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Abstract: 

Shallow foundations are extensively used to support structures of all sizes in order to safely transmit the structural 

load to the ground without exceeding the bearing capacity of the ground and causing excessive settlement. They are 

typically embedded up to a few meters into the soil profile. While designing foundations, two requirements need to 

be satisfied: complete failure of the foundation must be avoided with adequate margin of safety (bearing capacity) 

and relative settlement should be within limits that can be tolerated by superstructure. Foundation is that part of the 

structure which is in direct contact with soil and involves the footing and the ground influenced by the footing. The 

master thesis aims to back-calculate the load tests using advanced soil models in PLAXIS 2D in order to gather 

experience on soil behavior and constitutive models. For this, extensive study of literature with full-scale load tests 

was carried out. Both tests on clay and sand were the theme interest. 

 

To examine the plate loading tests, three case studies were selected. In this report, the load-settlement responses of 

vertically loaded footings placed on both sands and clay were analysed using the finite element method. The 

numerical analysis was performed using PLAXIS 2D. The soil profiles and parameters used in the analysis were 

based on either in situ tests or laboratory tests. The Hardening Soil model was used as a material model to analyse 

the soil behavior. Finally, the load-settlement curves obtained from finite element analysis were compared with 

those from plate-load tests and see whether they are well fitted. 

 

The first case study was on clay till from Sweden. In this case, the back-calculated results showed that     
  = 11.45 

to 14.45 kPa and ɸ = 30
0
. The second case was on saprolitic soil from Portugal. In this case,     

  = 8 to 13 kPa and 

ɸ = 37
0
 to 38

0
. The third case was on sand from Texas A&M, USA. In this case, sand shows some varying behavior 

in stiffness. The stiffness from laboratory tests and back-calculated vary by a factor of 3 to 8. The angle of friction 

was from 36
0
 to 39

0
. 
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ABSTRACT 

 

Shallow foundations are extensively used to support structures of all sizes in order to safely 

transmit the structural load to the ground without exceeding the bearing capacity of the 

ground and causing excessive settlement. They are typically embedded up to a few meters 

into the soil profile. While designing foundations, two requirements need to be satisfied: 

complete failure of the foundation must be avoided with adequate margin of safety (bearing 

capacity) and relative settlement should be within limits that can be tolerated by 

superstructure. Foundation is that part of the structure which is in direct contact with soil 

and involves the footing and the ground influenced by the footing. The master thesis aims to 

back-calculate the load tests using advanced soil models in PLAXIS 2D in order to gather 

experience on soil behavior and constitutive models. For this, extensive study of literature 

with full-scale load tests was carried out. Both tests on clay and sand were the theme 

interest. 

To examine the plate-load tests, three case studies were selected. In this report, the load-

settlement responses of vertically loaded footings placed on both sands and clay were 

analysed using the finite element method. The numerical analysis was performed using 

PLAXIS 2D. The soil profiles and parameters used in the analysis were based on either in situ 

tests or laboratory tests. The Hardening Soil model was used as a material model to analyse 

the soil behavior. Finally, the load-settlement curves obtained from finite element analysis 

were compared with those from plate-load tests and see whether they are well fitted. 

The first case study was on clay till from Sweden. In this case, the back-calculated results 

showed that     
  = 11.45 to 14.45 kPa and ɸ = 300. The second case was in saprolitic soil 

from Portugal. In this case,     
  = 8 to 13 kPa and ɸ = 370 to 380. The third case was on sand 

from USA. In this case, sand shows some varying behavior in stiffness. The stiffness from 

laboratory tests and back-calculated vary by a factor of 3 to 8. The angle of friction was from 

360 to 390. 
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1 INTRODUCTION 

1.1 Background 

Due to rapid growth of urbanization, constructions of civil structures are increasing 
tremendously. For the civil structures, design and analysis of foundation plays a vital role. 
The bearing capacity calculation of foundations is one of the most interesting problems for 
geotechnical engineers and researchers. Over the course of many decades, the bearing 
capacity of footings has been widely investigated both theoretically and experimentally. In 
addition, the designer must ensure the superstructure does not suffer from excessive 
displacements. 

Different researches have been made in determining ultimate bearing capacity of shallow 

foundations. The ultimate bearing capacity of shallow strip footings is generally determined 

by Terzaghi in 1943. In 1948, Terzaghi proposed a well-conceived theory to determine the 

ultimate bearing capacity of a shallow rough rigid continuous (strip) foundation supported 

by a homogeneous soil layer extending to a great depth. Terzaghi’s equation is an 

approximate solution which uses the superposition technique to combine the effects of 

cohesion c, soil weight   and surcharge q. These contributions are expressed through three 

factors of bearing capacity, Nc, Nγ and Nq. These bearing capacity factors are functions of 

angle of internal friction ɸ. Later, assuming a different failure mechanism, Meyerhof 

obtained approximate solution of shallow and deep foundations. The solution was 

expressed in the form of bearing capacity factors like Terzaghi and these factors are 

functions of internal friction ɸ. Nilmar Janbu, the senior Professor at NTNU, also obtained 

the solution of total foundation pressure expressing the results in the form of bearing 

capacity factors Nq and Nγ but no Nc term was included in the solution. Nq and Nγ are 

functions of the shear mobilization tanρ and the roughness ratio r in the foundation plane.  

This master thesis aims to back-calculate the plate load tests using advanced soil models in 
PLAXIS 2D in order to gather experience on soil behavior and constitutive models. Different 
relevant reports of investigations and load tests are collected and studied. The appropriate 
parameters required are identified and extracted to be used in Hardening Soil Model which 
is the constitutive model used for back-calculation. The plate load tests for shallow 
foundations on both sand and clay are of interest. 

 

1.2 Objectives of the study 

The main objectives of this thesis are listed below: 

 To look after extensive literature study and search relevant tests those are suitable 

for back-calculations. The tests aiming for the bearing capacity and tests focusing on 

deformations of the plate or footing are of concentration. 

 To identify relevant soil profile and soil parameters to be used in Advanced soil 

model, that is, Hardening Soil Model from field and laboratory tests. 
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 To back-calculate the tests using PLAXIS 2D. 

 To compare the load-settlement curves obtained from PLAXIS 2D with those from 

plate load tests. 

1.3 Thesis outline 

The report is composed of five chapters and five appendices. 

In chapter 2, the literature review is established. Theory on bearing capacity is described 

briefly as well as bearing capacity on Janbu’s principle is also pointed out. The settlement of 

shallow foundation on clay and silt, and on sand is also reviewed. The brief description of 

plate load tests as well as Finite Element method is also carried out. 

Chapter 3 contains methodology. In this chapter, the discussion is done on which of the case 

studies are selected. The PLAXIS software and procedure is described how the analysis is 

done for each case. 

Chapter 4 includes numerical modeling of three case studies. In this chapter, numerical 

analysis is performed using geological and geotechnical studies of each case, and 

comparison is done between load-settlement curves obtained numerically with measured 

curves. 

Chapter 5 contains conclusion and recommendation. Finally, appendices are included which 

consists of some additional soil data for each case study. CD included here contains the 

work of master thesis. 
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2 LITERATURE REVIEW 

2.1 Theory on Bearing capacity 

Foundation is that part of the structure which is in direct contact with soil. Foundation 

transfers the forces and moments from the super structure to the soil below such that the 

stresses in soil are within permissible limits and it provides stability against sliding and 

overturning to the super structure. It is a transition between the super structure and 

foundation soil. The job of a geotechnical engineer is to ensure that both foundation and 

soil below are safe against failure and do not experience excessive settlement. 

The bearing capacity calculation of foundations is one of the most interesting problems for 

geotechnical engineers and researchers.  Over the course of many decades, the bearing 

capacity of footings has been widely investigated both theoretically and experimentally. 

While designing foundations, engineers and researchers must satisfy two requirements, 

such as, complete failure of the foundation must be avoided with adequate margin of safety 

and relative settlement should be within limits that can be tolerated by superstructure. The 

ultimate bearing capacity of a foundation is defined as the maximum load that the ground 

can sustain (general shear failure); where the load-settlement curve does not exhibit a peak 

load, the bearing capacity is taken as the load at which the curve passes into a steep and 

fairly straight tangent (local shear failure) Terzaghi (1943) (Meyerhof 1951). 

 

Figure 2.1 Modes of bearing capacity of failure in soil: (a) general shear failure of soil; (b) local shear failure 
of soil. 

 

 



BACKCALCULATION OF PLATE LOADING TESTS USING PLAXIS 2D AND THE HARDENING SOIL MODEL June 10, 2013 

Course TBA 4900, Master Thesis Page 4 

 

2.1.1 Modes of shear failure 

Depending on the stiffness of foundation soil and depth of foundation, three principal 

modes of shear failure may be defined: 

a) General shear failure 

This type of failure is seen in dense and stiff soil which is associated with low 

compressibility soil. Since soil above failure surface is in state of plastic equilibrium 

with heaving on either side, failure is sudden and catastrophic and accompanied by 

tilting of the footing. 

 

b) Local shear failure 

This type of failure is seen in relatively loose and soft soil, that is, moderately 

compressible soil. There is partial development of plastic equilibrium. Failure is not 

sudden and there is no tilting of footing. There may be some minor heaving at 

ground level but no catastrophic failure. 

 

c) Punching shear failure 

This type of failure is seen in loose and soft soil and at deeper elevation, that is, in a 

soil of very high compressibility. There is no heaving, tilting or catastrophic failure. 

Compression increases the density of soil. 

 

Figure 2.2 Modes of bearing capacity failure.  
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2.2 Bearing capacity of shallow foundation 

The evaluation of the bearing capacity of a shallow foundation is an important problem in 

foundation engineering, and a number of analytical, numerical and empirical methods have 

been proposed for various cases of single-layered and multi-layered soil by different 

authors. Some of the general theories for evaluating the supporting capability of shallow 

foundations are included in this master thesis. A foundation is said to be shallow, if they are 

placed at a shallow depth, that is, D < B or where D is less than about 3 m (i.e. within reach 

of normal excavation plant). Footings should be placed at least deep enough to avoid soil 

volume changes due to moisture change or freezing and thawing. 

In designing shallow foundations, two possible failure mechanisms must be considered 

(Dunn, Anderson et al. 1980); 

 A shear failure in the soil 

 Excessive settlement leading to differential settlement in excess of that tolerable for 

the supported structures 

The cases considered in this report assume that the foundation is subjected to centric 

vertical loading. For determining the ultimate bearing capacity of a horizontal footing with a 

vertical load, the following factors are included; 

 The unit weight, shear strength, and deformation characteristics of the soil, 

 The size, shape, depth, and roughness of the footing, and 

 The water table conditions and initial stresses in the foundation soil 

Most methods of analysis are based on the assumptions of zones of plastic equilibrium in 

the soil supporting the footing. Theoretical methods for predicting ultimate footings loads 

are generally based only on the general shear failure case. For the other two failure modes a 

reduction in the ultimate load due to compressibility effects is applied to the solution for 

the general shear case(Dunn, Anderson et al. 1980). 

Terzaghi (1943) proposed a bearing capacity theory based on the superposition method. 

The theory was originated from the pioneering work given by Prandtl (1920) and 

Reissner(1924). In the bearing capacity estimation, the contribution of different loading and 

soil strength parameters (cohesion, friction angle, surface surcharge and self-weight) 

expressed in the form of non-dimensional bearing capacity factors Nc, Nq and Nγ are 

summed. Different analytical solutions have been proposed for computing these factors. 

After the development of bearing capacity solution, the great effort was given to find more 

realistic methods of bearing capacity and various correction factors by numerous 

investigators (Meyerhof 1951, Skempton 1951, Meyerhof 1955, Meyerhof 1963, Meyerhof 

1965, Hansen 1970, Vesic 1973, Taiebat and Carter 2000, Erickson and Drescher 2002, 

Griffiths, Fenton et al. 2002). 
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2.2.1 Ultimate bearing capacity  

In 1921, Prandtl published the results of his study on the penetration of hard bodies, such as 

metal punches, into as softer material. (Terzaghi 1943) extended the plastic failure theory of 

Prandtl to evaluate the bearing capacity of soils for shallow strip footings. In 1948, Terzaghi 

proposed a well-conceived theory to determine the ultimate bearing capacity of shallow 

rough rigid continuous (strip) foundation supported by a homogeneous soil layer extending 

to a greater depth. Terzaghi defined a shallow foundation as a foundation where the width, 

B, is equal to or less than its depth, D. The failure surface in a soil at ultimate load assumed 

by Terzaghi is shown in Figure 2.3. The general bearing capacity formula derived by Terzaghi 

for an infinitely long strip foundation of width B for a c-ɸ soil is given by; 

1

2
u c qq cN qN BN    

or 

1

2
u c f qq cN D N BN     

where:   c = cohesive strength of soil 

   q = overburden pressure =
fD  

   B = width of foundation 

     = unit weight of soil 

   cN  = bearing capacity factor (cohesion) 

   
qN  = bearing capacity factor (surcharge and friction) 

   N  = bearing capacity factor (self-weight and friction) 

 

Figure 2.3 Failure surface in soil at ultimate load for a continuous rough rigid foundation as assumed by 
Terzaghi (Das 2009). 
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A proper assessment of the bearing factors Nc, Nq, and Nγ is essential for the correct 

evaluation of bearing capacity. The bearing capacity factors are expressed by the following 

equations;  

3
2( ) tan

4 2

22cos (45 )
2

q

e
N



 
 





 

cot ( 1)c qN N    

21
2

tan
tan

2
PN K 


   

where, Kpγ= passive earth pressure coefficient 

Table 2.1 gives the values of cN , 
qN  and N  for various values of φ and Figure 2.4 gives the 

same in a graphical form. 

