.3 - 328. - 1.45E - 5.58E - 3.09E - 1.21E
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Optimized parameters  

   

E50 4.50E+04 kN/m2 
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Appendix H: PMT simulation results 

Real Test Plaxis MEF c´= 100 
kPa 

c´=150 
kPa 

c´=200 
kPa 

c´=300 
kPa 

c´=400 
kPa 

Press
ure 
(kPa) 

Deforma
tion 
(mm) 

Press
ure 
(kPa) 

Deforma
tion 
(mm) 

Deforma
tion 
(mm) 

Deforma
tion 
(mm) 

Deforma
tion 
(mm) 

Deforma
tion 
(mm) 

Deforma
tion 
(mm) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

278.3
2 

0.66 278.3
2 

0.38 0.38 0.31 0.28 0.26 0.24 

346.9
2 

0.79 346.9
2 

0.55 0.55 0.43 0.39 0.35 0.33 

510.5
8 

1.20 510.5
8 

1.36 1.36 0.96 0.80 0.68 0.63 

661.5
0 

1.42 661.5
0 

2.55 2.55 1.62 1.29 1.04 0.94 

825.1
6 

1.66 825.1
6 

4.68 4.68 2.66 2.01 1.52 1.33 

969.2
2 

1.91 969.2
2 

7.55 7.55 3.94 2.81 2.02 1.73 

1139.
74 

2.22 1139.
74 

12.95 12.95 6.02 4.07 2.76 2.28 

1300.
46 

2.61 1300.
46 

20.85   8.58 5.57 3.57 2.87 

1446.
48 

3.14 1446.
48 

32.34   11.90 7.27 4.44 3.48 

1568.
00 

3.80 1568.
00 

    15.50 8.99 5.27 4.04 

1719.
90 

4.61 1719.
90 

    21.26 11.63 6.51 4.85 

1886.
50 

5.25 1886.
50 

    30.00 15.40 8.06 5.85 

2045.
26 

5.94 2045.
26 

    42.35 19.95 9.77 6.93 

2229.
50 

6.68 2229.
50 

          8.37 

2366.
70 

7.85 2366.
70 

          9.53 

2547.
02 

8.88 2547.
02 

          11.30 

2719.
50 

9.99 2719.
50 

          13.19 

1577.
80 

9.83 1577.
80 
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1259.
30 

9.59 1259.
30 

            

882.0
0 

9.40 882.0
0 

            

632.1
0 

9.16 632.1
0 
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Appendix I: Standard Prices of Geotechnical Services in Spain  
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