 

Figure 2.4 Terzaghi’s bearing capacity factors for general shear failure (Murthy 2007). 

Table 2.1 gives the values of cN , 
qN  and N  for various values of φ and Figure 2.4 gives the 

same in a graphical form. 
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Table 2.1 Bearing capacity factors of Terzaghi (Murthy 2007). 

φo Nc Nq Nγ 

0 5.7 1.0 0.0 

5 7.3 1.6 0.5 

10 9.6 2.7 1.2 

15 12.9 4.4 2.5 

20 17.7 7.4 5.0 

25 25.1 12.7 9.7 

30 37.2 22.5 19.7 

35 57.8 41.4 42.4 

40 95.7 81.3 100.4 

45 172.3 173.3 297.5 

50 347.5 415.1 1153.0 

 

For square and circular footings, Terzaghi suggested the following equations for ultimate soil 

– bearing capacity: 

1.3 0.4u c qq cN qN BN     (square foundation; plan B X B) 

and 

 1.3 0.3u c qq cN qN BN     (circular foundation; diameter B) 

Numerous experimental studies have been done to estimate the ultimate bearing of shallow 

foundations. Hence, it is concluded that the Terzaghi’s assumption of the failure surface in 

soil at ultimate load is essentially correct. However, the angle α in Figure 2.3 that make with 

the horizontal is close to 45 + φ/2 and not φ, as assumed by Terzaghi. Figure 2.5 shows the 

nature of the soil surface for that case (Das 2009). 

 

Figure 2.5 Modified failure surface in soil supporting a shallow foundation at ultimate load(Das 2009). 
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The above equation of ultimate bearing capacity given by Terzaghi was derived on the 

assumption that the bearing capacity failure of soil takes place by general shear failure. 

When a soil fails by local shear, the actual shear parameters c and φ are to be reduced as 

per (Terzaghi 1943). The lower limiting values of c and φ are; 

 c’ = 0.67c 

and  

 tanφ’ = 0.67tanφ or φ’= tani-1(0.67tanφ) 

 

Terzaghi suggested the following relationships for local shear failure in soil (Das 2009): 

Strip foundation (B/L = 0; L = length of foundation); 

  ' ' '1
'

2
u c qq c N qN BN    

Square foundation (B = L); 

  ' ' '1.3 ' 0.4u c qq c N qN BN    

Circular foundation (B = diameter); 

' ' '1.3 ' 0.4u c qq c N qN BN    

where, 

 '

cN , '

qN  and 'N  = modified bearing capacity factors 

Table 2.2 Modified bearing capacity factors by Terzaghi (Das 2009). 

φo Nc Nq Nγ 

0 5.7 1.0 0.0 

5 6.74 1.39 0.074 

10 8.02 1.94 0.24 

15 9.67 2.73 0.57 

20 11.85 3.88 1.1 

25 14.8 5.6 2.25 

30 18.99 8.31 4.39 

35 25.18 12.75 8.35 

40 34.87 20.5 17.22 

45 51.17 35.11 36 

50 81.31 65.6 85.8 
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General Bearing capacity equation: 

The bearing capacity equation developed by Terzaghi is for a strip footing under general 

shear failure. After Terzaghi developed the bearing capacity equation, several investigators 

worked on this area to get the refined solution (Meyerhof 1951, Meyerhof 1955, Hansen 

1970, Vesic 1973). Different solutions show that there is no much difference in the bearing 

capacity factors 
cN and 

qN . However, for the value of φ’, the values of N vary over a wide 

range depending primarily on the shape of the assumed failure surface used.  

Prandtl (1921) first developed a solution for cN , assuming a weightless cohesive material 

with a shear strength c. Reissner (1924) first provided the solution for 
qN , which defines the 

component of bearing capacity due to friction of a weightless material on which a surcharge 
γDf is acting (Dunn, Anderson et al. 1980). All three investigators use the equations 

proposed by Prandtl (1921) and Reissner (1924) for computing the values of cN  and 
qN  . 

However, the equations used by them for computing the values are different.  

The equations for 
qN  and cN  as founded by Prandtl and Reissner are as follows; 

  
2tan tan 45

2

qN e


 

  
  

    

  ( 1)cotc qN N    

The equations for N  developed by Vesic, Brinch Hansen and Meyerhof are as follows; 

     2 1 tanqN N     (Vesisc) 

     1.5 1 tanqN N     (Brinch Hansen) 

     1 tan 1.4qN N     (Meyerhof) 

The general bearing capacity equation is given by; 

  
1

2
u c f qq cN D N BN     

This equation is same as Terzaghi’s bearing capacity equation but the difference is that the 
bearing capacity factors are different.  The general bearing capacity equation has been 
modified for other types of foundations such as square, circular and rectangular by 
introducing the following factors; 

1. Depth factor: to account for the shearing resistance developed along the failure 
surface in soil above the base of the footing; 

2. Shape factor: to determine the bearing capacity of rectangular and circular footings; 
and 

3. Inclination factor: to determine the bearing capacity of a footing on which the 
direction of load application is inclined at a certain angle to the vertical. 

(Meyerhof 1963) presented a general bearing capacity equation which takes into account 
the shape and inclination of load. Thus, the general ultimate bearing capacity equation can 
be written as; 
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  ' 1
q

2
u c c c c o q q q qcN s d i q N s d i BN s d i       

where, 

 c = unit cohesion 

 '

oq  = effective overburden pressure at the base level of the foundation =  ’
fD  

  ’ = effective unit weight above the base level of foundation  

   = effective unit weight of soil below the foundation base 

 
fD  = depth of foundation  

cs ,
qs , s   = shape factors 

cd ,
qd , d  = depth factors 

ci ,
qi , i   = load inclination factors 

 B  = width of foundation 

cN ,
qN , N  = bearing capacity factors 

Table 2.3 The values of    ,   , and Meyerhof (M), Hansen (H) and Vesic (V)    Factors (Murthy 2007). 
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Table 2.4 Shape, depth and load inclination factors of Meyerhof, Hansen and Vesic (Murthy 2007). 

 

    

Bearing capacity on cohesive soil: 

For saturated cohesive soils (clay and silt) with low permeability, the ultimate bearing 

capacity is most critical immediately after construction until the excess porewater pressure 

need time to dissipate, that is, undrained condition. As time proceeds, there will be 

consolidation process and the soil becomes stiffer and has more strength. Therefore, design 

of foundations on fine grained soils should be in terms of undrained or total stress. 

For saturated clay soils, (Skempton 1951) proposed the following equation for a strip 
foundation; 

qu c fcN D   

 or, 

  q
2

uc
nu u f c c

q
q D cN N     
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where, quc = unconfined compressive strength of clay 

 

The 
cN  values for strip and square (or circular) foundations as a function of the /fD B  ratio 

are given in Figure 2.6. 

 

Figure 2.6 Skempton’s bearing capacity factor    for clay soils (Murthy 2007). 

 

Bearing capacity on cohesionless soil: 

The settlement is almost immediate and an allowable or permissible settlement of 25mm is 

usually applied, when the case of sand comes. The allowable bearing capacity, allq  is used 

for foundation design which satisfies the settlement condition and provides Factor of Safety 

between 3 and 4. In-situ test results are used to determine the allowable bearing capacity 

and to make settlement predictions because obtaining undisturbed specimens of 

cohesionless sand during a soil exploration is usually difficult. 

In-situ tests: 

1. Plate bearing test 

2. Standard penetration test (SPT) 

3. Cone penetration test (CPT) 
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Based on the SPT (N) values: 

According to (Meyerhof 1956) and (Bowles 1988): 

The net allowable bearing pressure for foundations with the corrected standard penetration 

resistance,      was proposed by (Meyerhof 1956). The net allowable bearing capacity was 

defined as; 

( )

( )

u net u
all net

s s

q q q
q

F F


   

where, 

allq  = u

s

q

F
 = gross allowable bearing pressure 

 sF  = Factor of safety, where sF  of 3 or more is not too conservative 

 
( )u netq  = uq q  = net ultimate load 

According to Meyerhof’s theory, for 25 mm of estimated maximum settlement, 

  
( )all netq  = 11.98 corN  (for B   1.22 m) 

and  

  
( )all netq  = 7.99 corN

2
3.28 1

3.28

B

B

 
 
 

 (for B > 1.22 m) 

where, 

      = corrected standard penetration number 

Though the original correlation was proposed by Meyerhof, researchers have observed that 

its results are rather conservative. Later, (Meyerhof 1965) suggested that the net allowable 

bearing pressure should be increased by 50%. The equation of bearing pressure was later 

again modified by (Bowles) (Bowles 1988) which can be expressed as; 

  ( ) 19.16
25

e
all net cor d

S
q N F

 
  

 
 (for B   1.22 m) 

and 

  
2

( )

3.28 1
11.98

3.28 25

e
all net cor d

SB
q N F

B

   
    

   
 (for B > 1.22 m) 

 

where, 

 dF  = depth factor = 1 0.33( / ) 1.33fD B   
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eS  = tolerable elastic settlement, in mm 

According to (Peck, Hanson et al. 1974): 

The relation between N and φ established by Peck et al., (1974) is given in a graphical form 

in Figure 2.7. The value of N to be used for getting φ is the corrected value for standard 

energy. The angle φ obtained by this method can be used for obtaining the bearing capacity 

factors, and hence the ultimate bearing capacity of soil. 

 

Figure 2.7 Terzaghi’s bearing capacity factors which take care of mixed state of local and general shear 
failures in sand(Murthy 2007). 

 

2.2.2 Janbu’s bearing capacity principle 

When the load is applied on the soil surface, the stresses in the soil get changed. If a high 

load is applied to the foundation of limited dimensions, a bearing capacity failure occurs 

with a shear failure in the soil beneath the foundation. The foundation penetrates the soil 

and the masses will be squeezed up on the sides of the foundation. Figure 2.8 shows 

principle sketch of a bearing capacity problem. 
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Figure 2.8 Principle sketch of a bearing capacity problem. 

The total foundation pressure can be computed as the sum of the solution for weightless 

soil and the solution for the soil density effect(Janbu, Hjeldnes et al.); 

  ' 1
( 1)( ' ) '

2
vn q oN p a N B      

where, 

 
qN   = bearing capacity factor for weightless soil (a and p’) 

 N   = bearing capacity factor for the density effect 

 B0  = foundation width 

p’  = overburden pressure 

a  = attraction 

The ground pressure thus obtained is based on the principles launched by Nilmar Janbu, 

who was a senior Professor at NTNU. 
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Figure 2.9 Bearing capacity factors Nq and Nγ, effective stress analysis(Janbu, Hjeldnes et al.). 

2.3 Effects of water table 

The ultimate bearing capacity, qu, of soil is based on the theory that the presence of a water 

table is at a depth equal to or greater than (Df + B) from the ground surface. The water table 

when lies at an intermediate depth less than the depth (Df + B), the effective shear strength 

is reduced and hence, bearing capacity get affected. 

For the effect of water table, two cases can be considered; 

Case 1: When the water table lies above the base of the foundation 
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Case 2: When the water table lies within depth B below the base of the foundation 

The bearing capacity equation becomes as follow, when the position of water table is within 

the depth (Df + B); 

  
1 2

1

2
u c f q w wq cN D N R BN R     

where; 

 Rw1 = reduction factor for water table above the base level of the foundation 

 Rw2 = reduction factor for water table below the base level of the foundation 

   =  sat  

For case 1, that is, Dw1 / Df ≤ 1, the equation of Rw1 becomes; 

1
1

1
1

2

w
w

f

D
R

D

 
   

 

 

For case 2, that is, Dw2 /B ≤ 1, the equation of Rw2 becomes; 

2
2

1
1

2

w
w

D
R

B

 
  

 
 

 

Figure 2.10 Effect of water table on bearing capacity(Murthy 2007). 
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2.4 Plate loading tests 

The plate load test is a semi-direct method to determine the soil-bearing capacity of 

foundations. Plates, round or square, varying in size and thickness are employed for the 

test. The load on the plate is applied by making use of a hydraulic jack. The reaction of the 

jack load is taken by a cross beam or a steel truss anchored suitably at both the ends. The 

settlement of the plate is measured by a set of three dial gauges of sensitivity 0.02 mm 

placed 120o apart. The dial gauges are fixed to independent supports which remain 

undisturbed during the test(Murthy 2007).  

 

Figure 2.11 Diagram of plate load test. 

A diagram of plate load test is shown in Figure 2.11. For the load test to be performed, a 

ditch of depth Df is excavated which should be not less than 4 to 5 times the size of the 

plate. If the water table is above the level of the foundation, the water is carefully pumped 

out and kept it at the level of the foundation. A suitable bearing plate is selected and placed 

on the soil at the bottom of the pit, and incremental load on the bearing plate is applied. 

After the application of an incremental load, enough time is allowed for settlement to occur. 

When the settlement of the bearing plate becomes negligible, another incremental load is 

applied. In this manner a load-settlement plot can be obtained as shown in Figure 2.12. 

 

Figure 2.12 Load-settlement curve of a plate load test. 
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The permissible settlement suggested by (Terzaghi, Peck et al. 1996) for square footing in 

granular soils is given by equation; 

  
 
 

2

0.3

0.3

p

f p

p

B b
S S

b B

 
 
 
 

 

for clay soils, 

  f p

p

B
S S

b
   

where, 

 
fS  = permissible settlement of foundation in mm 

 
pS  = settlement of plate in mm 

 B = size of foundation in meters 

 
pb  = size of plate in meters 

The stresses induced by a plate load test do not penetrate very deep into the soil, so its 

load-settlement behavior is not the same as that of a full-sized footing. 

 

Figure 2.13 The stresses induced by a plate load test(Murthy 2007). 

2.5 Settlement of shallow foundations 

When the load from the structure is applied on a foundation consisting of soil, the soil mass 

deforms. The ground surface where the structure is laid can undergo compression leading to 

structural settlement. This structural settlement occurs even if the conditions of structural 

integrity or bearing capacity of a foundation are satisfied. 
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2.5.1 Settlement of shallow foundation in clay and silt 

When settlement calculation of foundation under load comes to clay and silt, the 

consolidation of a material is usually linked. The consolidation process takes place which is 

followed by occurrence of settlement. The settlement in clay and silt can be determined 

based on lab tests. Then the settlement of a foundation can have three components: 

a) Elastic settlement, Se 

b) Primary settlement, Sc, and 

c) Secondary consolidation settlement, Ss 

The total settlement can be expressed as; 

  St = Se + Sc + Ss 

Elastic settlement, Se: 

This is also referred to as the ‘distortion settlement’ or ‘contact settlement’ and is usually 

taken to occur immediately on application of the foundation load. The theory of elasticity is 

used to estimate the immediate settlement. Janbu, Bjerrum and Kjaernsli (1956) published a 

monograph, in Norwegian, on the application of soil mechanics to several problems of 

foundation engineering. For computing elastic settlement of circular or rectangular 

foundations embedded at various depths, charts were included in it (Christian and David 

Carrier III 1978). The settlement can be determined from the equation; 

  0 1e

qB
S

E
   

where, 

 q  = average applied vertical pressure 

 B  = width of the foundation 

 E  = Young’s Modulus 

Se  =elastic settlement 

µ0  = dimensionless parameter that describes the effect of the depth of   

embedment 

µ1  = dimensionless parameter that describes the effect of the depth of the layer 

itself 
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Figure 2.14 Original Janbu, Bjerrum and Kjaernsli  ( 1956 )  chart  for µ0  and µ1 with captions translated into 
English(Christian and David Carrier III 1978). 

For a flexible and rigid foundation, the profile of elastic settlement may vary as shown in 

Figure 2.15. 

 

Figure 2.15 Settlement profile for shallow flexible and rigid foundations(Das 2009). 
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Primary settlement, Sc: 

The phenomenon of consolidation occurs in clays because the initial excess pore water 

pressures cannot be dissipated immediately owing to the low permeability. The theory of 

one-dimensional consolidation, advanced by Terzaghi, can be applied of dissipation of 

excess pore pressures and hence the time-rate of settlement. The settlement computed by 

this procedure is known as that due to primary compression since the process of 

consolidation as being the dissipation of excess pore pressures alone is considered.  

 

Figure 2.16 Primary settlement. 

Primary settlement can be calculated using oedometer tests. The primary settlement can be 

determined by the equation; 

  
''

' '
log log
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where, 

 Sc   = primary settlement 

 Cc   = compression coefficient 

 Cr   = recompression coefficient = 1/3 to 1/5 Cc 

 eo   = initial void ratio 

    
    = initial effective vertical stress 

    
  =    

  + Δσ’ = maximum path pressure throughout its history 

    
    = final pressure 
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Figure 2.17 Typical void ratio vs effective stress graph in oedometer. 

  

Secondary consolidation settlement, Ss: 

Settlement due to secondary compression is believed to occur during and mostly after the 

completion of primary consolidation or complete dissipation of excess pore pressure. A few 

theories have been advanced to explain this phenomenon, known as ‘secondary 

consolidation’. 

 

Figure 2.18 Secondary settlement. 

These settlements are time-dependent and will never fully stop. They are dominated by 

creep and occur due to gradual changes in the particle structure of the soil. The rate of the 

secondary consolidation is much slower than for the primary consolidation, and depending 

on the material, many years will go by before the structure is considered to be ”fully” 

settled. 
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Figure 2.19 Secondary consolidation settlement (Das 2009). 

The secondary consolidation settlement can be expressed as; 

  2

1
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where, 

 Cα  = secondary compression index = 
  

    (
  

  
)
 

 ep  = void ratio at the end of primary consolidation 

 t2,t1  = time 

2.5.2 Settlement of shallow foundation in sand 

The settlement in sand does not behave as in clay and silt. Settlement criterion governs the 

allowable bearing capacity for footings on sand. Settlement in sand occurs rapidly. Footing 

settlement in sand deposits is often estimated using in situ tests, that is, mainly the 

standard penetration test (SPT) and the cone penetration test (CPT). 

2.5.2.1 SPT-based methods 

There are several methods available to calculate the settlement of footings on sand using 

SPT results. (Meyerhof 1965) suggested the following relationship for the settlement of 

spread footings on sand(Lee and Salgado 2002); 

  
45

0.203 bR

A

qL
S

N p

 
  

 
    for B ≤ 1.2LR 
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where, 

 S  = footing settlement 

 qb  = unit load at base of footing 

 N45  = SPT blow count corrected for an energy ratio of 45% 

 B  = footing width 

LR  = reference length = 1 m 

Pa  = reference pressure = 100 kPa 

Peck and Bazaraa method: 

The following equation is used for estimating the settlements of footings on sand(Lee and 

Salgado 2002): 
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where, 

 Cw  = groundwater correction factor 

 Cd  = depth correction factor 

 qb  = unit load at base of footing 

 N45  = SPT blow count corrected for an energy ratio of 45% 

NB  = stress-normalized SPT N value 

 B  = footing width 

LR  = reference length = 1 m 

Pa  = reference pressure = 100 kPa 
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Burland and Burbidge method: 

The following equation proposed by is used for estimating the settlements of footings on 

sand(Lee and Salgado 2002): 
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where, 

S = footing settlement 

fs  = shape factor 

fI  = depth factor for the sand or gravel layer 

 ft  = time factor 

 qb  = unit load at base of footing 

     
   = maximum previous vertical stress 

 B  = footing width 

 pa  = reference pressure = 100 kPa 

2.5.2.2 CPT-based methods 

Schmertmann’s method is one most common method for the estimation of settlement 

using CPT results. In this method, the soil profile beneath the footing is divided into several 

sub layers. For each sub layer, using CPT results the soil stiffness is calculated. For the 

settlement calculation, the influence zone for square footing goes down to 2B and for strip 

footing to 4B which is shown in Figure 2.20. The contribution of settlement in shallower 

layers is greater than the deeper layers. The reason behind this is due to the stiffness 

increment with depth, and the stresses induced by the applied load decrease with 

depth(Lee and Salgado 2002). The settlement calculation of footing on sand by 

Schmertmann’s method is done using the following equations; 
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where, 

S   = settlement caused by applied load 
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C1 and C2  = depth and time factors 

qb  = unit load on footing base 

'

v d
   = vertical effective stress at footing base level 

Iz   = depth influence factor 

Δzi   = thickness of each sublayer 

Ei  = representative elastic modulus of each sublayer 

t   = time 

tR   = reference time = 1 year = 365 days 

 

Figure 2.20 Influence factor Iz vs. depth(Lee and Salgado 2002). 

The elastic modulus Ei of each sublayer is obtained from the representative cone resistance 

qc for that layer. From different researchers, the qc can be summarized as; 

  

2.5    for yound normally consolidated silica sand

3.5    for aged normally consolidated silica sand

6.0    for overconsolidated silica sand

c

i c

c

q

E q

q




 



 

2.5.3 Janbu’s modulus concept for settlement calculation 

Janbu’s modulus concept can be used to determine the deformation of soil subjected to 

external load, typically to find settlements as a function of surcharge on soil surface or from 

ground water drawdown. For a soil element and a soil profile, the total settlement 

calculation is determined as follow taking the reference of Figure 2.21. 
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Figure 2.21 Principle sketch of settlement calculation. 

1. Calculation of initial vertical stress,   
 . 

2. Determination of total stress increase from external load q. After long time: ∆u → 0 

⇒ ∆σ'= ∆σ, that is, at the end of the primary consolidation. 

3. One-dimensional confined modulus is determined from oedometer tests. The 

modulus is the ratio of strain vs. stress and can be written as equation; dσ' = M ·dε 

Integration of above equation from   
  to (  

  + ∆σ') gives, 
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For the settlement contribution from the element, dδ = ε . dz 

Hence, total settlement can be obtained by; 

  
0

H

dz    

where, H = thickness of layer 
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Figure 2.22 Oedometer tests on soil with large variation in stiffness. 

The soil behavior when studied taking into three types, the following description is stated; 

1. Constant stiffness with effective stress, valid for any material that behaves like this, 

typical for overconsolidated clays.  

2. Linearly increasing with effective stress. Typical for normally consolidated clays, i.e. 

clays in the stress range above   
 .  

3. Parabolic increase with effective stress. Valid for sands and coarse silts, or any 

granular material. 

For the determination of confined modulus Janbu has given the following equation; 

  

1

'
a

a

a

M m







 
   

 
 

where, 

 m = modulus number 

 σ’ = actual effective stress level 

 σa = stress equivalent to one atomosphere 
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According to soil types the value of modulus number, m varies. In case of constant stiffness, 

the stress exponent a is equal to 1. For granular soil, a is equal to 0.5 is chosen and for clays, 

it is equal to 0. The calculation of strain is performed using above equations and finally the 

settlement estimation can be done for different types of soil. 

2.6 Finite Element Method 

It allows modeling complicated nonlinear soil behavior through constitutive model, various 

geometrics with different boundary conditions & interfaces. It can predict the stresses, 

deformations and pore pressures of a specified soil profile. 

2.6.1 PLAXIS 

According to (Burd 1999), the initiation of this Finite Element Program was held at Delft 

University of Technology Netherland by Pieter Vermeer in 1974. PLAXIS name was derived 

from PLasticity AXISymmetry, a computer program developed to solve the cone 

pentrometer problem by Pieter Vermeer and De borst. The development of the PLAXIS 

began in. Earlier version of PLAXIS was in DOS interface. In 1998, the first PLAXIS 2D for 

Windows was released. The new versions and modifications were carried out for the 

analysis of soil behavior for geotechnical engineers. 

Advanced soil model 

Hardening Soil Model: 

The Hardening Soil model is an advanced model which was originally proposed for sand. It is 

now further developed for simulating the behavior of different types of soil, both soft soils 

and stiff soils. When subjected to primary deviatoric loading, soil shows a decreasing 

stiffness and simultaneously irreversible plastic strains develop. In the special case of a 
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drained triaxial test, the observed relationship between the axial strain and the deviatoric 

stress can be well approximated by a hyperbola. The well-known hyperbolic model was 

developed by (Duncan and Chang 1970). This model captures soil behavior in a very 

tractable manner on the basis of only two stiffness parameters. Though it is very 

appreciated among consulting geotechnical engineers, the major inconsistency of this type 

of model is that in contrast to the elasto-plastic type of model, a purely hypo-elastic model 

cannot consistently distinguish between loading and unloading. The model is also not 

suitable for collapse load computations in the fully plastic range (Schanz, Vermeer et al. 

1999). 

Due to these restrictions a model was formulated in an elasto-plastic framework called 

“Hardening Soil” with so-called isotropic hardening. The Hardening Soil model, however, 

supersedes the hyperbolic model by far: firstly by using the theory of plasticity rather than 

the theory of elasticity, secondly by including soil dilatancy and thirdly by introducing a yield 

cap. 

The basic parameters that are used in HS Model are: 

Stiffness parameters 

50

refE   = Secant stiffness in standard drained triaxial test 

ref

oedE   = Tangent stiffness for primary oedometer loading 

ref

urE   = Unloading / reloading stiffness (default ref

urE =3
50

refE ) 

Strength parameters 

'

refc   = Effective cohesion 

'   = Effective angle of internal friction 

   = Angle of dilatancy 

“Hardening Soil” model is built in formulation that makes the stiffness dependent on the 

effective stress level. Several stiffness parameters are introduced, controlling loading in 

shear (deviatoric loading), volumetric loading and unloading. The stress dependency for all 

stiffness moduli can be expressed by the equation below for deviatoric loading. 
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where, 

refp  = ap  = 100 kPa is the atmospheric pressure 

tan

c
a


  is the attraction 

m  is normally equal to 1 for clay and 0.5 for sand. 

 

Figure 2.23 Hyperbolic stress strain relation in primary loading for a standard drained triaxial 
test(Brinkgreve, Broere et al. 2012). 
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3 METHODOLOGY 

3.1 Introduction 

The aim of this master work is to back-calculate the load tests using advanced soil models in 

PLAXIX 2D in order to gather experience on soil behavior and constitutive models. For this 

purpose, extensive relevant literature study is carried out and identifies high quality bearing 

capacity load tests in the literature. The relevant soil profiles and soil parameters are 

identified from field and laboratory tests. The Soil Test is also carried out when relevant. The 

back-calculation was done using PLAXIS 2D. The Advanced soil model, that is, Hardening soil 

model is used as a material model for simulation. Finally, the results of load-settlement 

curve are compared between PLAXIS 2D results with field measurements. 

3.2 Reports used for the study and analysis 

From the extensive literature review, some bearing capacity load tests are found. For this 

master work, three case studies with high quality bearing capacity load tests are identified 

for the study and analysis. 

The first case study is of Tornhill, Sweden on Clay Till. The test field was located in southern 

Sweden north of the city of Lund where there square plate loading tests were conducted, 

that is, 0.5 X 0.5 m footing , 1.0 X 1.0 m footing and 2.0 X 2.0 m footing. 

The second case study is of Portugal on Saprolitic soil. The greenfield site chosen was to be 

for a hospital where plate load tests (PLT) were made with circular steel plates 30 and 60 cm 

in diameter and the main test was on a 1.2 m diameter reinforced concrete foundation 0.5 

m thick. This type of soil is common in the northern part of Portugal. 

The third case study is of Texas A & M University on sand. At the sand site on the Texas A & 

M University National Geotechnical Experimentation Site (NGES) five spread footings were 

built, that is, two 3.0 X 3.0 m footings (south and north sides), one 2.5 X 2.5 m footings, one 

1.5 X 1.5 m footing, and one 1.0 X 1.0 m footing. 

Geological and geotechnical studies were done for all of the cases. The characteristics of the 

soil were measured by a range of in situ tests including standard penetration tests (SPT), 

static cone penetration tests (CPT), dynamic probing (DP), Menard pressuremeter tests 

(PMT), Marchetti dilatometer tests (DMT), self-boring pressuremeter tests (SBPT), and 

cross-hole seismic tests (CH). In addition, the laboratory tests such as oedometer and triaxial 

tests were conducted. The relevant soil profiles and soil parameters are identified to be 

used in Advanced soil model, that is, Hardening Soil model from field and laboratory tests. 
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3.3 PLAXIS Software and Procedure 

3.3.1 Introduction of PLAXIS Software 

The two-dimensional finite element program PLAXIS is used to simulate the bearing capacity 

and settlement of footing or plate on shallow foundation. During the modeling in PLAXIS, 

various trial analyses are performed to assess the model behavior. The variation in strength 

parameters '

refc  and '  was done since the bearing capacity of soil depends on strength 

parameters. To carry out a finite analysis using PLAXIS, a finite element mesh has been created 

and the material properties and boundary conditions are specified. To set up a FEM, geometry 

model composed of points, lines and other components has been created in the XY-plane for 

PLAXIS 2D. The finite element mesh was generated in PLAXIS 2D after the material properties 

and boundary conditions are assigned. 

3.3.2 Models of shallow foundation 

Foundation soil: 

In this project, three case studies was done from different places.  For the first case from 

Sweden, it is clay till; for second case from Portugal, it is saprolitic soil; and for third case 

from United States, it is  sand. The advanced soil model, that is, Hardening Soil model will be 

used to represent the soil for all cases. 

Footing: 

The footing or plate is modeled for axisymmetric conditions. The PLAXIS 2D program allows 

for elastic or elasto-plastic material behavior in plate elements. In these cased, elastic plate 

elements are used. Different sizes of footings are used according to the case studies. 

Loading: 

The distributed load A is applied vertically in the footing for the simulation of bearing 

capacity and settlement of the footing. The PLAXIS 2D is used to model the materials. 

Interfacial strength: 

The purpose of interface element is to simulate the relative friction between footing and 

soil. The roughness of the interaction is modeled by selecting an appropriate value for the 

strength reduction factor ( interR ) in the interface. If there is no relative sliding between the 

soil and footing, int 1erR  . If the deformation or sliding of footing is more than the soil body, 

interR < 1. int 1erR   is used in the model. 

3.3.3 Procedure and Simulation 

The procedures in numerical simulation for reinforced concrete footings as well as steel 

plates from different case studies are done by excavating to the foundation level and placing 

the footing above it. During construction stage, the footing and load are activated. The 
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incremental load is applied on the footing and different results are taken from the output. 

Finally, the load-settlement curves are drawn. 

3.4 Comparison between PLAXIS 2D results with field measurements 

The output obtained from numerical simulation of the footing using PLAXIS 2D is analysed 

and plotted in load-settlement curve and this is compared with measured load-settlement 

curve in the field. 
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4 NUMERICAL MODELING USING PLAXIS 2D 

The bearing capacity and settlement for both strip and circular footings have already been 

one of the most highly interesting areas in geotechnical engineering for researchers and 

practical engineers. Describing the correct bearing capacity of the footing is a very 

important factor in economic terms. In order to calculate the bearing capacity of strip and 

circular footings, there have been a lot of investigations using limit equilibrium method 

(Terzaghi 1943, Meyerhof 1951). The study of numerical methods to solve geotechnical 

problems are increasing tremendously such as finite element method (FEM)(Sloan and 

Randolph 1982, Griffiths 1989) and the finite difference method(Frydman and Burd 1997, 

Erickson and Drescher 2002) have been widely used to compute the bearing capacity of strip 

and circular footings. 

Because of the complex nature of soil, the development of constitutive models capable of 

capturing ‘real’ soil behavior is a key aspect of analyses of geotechnical structures. The 

developments of the constitutive models implemented in commercial codes are PLAXIS, 

STRAUS-7, FLAC-3D, ABACUS. There is much effort increasing day by day to develop more 

precise and accurate constitutive models in commercial codes to allow geotechnical 

designers to solve practical problem considering more realistic soil behavior(Abate, Caruso 

et al. 2008).  

As recently stressed by (Wood 2004), “Numerical analysis tools should be used much more 

as part of the routine of geotechnical design, incorporating the constitutive models of today 

and recognizing the inadequacy of some of the simplifying assumptions that have been 

imposed in the past for reasons of calculation expediency”. 

Numerical simulations were carried out using an axisymmetric, two-dimensional finite-

element program. An elasto-plastic model called “Hardening Soil Model” with so-called 

isotropic hardening used as a material model in PLAXIS. From the literature review studies, 

the three case studies were selected for the analysis. First, second and third case studies 

included in this report are of Tornhill, Sweden on clay Till, Portugal on saprolitic soil and 

Texas A & M University on sand respectively. The Hardening Soil model parameters are 

derived from the results of conventional laboratory and field tests found in the existing 

geotechnical reports for each of the case studies. 

4.1 A case study of Tornhill, Sweden on Clay Till 

4.1.1 Geological and geotechnical studies 

The test site is located in the south-western part of the province of Skåne, where several 

different types of clay till have been deposited on top of each other during different periods 

of the last glaciation. The test field was made available by the Department of Soil Mechanics 

and Foundation Engineering at Lund University, which is responsible for its administration. 
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The test field is named Tornhill. The geological soil profile at the site is varied and contains 

three major types of clay till in the area: Baltic clay till, Mixed clay till and North-east clay till. 

The North-east clay till is so coarse and stiff and penetration to it was quite difficult. The 

focus of the investigations therefore lies on the upper two types of clay till. Since it is a 

heterogeneous soil and the composition within these main layers varies considerably both 

with depth and laterally, the classification of the profile was done in detail. In the test field, 

the thickness of the Baltic clay till is about 3 meters and the intermediate layer is also about 

3 meters thick. The thickness of the North-east till and the depth to the bedrock varies, that 

is, about 8 meters thick and the depth to the bed-rock was thus about 14 meters (Larsson 

2001). 

To determine the geotechnical conditions in the test field, different types of field and 

laboratory tests including cone penetration tests, dynamic probing tests, dilatometer tests, 

pressuremeter tests, oedometer tests, triaxial tests were carried out. After the 

investigations, a series of three large-scale plate load tests was performed in the test field. 

The plates were excavated to the normal foundation level. Nevertheless, the zone of 

influence from these tests was also confined to the upper two types of clay till. Although the 

results were unanimous in certain respects, the variation both vertically and laterally in the 

upper soil layers was so great that a detailed evaluation of the different design methods 

cannot be made from this limited number of load tests. The detail description of the field 

tests, field investigations, laboratory tests and plate loading test is given in the report 

‘Investigations and Load Tests in Clay Till’ (Larsson 2001). 

Classification and a detailed description of the soil profile were made during routine tests. 

The classification of the samples taken with the tube sampler gave relevant explanation 

regarding layering found in the profile. The classification for the sample was as follows; 

Table 4.1 Classification of samples taken by tube sampler at Tornhill site on clay till(Larsson 2001). 

 

From the study of this classification, the soil profile for the study was determined. The test 

site consists of stiff to very stiff clay till. The water table was observed a depth of 1.5 m from 

the ground surface. The soil profile at the site is shown in Figure 4.1. 
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Figure 4.1 Soil profile at the Tornhill footing load test site. 

The Clay till is heterogeneous soil and vary in composition and stiffness. Due to deposition 

of different types of clay till on top of each other during different periods of the last 

glaciation, the soil is very stiff and the stiffness increases with depth. Hence, the stiffness 

parameters in the soil profile may increase with depth. These also show that the soil is 

overconsolidated. 

4.1.1.1 Laboratory tests 

Determination of the preconsolidation pressure and oedometer modulus has been 

performed in oedometer tests in the laboratory. A result of an oedometer test on clay till, 

Tornhill at depth 1.25 m was illustrated in the report. The oedometer moduli evaluated 

were in good agreement. 
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Figure 4.2 Results of an oedometer test at Tornhill footing load test site, 1.25 m depth(Larsson 2001). 

Figure 4.2 show that the preconsolidation pressure, pc’, determined from oedometer test is 

in average of 480 kPa. Evaluation of preconsolidation pressures for the soil profile at Tornhill 

is shown in Figure 4.3. 

 

Figure 4.3 Preconsolidation pressures with depth at Tornhill footing load test site(Larsson 2001). 



BACKCALCULATION OF PLATE LOADING TESTS USING PLAXIS 2D AND THE HARDENING SOIL MODEL June 10, 2013 

Course TBA 4900, Master Thesis Page 41 

 

The unloading-reloading modulus, 
urlM  is in the range of 50 to 100 MPa which is indicated 

in Figure 4.4. 

 

Figure 4.4 Comparison of measured and calculated reloading moduli at Tornhill(Larsson 2001). 

Through a result from an undrained triaxial test on clay till from Tornhill, 
50

refE  was 

determined as follow; 

 

Figure 4.5 Determination of E50 from the triaxial test at Tornhill footing load test site(Larsson 2001). 

50E  = 350/0.014 = 25000 kPa = 25 MPa 
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In this case, the clay is sandy silty clay so m = 0.8 is assumed. 

0.8

50 50

50 28

100 28

refE E
 

  
 

 = 0.67 * 
50

refE  

Therefore, 

50

refE = 1.48 * 50E  = 1.48 * 25 = 37 MPa  @ 2.2 m depth 

The calculation result of triaxial test as well as unloading-reloading modulus from 

oedometer test is used as the reference to estimate the stiffness parameters for the 

Hardening soil model. 

After extensive study of the geotechnical report of Tornhill, determination for the 

parameters required for Hardening Soil Model are shown in Table 4.2. 

Table 4.2 Parameters of the soil at Tornhill footing load test site. 

 

 

Table 4.3 Material properties of the footing at Tornhill footing load test site. 

Parameters Name 
Reinforced concrete 

footing Unit 

Thickness d 0.5 m 

Weight w 12.5 kN/m/m 

Poisson’s ratio υ 0.15  

Type of behavior Type Elastic, isotropic - 

Normal stiffness EA 1.50E+07 kN/m 

Flexural rigidity EI 3.13E+05 kNm2/m 

 

The drained and effective shear strength parameters, '

refc  and '  are determined by 

studying the triaxial tests as well as field investigations from the report. The dry density with 

depth can be found in the geotechnical report of Tornhill, with an average value of 
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approximately in the range 17 to 20.4 kN/m2. Coefficient of horizontal earth pressure and 

overconsolidation ratio is taken from the dilatometer tests at Tornhill. 

4.1.1.2 Plate loading tests 

Three plate load tests were performed at Tornhill site in order to check the bearing capacity 

and settlement for shallow foundations on clay till. The plane dimensions of the plates are 

0.5 X 0.5 m, 1.0 X 1.0 m and 2.0 X 2.0 m which were installed in a row along the main beams 

without significant interference in terms of the same soil mass being affected by the 

different load tests. The distance between the plates and the loading sequence were also 

adjusted so that there is no influence of previous load test results to the next one. For this 

reason, the smallest plate was placed at the one end of the row, the largest was in the 

middle and the intermediate plate was placed at the other end of the row. 

Installation of plates and instrumentation: 

The reinforced concrete plates were casted at the bottom of the excavated pits. The 

groundwater level would normally be at 2 m below the ground surface in summertime. 

However, when the test was conducted in that period the water level was at the ground 

surface. Though the great effort was given to lower the groundwater level, the attempt was 

not successful. The excavation was carried out maintaining the water level to preserve the 

soil properties. 

The excavation was carried out to a depth of 1.3 m with base dimensions of 13 X 5 m in 

which 1:1 slope was made in one of the longer side but on the other side it was steeper. At 

two opposite corners of the excavation, holes were dug to 2 meters depth and the pumps 

were lowered into these. The further 0.2 m of the excavation for the test plates was carried 

out manually as shown in Figure 4.6. 

After the excavation work, instrumentation below each of the plates was carried out which 

consist of three settlement gauges placed at different depths and one piezometer. Only one 

settlement gauge was installed under the smallest plate. The settlement gauges were 

installed close to three corners of the plates at a perpendicular distance of 0.13B from 

adjacent sides of the plate for the settlement and stresses (where B is the width of the 

plate). On gauge for each plate was placed with its center at a depth of about 0.15 m below 

the base to check the possible deformations. The other two gauges were placed at depths 

within the depth interval down to 2B below the plates. 
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Figure 4.6 Excavation for the plates at Tornhill footing load test site(Larsson 2001). 

After installation of the instrumentation, reinforcing bars were placed in the moulds and 

concrete was pumped in. Apart from the settlement gauges below the plates, the total 

settlements of the plates were measured on rods fixed in the concrete at each corner of the 

plate. Piezometers were installed beneath the plates in order to check that the tests were 

drained and that all excess pore pressures had dissipated at the end of each load step. The 

piezometers were electrical and were intended to be installed at depths where the pore 

pressures could be expected to be highest with consideration to stress increases and 

drainage paths. The concrete plates were 0.5 m thick. 

Installation of the reaction system and the loading system: 

The eight ground anchors had been installed by PEAB Grundteknik about one month in 

advance. The ground surface was leveled and wooden rafts were stacked and placed 

horizontally on the leveled surfaces. The three railways bridge beams were then placed side 

by side with ends resting on stacks and bolted together. Their common center line was 

aligned with center of plates. Two short beams were placed on top and across the ends of 

large beams, and were connected to the tie rods from the ground anchors. Above the center 

of the largest plate, two other beams were placed on top of and across the railway bridge 

beam with their ends resting on the two stacks of excavator mats at the sides of the 

excavation. These beams were connected to tie rods which are pre-stressed and the whole 

reaction system was fixed which can be seen in Figure 4.7. 
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Figure 4.7 Reaction system being mounted at Tornhill footing load test site(Larsson 2001). 

The plate loading tests were loaded hydraulically which consisted of a hydraulic pump and 

electronically operated regulation valves. In addition, two hydraulic jacks for different load 

ranges corresponding load cells for measuring the load and providing the signal for 

regulating the hydraulic pressure, and a computer for data collection and regulation of the 

loading process were also used. A back-up system for the hydraulic pressure was also 

installed. For the two smaller plates, circular stress distribution plate was centered directly 

on the concrete and further plates were put to fill the gaps whereas for the larger plate, 

square stress distribution plate was used covering a larger part of the top surface. In order 

to distribute the load on the reaction beams evenly, a short beam was fixed under and 

across them at the loading point. For the measurement of loading system, the computerized 

data collection and load regulation system, the load cells, the piezometers and the 

displacement transducers were used (Larsson 2001). 

Plate load tests: 

While performing load tests constant load steps were maintained. The tests were the 

drained and all the pore pressure was dissipated. The load step was given for duration of 2, 

4 and 6 hours for small, middle and largest plate respectively. The detail of the plate load 

test can be studied in (Larsson 2001). 

Results of plate load tests: 

The loading of the 0.5 X 0.5 m plate was performed with an initial step of 10 kN, a second of 

15 kN up to 25 kN and thereafter in steps of 25 kN. The unloading-reloading cycle was also 

performed in steps of 25 kN from the end of the step with 150 kN load down to 25 kN and 

then to 10 kN with the duration of each step on only 12 minutes. After initial as well as 

unloading-reloading cycle the duration of loading steps was 2 hours. After the last load steps 
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of 250 kN, the settlement continued with constant rate for half an hour where the failure 

was obtained but was slow. 

 

Figure 4.8 Measured and extrapolated load-settlement curves in the load test on the 0.5 X 0.5 m plate at 
Tornhill footing load test site(Larsson 2001). 

The time-settlement curve was measured during each load steps. The 2 hours load-

settlement curve was extrapolated to 10 years which is the time perspective normally 

considered in settlement predictions. Both the measured 2 hours and 10 year curves are 

smooth without any sign of a bearing capacity failure for load up to 200 kN which can be 

seen in Figure 4.8. Above this load, the creep settlements increase considerably and the 

extrapolated 10-year settlements almost reach the failure criterion for settlements, 

amounting to 10 % of the plate width as early as at a load of 225 kN. 

The 1.0 X 1.0 m plate was performed in steps of 75 kN up to load of 300 kN and unloading 

was performed with a duration of 12 minutes. The loading was further done after unloading 

steps to load of 1350 kN and was terminated when the average settlement was 88 mm. The 

load-settlement curve of both the measured average 4 hours and extrapolated 10 years was 

plotted as in Figure 4.9. The failure criterion for a settlement, amounting to 10% of the plate 

width, had been passed at a load of 1200 kN for the 10 year settlements. 
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Figure 4.9 Measured and extrapolated load-settlement curves in the load test on the 1.0 X 1.0 m plate at 
Tornhill footing load test site(Larsson 2001). 

 

For the 2.0 X 2.0 m load test, the load steps of 200 kN was performed at a duration of 6 

hours without unloading-reloading cycle. The test was terminated at load of 2800 kN with 

settlement of 56 mm. The load-settlement curve of both the measured average 4 hours and 

extrapolated 10 years was plotted as in Figure 4.10. 

 

Figure 4.10 Measured and extrapolated load-settlement curves in the load test on the 2.0 X 2.0 m plate at 
Tornhill footing load test site(Larsson 2001). 
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The calculated load-settlement curves are compared to the results from the plate load tests 

which are shown in Figure 4.11 Figure 4.12 and Figure 4.13. 

 

Figure 4.11 Comparison of calculated load-settlement curves to the results of plate load tests for 0.5 X 0.5 m 
plate at Tornhill footing load test site(Larsson 2001). 

 

Figure 4.12 Comparison of calculated load-settlement curves to the results of plate load tests for 1.0 X 1.0 m 
plate at Tornhill footing load test site(Larsson 2001). 
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Figure 4.13 Comparison of calculated load-settlement curves to the results of plate load tests for 2.0 X 2.0 m 
plate at Tornhill footing load test site(Larsson 2001). 

The bearing capacity is traditionally calculated as an ultimate load on the basis of the 

measured shear strength of the soil. In the current load tests, failure was obtained only for 

the smallest plate. Probable ranges for the failure load could be obtained by extrapolation 

of the load-settlement curves from the other two plates. It should be observed that the 

failure obtained in the load test on the smallest plate was a punching type failure and not 

the classical shear surface assumed in most bearing capacity theories. The detail regarding 

bearing capacity results was studied in (Larsson 2001). From the plate load tests, it was 

possible to estimate the approximate failure and creep ground pressures beneath the plates 

which are illustrated in Table 4.4. 

Table 4.4 Estimated failure and creep pressures from the load tests at Tornhill footing load test site(Larsson 
2001). 

 

4.1.2 Numerical modeling 

The FEM analysis of reinforced concrete footings are modeled in FEM based package PLAXIS 

2D. The 15 nodes element will result a more precise calculation of the stress and strains. A 

fine mesh is used for the models. The axi-symmetric circular footing has modeled as linear 

elastic element. The experimental load--displacement curves for shallow foundations 

obtained by (Larsson 2001) are compared with the numerical results obtained using 
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constitutive model, that is, Hardening Soil Model. The elastic modulus of soil has been 

considered based on the available correlation with the in-situ and laboratory test results e.g. 

CPT, CHT, DMT, PMT, oedometer and triaxial tests. 

Three square footings with plane dimensions 0.5 X 0.5 m, 1 X 1 m, and 2 X 2 m are 

considered. The square footings can be approximated as circular footings with soil-

foundation contact areas equivalent to those of the corresponding square footings, that is, 

with diameters of 0.56 m, 1.12 m and 2.26 m which is shown in Figure 4.14. (Lee and 

Salgado 2002) found that ‘differences in stresses at the same depths due to the use of 

circular rather than square footings were less than 2%, based on linear elastic calculations’. 

 

Figure 4.14 Examined square footings and equivalent circular footings at Tornhill footing load test site. 

All three square footings were modeled numerically with number of simulations by changing 

the value of strength parameters '

refc  and ' . The goal of these simulations is to validate our 

numerical analysis by comparison with existing load-settlement observations. In PLAXIS, 

based on the soil profile in Figure 4.1, the numerical model is created for the bearing 

capacity calculation which is shown in Figure 4.15. 

 

Figure 4.15 Typical Numerical model for simulation at Tornhill footing load test site. 
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A drained behavior is assumed for the materials for the bearing capacity calculations. The 

undrained behavior is assumed for north-east clay till due to very stiff clay till. Initial stresses 

in the soil are driven from the material weight and their historical of development. In the 

PLAXIS software the horizontal stress in static state is calculated using Jacky’s formula; 

1 sin( )ok    

When the typical model for simulation is created with all material sets in it, the standard 

boundary conditions are set. As a result PLAXIS will automatically generate a full fixity at the 

base of the geometry and roller boundaries at the vertical sides (ux = 0; uy = free). In this 

project, in order to calculate the bearing capacity, the elastic footing was chosen with 

flexural rigidity (bending stiffness), EI and axial stiffness, EA.  

A typical 2D meshes are shown in Figure 4.16. The bottom boundaries of the finite element 

models are located at a depth of 7.5 m and the lateral boundaries are located at a distance 

of 10 m from the center of the footings. 15-noded axisymmetric elements are used in the 

finite element meshes to model both the soil and the footings. The interface elements are 

also used between the footing base and the soil with a Rinter = 1. 

 

Figure 4.16 FEM mesh for the numerical simulation at Tornhill footing load test site. 
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Loading condition: 

Distributed load – load system A is applied vertically over the footing without eccentricity. 

Initial stresses are developed in the input stage by deactivating the footing. It is assumed 

that the self-weight of the footing has added to the distributed load. Two staged 

construction are performed. In the first staged construction, the excavation is done and in 

the second staged construction, footing and loading are activated. Finally, incremental 

multiplier is applied for vertical load to failure. The footing model is shown in Figure 4.17. 

 

Figure 4.17 Footing model in PLAXIS at Tornhill footing load test site. 

Deterministic results: 

The simulations of different size of footings are carried out using Hardening Soil Model. 

Three square footings with plane dimensions 0.5 X 0.5 m, 1 X 1 m, and 2 X 2 m are 

considered. For each of the dimensions, numbers of simulations are done, for example, 

simulation 1, simulation 2 and simulation 3 to show consistency in the load-settlement 

curve between extrapolated 10 years plate loading test and simulated values. After the 

simulations are conducted, it can be seen that simulation 3 has load-settlement curve 

similar with extrapolated 10 years plate load tests. Then, only the deterministic results of 

simulation 3 are shown in Figure 4.18 to Figure 4.23. 
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Table 4.5 Number of simulations and strength parameters for different size footings at Tornhill footing load 
test site. 

 

0.5 X 0.5 m footing 

Simulations     
  ɸ’ Ψ’ 

1 13.45 30 0 

2 12.45 30 0 

3 11.45 30 0 

1.0 X 1.0 m footing 

1 13.45 30 0 

2 12.45 30 0 

3 14.45 30 0 

2.0 X 2.0 m footing 

1 13.45 30 0 

2 12.45 30 0 

3 11.45 30 0 

 

Total displacement, uy: 

 

Figure 4.18 Vertical displacement transferred to the soil at Tornhill: 0.5 X 0.5 m footing. 
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Figure 4.19 Vertical displacement transferred to the soil at Tornhill: 1.0 X 1.0 m footing. 

  

Figure 4.20 Vertical displacement transferred to the soil at Tornhill: 2.0 X 2.0 m footing. 
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Table 4.6 Showing maximum and minimum vertical displacement for total ground pressure below footing at 
Tornhill. 

S/N Total displacement, uy (mm) 

  Maximum Minimum 

(A) 25.19 -44.31 

(B) 35 -103.2 

(C) 7.266 -102.4 

 

Total deviatoric strain, γs: 

 

 

Figure 4.21 Total deviatoric strain for total ground pressure at Tornhill: 0.5 X 0.5 m footing. 
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Figure 4.22 Total deviatoric strain for total ground pressure at Tornhill: 1.0 X 1.0 m footing. 

 

 

Figure 4.23 Total deviatoric strain for total ground pressure at Tornhill: 2.0 X 2.0 m footing. 
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Table 4.7 Showing maximum and minimum total deviatoric strain for total ground pressure below footing at 
Tornhill. 

 

S/N Total deviatoric strain, γs 

  Maximum Minimum 

(A) 0.3441 0.033E-6 

(B) 0.3526 0.078E-6 

(C) 0.4057 0.233E-6 

 

The horizontal displacement of the soil from the edge of the 2.0 X2.0 m footing is shown in 

Figure 4.24. It is seen from the illustration that the maximum horizontal displacement is 

about 23.4 mm at a maximum load of about 780 kPa. This is the maximum load that is 

applied during plate loading test. 

 

Figure 4.24 Horizontal displacement from the edge of footing at Tornhill: 2.0 X 2.0 m footing. 

Stress paths show the change of stress states during loading or unloading. During this case, 

the stress paths at a depth of 2.8 m below the footing, below the edge of the footing and on 

the same line away from the footing at points K, L and M respectively are determined for 2.0 

X 2.0 m footing. It is illustrated in Figure 4.25. 
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Figure 4.25 Stress paths at point K, L and M for 2.0 X 2.0 m footing at Tornhill. 

 

4.1.3 Comparison of load-settlement curve from PLT and PLAXIS 

It is instructive to compare the results of plate loading tests with those obtained from our 

numerical results. Figure 4.26,Figure 4.27 andFigure 4.28 show the measured and simulated 

load-settlement response for each footing. It can be seen that the measured load-

settlement curves and the numerical curves obtained using the proposed numerical model 

are more or less similar for all the footings investigated. During the simulation, it is seen that 

three simulations are done for each footing. For each simulation, back-calculation was done 

for the values of     
  and φ’ because the coefficient of bearing capacity depends on these 

two values. The simulation 3 for each footing provides very similar results.  
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Figure 4.26 Comparison of experimental (Larsson 2001) and numerical load-settlement curve at Tornhill: 0.5 
x0.5 m footing. 

 

Figure 4.27 Comparison of experimental (Larsson 2001) and numerical load-settlement curve at Tornhill: 1.0 
X 1.0 m footing. 
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Figure 4.28 Comparison of experimental (Larsson 2001) and numerical load-settlement curve at Tornhill: 2.0 
X 2.0 m footing. 

4.1.4 Summary and conclusions 

In this case, the load-settlement response of vertically loaded footings on clay till was 

investigated using non-linear finite element analysis. The FEM analysis is performed with 

Hardening Soil model which is and elasto-plastic hyperbolic constitutive model with 

isotropic hardening connected to two plastic yield surfaces, that is, one is cone and other is 

a cap. Hardening soil model is and advanced soil model for simulating the behavior of 

different types of soil. The results of oedometer as well as triaxial test were used to define 

parameters of Hardening soil model. 

The Clay till is overconsolidated clay and stiffness increases with depth. The K0 and OCR 

values obtained from dilatometer tests are used as input parameters in PLAXIS. The value of 

K0 is very greater than 1. In this case due to K0 > 1, the horizontal stresses are higher than 

the vertical stresses in soil. During simulation, at initial phase the plastic points were created 

in Sandy silty clay layer. Either size factors of elements below the footing can be reduced or 

reduce K0 value during simulation until platic points are vanished. 

The measured load-settlement curves were compared with back-calculated load-settlement 

curve numerically. The three full-scale shallow foundations of different sizes were used 

during simulation. After the simulation, the measured and numerically simulated load-

settlement curves were compared. From Figure 4.26,Figure 4.27, and Figure 4.28, it is 

shown that the numerical curves obtained using finite element analyses are in reasonable 

agreement with the measured results. The curves obtained from third simulation were more 

similar though the ends of the curves show slight variation. Hence, the back-calculated 

results obtained from the simulations show that effective cohesion is between 11.45 to 

14.45 kPa and friction angle is about 300. 
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4.2 A case study of Portugal on saprolitic soil 

4.2.1 Geological and geotechnical studies 

The experimental site was located in the north-western region of Portugal and in the test 

site dominant soils are residual soils from granite which is also very common in northern 

part of Portugal. The typical Porto granite is a leucocratic alkaline rock, with two micas and 

of medium to coarse grain size. The chemical and mineralogical constitution of this rock 

varies naturally, generating a fairly heterogeneous mass. In this region, climatic conditions 

with high temperatures and precipitation dominate are responsible for the development of 

chemical and mineralogical processes which gives rock weathering. The thickness of these 

regional saprolitic soils may sometimes attain 20 m, with more common values 5 – 10 m. 

The bonded structure and fabric of these soils have significant influence on engineering 

behaviors, and several particularities dominate foundation design in these materials (da 

Fonseca 2002). 

To determine the characteristics of the soil, an extensive site investigation was made in a 

relatively homogeneous weathered profile of a typical saprolitic soil from granite of Porto 

region. A range of in situ tests including standard penetration tests (SPT), static cone 

penetration tests (CPT), dynamic probing (DP), Ménard pressuremeter tests (PMT), 

Marchetti dilatometer tests (DMT), self-boring pressuremeter tests (SBPT) and cross-hole 

tests (CH) were carried out. In addition, oedometer and triaxial tests in laboratory were 

carried out. After the investigations, a series of load test on shallow foundation were 

performed, a mojor part of the experimental work wwas carried out at a given site on which 

a fairly homogeneous saprolitic soil 6 m thick was encountered. To carry out the loading test 

plate loading test (PLT) were made with circular steel plates 30 and 60 cm in diameter. The 

main part of the experiment was the execution of a load test on a 1.2 m diameter rigid 

reinforced concrete footing. The detail description of in situ tests, laboratory tests and plate 

loading test as well as characteristics of residual soils was studied from (Da Fonseca, 

Fernandes et al. 1998, Fonseca 2001, da Fonseca 2002). 

The classification of soil profile was done by (Robertson 1990) chart.  
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Figure 4.29 Soil classification by Robertson chart at Porto footing load test site (da Fonseca 2002). 

After determining the values of Rf and QT from CPT tests results, the classification of soil 

profile in detail can be demonstrated in Table 4.8. 

Table 4.8 Soil classification at Porto footing load test site on saprolitic soil. 

Depth, 
m  Rf Qt Soi classification 

1 6.241 274.00 very stiff, fine grained (cemented) 

2 3.548 215.25 very stiff sand to clayey sand (cemented) 

3 3.391 176.80 silty sand to sandy silt 

4 2.249 179.92 silty sand to sandy silt 

5 3.027 134.64 silty sand to sandy silt 

6 4.273 163.08 silty sand to sandy silt 

7 3.662 179.00 silty sand to sandy silt 

 

From Table 4.8, the sub-soil profile for the study was determined. The water table was 

observed at a depth of 2 m from the ground surface. The sub-soil profile at the site is shown 

in Figure 4.30. 
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Figure 4.30 Soi profile for the test at Porto footing load test site on saprolitic soil. 

 

The saprolitic soil is fairly homogeneous soil with SM (Silty sand) or SM-SC (Silty clay sand). 

Plotting of the CPT test results on the (Robertson 1990) classification chart, most values fall 

in zones with cementd, aged or very stiff natural soils which can be seen in Figure 4.29. The 

soil is lightly oveconsolidated. 

4.2.1.1 Laboratory tests 

The undisturbed samples were taken out from large blocks in open ditches of 0.5 to 1 m 

depth below the level of footing base and the laboratory test for mechanical 

characterization was carried out. Oedometer and triaxial specimens were obtained by 

driving rings of tube samplers into the blocks with the help of a static thrust. 

Though the parameters required for the Hardening soil model are studied throughout the 

report, the final parameters are derived mainly from the laboratory tests. The results from 

CID triaxial tests under three distinct consolidation stresses are available. The E50 and Eur 

moduli for   
  = 10 kPa and   

  = 100 kPa were calculated. Then,    
   

 and    
   
 were 

determined as follows; 
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Figure 4.31 Determination of E50 modulus from CID triaxial test under consolidation stress,   
  = 100 kPa at 

Porto footing load test site(da Fonseca 2002). 
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Figure 4.32 Determination of Eur modulus from CID triaxial test under consolidation stress,   
  = 100 kPa ata 

Porto footing load test site(da Fonseca 2002). 
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Figure 4.33 Determination of E50 modulus from CID triaxial test under consolidation stress,   
  = 10 kPa at 

Porto footing load test site(da Fonseca 2002). 
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Figure 4.34 Determination of Eur modulus from CID triaxial test under consolidation stress,   
  = 10 kPa at 

Porto footing load test site(da Fonseca 2002). 
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The drained and effective shear strength parameters,     
  and    are determined from 

triaxial tests. The value of effective cohesion was between 9 to 12 kPa and friction angle was 

370 and 380. The dry density was with an average value of 20 kN/m3. The values of isotropic 

preconsolidation stress (σ’mp) deduced from oedometer tests was 85 – 140 kPa. The 

evaluation of coefficient of earth pressure at rest, K0, in saprolitic soils from granite is of vital 

importance for the application of well-defined constitutive laws in geotechnical analysis. 
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The values of K0 determined from very well controlled SBPT curves ranged between 0.35 

and 0.38. The  detail description regarding laboratory test is given in (da Fonseca 2002). 

The study of an extensive geological and geotechnical characterization was undertaken to 

determine the parameters required for Hardening Soil Model. The parameters are shown in 

Table 4.9. 

Table 4.9 Parameters of saprolitic soil at Porto footing load test site. 

 

 

Table 4.10 Material properties of the footing at Porto footing load test site. 

Parameter Name Steel plate 
Reinforced 

concrete footing Unit 

Thickness d 0.5 0.5 m 

Weight w 39 12.5 kN/m/m 

Poisson’s ratio υ 0.3 0.15 - 

Type of behavior Type Elastic, isotropic Elastic, isotropic - 

Normal stiffness EA 1.00E+08 1.50E+07 kN/m 

Flexural rigidity EI 2.08E+06 3.13E+05 kNm2/m 

 

4.2.1.2 Loading tests 

A full scale loading test was carried out on a 1.2 m diameter reinforced concrete foundation 

of 0.5 m thick. Before the loading was conducted, the instrumentation was done which 

consisted of:  

(i) 3 displacement dial gauges with 50 mm travel and 0.01 mm divisions connected 

to the footing to record its settlement;  

(ii) 9 reference pins to survey the deflection of the ground surface around the 

footing by means of topographic electronic equipment; 
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(iii) 4  vertical  inclinometer  tubes  sealed  at  6 m  depth  to  measure  horizontal  

displacements  in  the ground, these tubes also being used to observe the water 

table. 

The layout of the measuring instruments is given in Figure 4.35. The water level was at a 

depth of 1 m below the footing base, when the test was conducted. The main test was 

loaded from kentledge by a hydraulic jack. The kentledge of 140 tons was provided by a 

water tank 11.2 m in diameter supported by found steel beams resting on concrete bases 

placed 4.6 m from the center of the test area. The middle two beams were spaced 1.2 m 

apart to give room for the hydraulic jack. The layout for the main test and views of the site 

are given in Figure 4.36. 

 

 

Figure 4.35 Layout of Instruments to Measure Foundation Settlements and Movements of Ground at Porto 
footing load test site(Fonseca 2001). 
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Figure 4.36 Layout for the main test and views of the site at Porto footing load test site(Fonseca 2001). 

The duration for full scale loading test was about 15 days, using 35 increments of load with 

each load maintained for 4 hours including four unload-reload cycles. The detail of the test 

is given in Table 4.11. 

Table 4.11 Full Details of Loading Tests at Porto footing load test site(Fonseca 2001). 
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The complete load-settlement curve from the footing loading test is shown in Figure 4.37 

which shows that at a maximum footing pressure of 1000 kPa, settlement of footing was 

about 100 mm. The figure in the left is the enlargement where a clear increase of the 

settlement rate with load for pressure values exceeding around 125 kPa can be seen. 

 

Figure 4.37 Load-settlement curve for main loading test at Porto footing load test site on Saprolitic soil(da 
Fonseca 2002). 

 

On the same zone of the footing loading test, plate loading test (PLT) were made with 

circular steel plates 30 and 60 cm in diameter. Plate loading tests were carried out with a 

hydraulic jack reacting against the two outer beams. The settlements of the plates were 

measured from the independently supported beam by use of Benkelmann beams. The 

position and test of PLT is shown in Figure 4.38. The incremental loading was applied with 

the same stress level as those of the main footing test. The load-settlement curve for the 

plate loading test is shown together in Figure 4.39. 

From the main loading test it can be seen that the settlement reached to 100 mm at highest 

pressure while the ground surface pins situated at 0.3 m from its border gives only about 10 

mm settlement.  It can be illustrious that the shape of the load-settlement curve is typical of 

a punching shear failure mode. When this type of failure mode occurs, the ultimate bearing 

capacity is not well defined. In order to establish the serviceability limit state pressure the 

criterion proposed by (Décourt 1992) was adopted as a reference. This stipulates that the 

allowable pressure on a shallow foundation on residual soil should correspond in its effect 

to a settlement of 6.0 mm for a 0.8 m diameter plate load test. This represents a settlement 

of 0.75% of the diameter of the loading surface, which gives a settlement of 9 mm in the 

present case. A 9 mm settlement corresponds to an applied pressure of about 195 kPa 

which can be seen in Figure 4.37. 
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Figure 4.38 Position and Photo of PLT: 30 and 60 cm diameter at Porto footing load test site on Saprolitic 
soil(Fonseca 2001). 

 

Figure 4.39 Load-settlement curve of the plate loading test (D = 30 and 60 cm) at Porto footing load test site 
on saprolitic soil(da Fonseca 2002). 
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4.2.2 Numerical modeling 

The FEM analysis of reinforced concrete footing and steel plates are modeled in FEM based 

package PLAXIS 2D. The 15 nodes element will result a more precise calculation of the stress 

and strains. A fine mesh is used for the models. The axi-symmetric circular footing and steel 

plates are modeled as linear elastic element. The experimental load-displacement curves for 

shallow foundations obtained by (da Fonseca 2002) are compared with the numerical 

results obtained using constitutive model, that is, Hardening Soil Model. The elastic modulus 

of soil has been considered based on the available correlation with the in-situ and 

laboratory test results e.g. CPT, CHT, DMT, PMT, oedometer and triaxial tests. 

The dimension of main footing is 1.2 m diameter which is reinforced concrete and the two 

steel plates of 30 and 60 cm diameter are considered as supplementary analysis. Both the 

plates and the main footing were modeled numerically with the number of simulations by 

changing the value of     
  and ɸ’ because the coefficient of bearing capacity depends on 

these values. The goal of these simulations is to validate our numerical analysis by 

comparison with existing load-settlement observations. In PLAXIS, based on the soil profile 

in Figure 4.30, the numerical model is created for the bearing capacity calculation which is 

shown in Figure 4.40. 

 

Figure 4.40 Typical Numerical model for simulation at Porto footing load test site.on saprolitic soil. 

A drained behavior is assumed for the materials for the bearing capacity calculations. The 

undrained behavior is assumed for north-east clay till due to very stiff clay till. Initial stresses 

in the soil are driven from the material weight and their historical of development. In the 

PLAXIS software the horizontal stress in static state is calculated using Jacky’s formula; 

1 sin( )ok    

When the typical model for simulation is created with all material sets in it, the standard 

boundary conditions are set. As a result, PLAXIS will automatically generate a full fixity at 
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the base of the geometry and roller boundaries at the vertical sides (ux = 0; uy = free). In this 

project, in order to calculate the bearing capacity, the elastic footing was chosen with 

flexural rigidity (bending stiffness), EI and axial stiffness, EA.  

A typical 2D meshes are shown in Figure 4.41. The bottom boundaries of the finite element 

models are located at a depth of 8 m and the lateral boundaries are located at a distance of 

10 m from the center of the footings. 15-noded axisymmetric elements are used in the finite 

element meshes to model both the soil and the footings. The interface elements are also 

used between the footing base and the soil with a Rinter = 1. The numbers of simulations are 

performed by using stiffness parameters determined from both consolidation stresses at   
  

= 10 kPa and    
  = 100 kPa. 

 

 

Figure 4.41 FEM mesh for the numerical simulation at Porto footing load test site on Saprolitic soil. 
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Loading-condition: 

Distributed load – load system A is applied vertically over the footing without eccentricity. 

Initial stresses are developed in the input stage by deactivating the footing. It is assumed 

that the self-weight of the footing has added to the distributed load. Two staged 

construction are performed. In the first staged construction, the excavation is done and in 

the second staged construction, footing and loading are activated. Finally, incremental 

multiplier is applied for vertical load to failure. The footing model is shown in Figure 4.42. 

 

 

Figure 4.42 Footing model in Plaxis at Porto footing load test site at Porto footing load test site on Saprolitic 
soil. 
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Deterministic results: 

The simulations of different size of footings are performed using Hardening Soil Model. The 

square footings with plane dimensions 1.2 m diameter, 0.6 m diameter and 0.3 m diameter 

are considered. The number of simulations were performed by using stiffness parameters 

determined from both consolidations stresses   
  = 10 kPa and   

  = 100 kPa. After the 

simulations were carried out, comparison of load-settlement curve between measured and 

PLAXIS analysis was done. From the simulations performed and compared with the 

measured ones, there was good consistency with the results of   
  = 10 kPa. Therefore, the 

results of this case are only shown in this chapter. The results for   
  = 100 kPa are shown in 

Appendix C. 

Table 4.12 Number of simulations and strength paramters for different size footings at Porto footing load 
test site. 

D = 1.2 m 

Simulations     
  ɸ’ Ψ’ 

1 10 37 7 

2 9 38 8 

3 11 37 7 

D = 0.6 m 

1 11 37 7 

2 12 38 8 

3 15 37 7 

D = 0.3 m 

1 10 37 7 

2 9 37 7 

3 8 37 7 

 

The simulations for different sizes footings were performed as shown in Table 4.12 whereas 

the detail parameters is already illustrated in Table 4.9. For each of the dimensions, three 

simulations are carried out, that is, simulation 1, simulation 2 and simulation 3 with their 

respective strength parameters. After the simulations are conducted, it can be seen from 

4.2.3 that simulation 3 has load-settlement curve similar with the measured results. 

Therefore, only the deterministic results of simulation 3 are shown in Figure 4.43 to Figure 

4.48. 
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Total displacement, uy: 

 

Figure 4.43 Vertical displacement transferred to the soil on saprolitic soil: 0.3 m diameter plate. 

 

Figure 4.44 Vertical displacement transferred to the soil on saprolitic soil: 0.6 m diameter plate. 
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Figure 4.45 Vertical displacement transferred to the soil on saprolitic soil: 1.2 m diameter reinforced footing. 

 

Table 4.13 Showing maximum and minimum vertical displacement for total ground pressure below footing 
on saprolitic soil. 

S/N Total displacement, uy (mm) 

  Maximum Minimum 

(A) 0.9081 -43.88 

(B) 2.223 -38.19 

(C) 2.342 -87.49 
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Total deviatoric strain, γs: 

 

Figure 4.46 Total deviatoric strain for total ground pressure on saprolitic soil: 0.3 m diameter plate. 

 

Figure 4.47 Total deviatoric strain for total ground pressure on saprolitic soil: 0.6 m diameter plate. 
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Figure 4.48 Total deviatoric strain for total ground pressure on saprolitic soil: 1.2 m diameter reinforced 
footing. 

 

Table 4.14 Showing maximum and minimum total deviatoric strain for total ground pressure below footing 
on saprolitic soil. 

S/N Total deviatoric strain, γs 

  Maximum Minimum 

(A) 0.3441 1.08E-9 

(B) 0.2784 0.02647E-3 

(C) 0.5262 0.01959E-3 

 

4.2.3 Comparison of load-settlement curve from PLT and PLAXIS 

It is instructive to compare the results of plate loading tests with those obtained from our 

numerical results. Figure 4.49, Figure 4.50 and Figure 4.51 show the measured and 

simulated load-settlement response for each footing. It can be seen that the measured load-

settlement curves and the numerical curves obtained using the proposed numerical model 

are more or less similar for all the footings investigated. During the simulation, it is seen that 

three simulations are done for each footing. For each simulation, back-calculation was done 

for the values of     
 , φ’ because the coefficient of bearing capacity depends on these two 

values. The simulation 3 for each footing provides very similar results.  
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Figure 4.49 Comparison of experimental(da Fonseca 2002) and numerical load-settlement curve on saprolitic 
soil: 0.3 m diameter steel plate. 

 

 

Figure 4.50 Comparison of experimental(da Fonseca 2002) and numerical load-settlement curve on saprolitic 
soil: 0.6 m diameter steel plate. 
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Figure 4.51 Comparison of experimental(da Fonseca 2002) and numerical load-settlement curve on saprolitic 
soil: 1.2 m diameter reinforced footing. 

4.2.4 Summary and conclusions 

In this case, the load-settlement response of vertically loaded footings on saprolitic soil was 

investigated using non-linear finite element analysis. The FEM analysis is performed with 

Hardening Soil model which is an elasto-plastic hyperbolic constitutive model with isotropic 

hardening connected to two plastic yield surfaces, that is, one is cone and other is a cap. 

Hardening soil model is and advanced soil model for simulating the behavior of different 

types of soil. The results of oedometer as well as triaxial test were used to define 

parameters of Hardening soil model. 

The saprolitic soil is slightly overconsolidated clay. The soil was classified according to 

Robertson chart. The extensive study on field and laboratory tests was made to determine 

parameters needed for Hardening Soil model. Especially, stiffness parameters determined 

from the CID triaxial tests results with different consolidation stresses are used in the 

model. The strength paramteters as well as coefficients of earth pressure at rest are found 

in triaxial tests. In this case, the value of K0 is about 0.38. 

The measured load-settlement curves were compared with back-calculated load-settlement 

curve numerically. A full scale loading test was performed on a 1.2 m diameter reinforced 

concrete footing with additional plate loading test with circular steel plates. These three 

different sizes footings were analysed numerically. After the simulation, the measured and 

numerically simulated load-settlement curves were compared. From Figure 4.49, Figure 

4.50, and Figure 4.51 it is shown that the numerical curves obtained using finite element 

analysis are in reasonable agreement with the measured results. The load-settlement curve 

with 0.3 m diameter plate is little underprediction. The curve are not coinciding though the 
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cohesion and angle of friction was reduced to 8 kPa and 370 for third simulation. But for 0.6 

m diameter plate, the curves are consistent with measured results thought at the end there 

is some variation. Simulation 3 is very similar to the measured load-settlement curve with 

effective cohesion and friction angle of 15 kPa and 370 respectively. The main loading test is 

1.2 m diameter footing and the comparisons between measured and simulated load-

settlement curves are very consistent. For this footing also, simulation 3 gives the very 

similar result at effective cohesion of 11 kPa and friction angle at 370. Therefore, from the 

back-calculation it can be concluded that the effective cohesion is between 8 to 13 kPa and 

friction angle between 370 to 380. 

4.3 A case study of Texas A & M University on sand 

4.3.1 Geological and geotechnical studies 

The experimental site was located on the Texas A & M University National Geotechnical 

Experimentation Site (NGES). The soil in the upper layer, that is, to a depth of 11 m is 

medium dense silty fine silica sand. Grain size analysis showed the amount of fines content 

to vary with depth. At 3 m depth fines contents are from 2 to 8% and at 9 m depths fines 

contents are from 5 to 30%. The mean grain size D50 = 0.2mm. Below the sand layer is clay 

layer which exists until a depth of at least 33 m. The geological condition of the site suggests 

that the sand is slightly overconsolidated by dessication of the fines. The focus of the 

investigations mainly lies on the upper soil (Briaud and Gibbens 1997).  

Geologically, the top layer of sand is a flood plain deposit of Pleistocene age about 3 m thick 

with a high fine content. The next layer of sand is a river channel deposit of Pleistocene age 

about 3 m thick, clean and uniform. The third layer is a mixed unit with an increasing 

amount of clay seams and gravel layers; it is also of Pleistocene age and was deposited by a 

stream of fluctuating energy. Below these 200,000-year-old sand layers and about 10 m 

below the ground surface is the 45-million-year-old Eocene bedrock; this bedrock is a dark 

gray clay shale that was deposited in a series of marine transgressions and regressions. 

Erosion of the Eocene marine clay took place before the Pleistocene river sediments were 

deposited (Briaud and Gibbens 1999). 

A series of field and laboratory tests were performed in order to characterize the material 

on site. A number of tests such as PiezoCone Penetration tests (CPT), Standard Penetration 

tests (SPT), Dilatometer tests (DMT), Pressuremeter tests (PMT), Borehole Shear tests 

(BHST), Cross-Hole Wave tests (CH), triaxial tests were carried out. A series of five spread 

footings were performed at the sand site with dimensions of two 3 X 3 m footings (south 

and north sides), one 2.5 X 2.5 m footing, one 1.5 X 1.5 m footing, and one 1 X 1 m footing. 

The detail description of the field tests and laboratory tests was studied from the technical 

report entitled, ‘Large-Scale Load Tests and Data Base of Spread Footings on Sand’(Briaud 

and Gibbens 1997). 
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The general sub-soil profile was determined from extensive site characterization. The water 

table is 4.9 m deep from the ground surface. Figure 4.52 shows the sub-soil profile for test 

site. 

 

Figure 4.52 Soil profile at Texas A & M footing load test site(Lee and Salgado 2002). 

 

4.3.1.1 Field and laboratory tests 

The field and laboratory tests were conducted to study the characteristics of soil in the 

experimental test site. The plots of different field tests with depth are illustrated in Figure 

4.53 to Figure 4.56 with their respective average values. From the respective figures it shows 

the SPT (standard penetration test) blow count 18 blows per 0.3m, CPT (cone penetrometer 

test) point resistance 6 MPa, PMT (pressuremeter test) limit pressure 800 kPa, PMT 

modulus 8.5 MPa, DMT (dilatometer test) modulus 30 MPa The detail results of the field 

tests were studied from (Briaud and Gibbens 1997). 
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Figure 4.53 SPT results at Texas A & M footing load test site(Briaud and Gibbens 1997). 

 

Figure 4.54 CPT results at Texas A & M footing load test site(Briaud and Gibbens 1997). 
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Figure 4.55 PMT results at Texas A & M footing load test site(Briaud and Gibbens 1997). 

 

 

Figure 4.56 DMT results at Texas A&M footing load test site(Briaud and Gibbens 1997). 

The routine tests and consolidated/drained triaxial tests were performed at Texas A&M 

University. The triaxial tests were conducted for samples at 0.6 m and 3.0 m. The results 

obtained from triaxial tests are illustrated in  
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Figure 4.57 Strain-strain and volume change curve for 0.6 m sample at Texas A&M footing load test 
site(Briaud and Gibbens 1997). 

 

Figure 4.58 Strain-strain and volume change curve for 3.0 m sample at Texas A&M footing load test 
site(Briaud and Gibbens 1997). 
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Figure 4.59 Mohr’s Circles From Triaxial test at Texas A&M footing load test site(Briaud and Gibbens 1997). 

From the results of triaxial tests, the average stiffness, E50 is determined using the graphs in 

Figure 4.57 and Figure 4.58. Hence, the    
   

  can be determined as follows; 

Sample from 3.0 m depth 

For σ3 = 345 kPa: 

50E  = (830/2.7) X 100 = 30741 kPa = 30.7 MPa ≈ 31 MPa 

'

3
50 50

ref

ref

a
E E

p a

 



  @ '

3 = 345 kPa 

Here, a = 0 since c = 0 for sand. 

50 50

345

100

refE E  = 1.86 X 
50

refE  
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Therefore, 

50

refE = 50E  /1.86 = 31/1.86 = 16.67 MPa  ≈ 17 MPa  @ 3.0 m depth 

For σ3 = 138 kPa: 

50E  = (500/3.5) X 100 = 14285.7 kPa ≈ 14 MPa 

'

3
50 50

ref

ref

a
E E

p a

 



  @ '

3 = 138 kPa 

Here, a = 0 since c = 0 for sand. 

50 50

138

100

refE E  = 1.17 X 
50

refE  

Therefore, 

50

refE = 50E  /1.17 = 14/1.17 = 11.97 MPa ≈ 12 MPa  @ 3.0 m depth 

Sample from 0.6 m depth 

For σ3 = 345 kPa: 

50E  = (1000/3) X 100 = 33333 kPa = 33.33 MPa ≈ 33 MPa 

'
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
  @ '

3 = 345 kPa 

Here, a = 0 since c = 0 for sand. 

50 50

345

100

refE E  = 1.86 X 
50

refE  

Therefore, 

50

refE = 50E  /1.86 = 33/1.86 = 17.74 MPa ≈ 18 MPa  @ 0.6 m depth 

For σ3 = 138 kPa: 

50E  = (400/2.5) X 100 = 16000 kPa ≈ 16 MPa 

'

3
50 50
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ref
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E E

p a

 
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
  @ '

3 = 138 kPa 

50 50
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100

refE E  = 1.17 X 
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refE  

Therefore, 

50

refE = 50E  /1.17 = 16/1.17 = 13.67 MPa ≈ 14 MPa  @ 0.6 m depth 
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The stiffness parameters are determined above using two cell pressures, that is, σ3 = 345 

kPa and 138 kPa. Most of the sands show a reference stiffness,    
   

, in the range of 15 to 

50 MPa. In this report the stiffness parameters calculated at σ3 = 345 kPa are used for 

Hardening soil model. 

The Poisson’s ratio, υ, can be determined from the graph of volumetric strain versus axial 

strain. So, from the graph in Figure 4.57 and Figure 4.58, Poisson’s ration at σ3 = 345 kPa are 

calculated using the equation; 

  1 2v

y







 


 

where, 

 v  = volumetric strain 

 
y  = axial strain 

Sample from 3.0 m depth 

 
0.3

1 2
(3.5 1.75)

 


 

    = 0.4 

Sample from 0.6 m depth 

 
0.1

1 2
0.5

   

    = 0.4 

The values of ɸ’ calculated from triaxial tests are: 

 At 0.6 m depth: ɸ’ = 34.2 degrees 

 At 3.0 m depth: ɸ’ = 36.4 degrees 

The dry density can be found in the technical report at Texas A&M University footing load 

test site with an average value of 15.28 and 16.65 kN/m2 at 0.6 m and 0.3 m depth 

respectively. Taking one typical value of CPT, that is, 3.0 X 3.0 m footing (North), the range 

of OCR is determined in Figure 4.60. 
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Figure 4.60 Range of OCR at Texas A&M footing load test site. 

The range of OCR is estimated and iterated using the following two equations. The OCR is 

iterated until Ko values from both equations are similar. It is shown in Table 4.15. 

0.22 ' 0.31 0.270.192( / ) ( / )o c a vo aK q p p OCR    by Mayne, CPT’95 

  sin '1 sin( ')oK OCR       by Mayne & Kulhawy, 1982 

Table 4.15 Determintion of OCR and Ko by iteration at Texas A&M footing load test site. 

 

Depth 
m 

Tip 
resistance, 

qc (tsf) 

qc 

kPa 
       

  Pa OCR Φ’ K0 K0 

1.75 125 11975 26.25 26.25 100 8.95 36 1.5052 1.4948 

5.25 50 4790 78.75 75.25 100 1.75 36 0.5713 0.5728 

9.0 35 3353 135 94 100 1.16 36 0.4412 0.4498 

14.5 98 9388.4 228 132 100 1.54 36 0.5377 0.5313 

 

After extensive study of the geotechnical report of five large scale load tests, the 

parameters required for Hardening Soil model are determined. Especially, the triaxial test 

results are used as a basis for the necessary parameters. The stiffness parameters 

determined at σ3 = 345 kPa are used and Table 4.16 illustrates the parameters. The subsoil 
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profile shows that the sand is medium dense and for this type of sand the reference 

stiffness is in the range of 30 to 35 MPa. But the reference stiffness found from the triaxial 

test is of the loose sand. The reason behind this may be due to the triaxial test performed 

on remolded samples of material taken from a hand auger. 

Table 4.16 Parameters of Texas A&M footing load test site. 

 

 

Table 4.17 Material properties for footing at Texas A&M footing load test site. 

Parameters Name 
Reinforced concrete 

footing Unit 

Thickness d 1.2 m 

Weight w 28.8 kN/m/m 

Poisson’s ratio υ 0.15 - 

Type of behavior Type Elastic, isotropic - 

Normal stiffness EA 3.60E+07 kN/m 

Flexural rigidity EI 4.32E+06 kNm2/m 

 

4.3.1.2 Plate loading test 

The five spread footing tests were performed at the National Geotechnical Experimentation 

Site on the Texas A&M University Riverside Campus near college station.  The plane 

dimensions of the footings are: two 3.0 X 3.0 m footing (south and north sides), one 2.5 X 

2.5 m footing, one 1.5 X 1.5 m footing, and one 1.0 X 1.0 m footing. The plan view of the 

footings arrangement is presented in Figure 4.61. Four 0.91 m diameter, 21.3 m long drilled 

shafts with 2.7 m 600 underreamed bells and on 0.91 m diameter, 5 m long straight drilled 

shaft were built. The four drilled and belled shafts were founded at depths ranging from 

19.6 to 20.6 m. The exact as-built dimensions are shown in Table 4.18. 
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Table 4.18 As-Built Footing Dimensions at Texas A&M footing load test site(Briaud and Gibbens 1997). 

 

 

 

Figure 4.61 A plan view of footing arrangement at Texas A&M footing load test site(Briaud and Gibbens 
1997). 
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After excavating the holes with a backhoe and hand finishing with shovels, a mat type 

reinforcement cage was placed just off the bottom of the footing excavation using #11 

rebar, 150 mm center to center in both directions. Prior to concrete placement, three 120 

mm diameter PVC sleeves were placed within the footing to serve as conduits through 

which the drilling of the telltales would take place. The footings were formed and poured at 

a rate of approximately two footings per day. A typical load test is shown in Figure 4.62. 

 

Figure 4.62 A typical load setup at Texas A&M footing load test site(Briaud and Gibbens 1997). 

Reaction shafts were installed to resist the 12 MN load applied vertically to each of the 

footings. The dywidag bars went from the reaction beam down to the bottom of the shaft, 

but only the portion of the shaft in the shale was filled with concrete. The portion of the 

shaft in the sand was filled with sand to minimize the influence of the reaction shaft on the 

footing and soil behavior. Construction of the shafts was completed at a rate of one shaft 
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per day. Six vertical inclinometer casings were installed in order to evaluate the horizontal 

displacement of the soil surrounding the footing group which is shown in Figure 4.62. In 

addition, extensometer type telltales were designed and constructed and measurement of 

vertical displacement was taken at 0.5B, 1.0B and 2.0B depths for each footing (Figure 4.62). 

The load was measured with a 12-MN load cell resting between the jack and the load frame. 

To measure the vertical displacement the average reading of four LVDTs (linear variable 

displacement transducers) was used which were placed at the corners of the footings and 

tied to two reference beams. The testing procedure consisted of applying the load in 

increments equal to one-tenth of the estimated footing capacity as determined by 

commonly used bearing capacity calculation methods. Each load step lasted 30 min, with 

settlement readings at 1, 3, 5, 7, 10, 20, and 30 min. This 30-min period was considered 

sufficiently long to bring the settlement rate at the end of each load step to a very small 

value and to calibrate the creep settlement model while deeping the load-test duration 

reasonable. The load-settlement curves are shown in taken during 30 min under each load. 

Unload-reload cycles were necessary in order to install shims above the jack.  

 

Figure 4.63 Load-settlement curve for 1.0 m footing at Texas A&M footing load test site(Briaud and Gibbens 
1997). 
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Figure 4.64 Load-settlement curve for 1.5 m footing at Texam A&M footing load test site(Briaud and Gibbens 
1997). 

 

 

Figure 4.65 Load-settlement curve for 2.5 m footing at Texas A&M footing load test site(Briaud and Gibbens 
1997). 
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Figure 4.66 Load-settlement curve for 3.0 m north footing at Texas A&M footing load test site(Briaud and 
Gibbens 1997). 

 

 

Figure 4.67 Load-settlement curve for 3.0 m south footing at Texas A&M footing load test site(Briaud and 
Gibbens 1997). 
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4.3.2 Numerical modeling 

The FEM analysis of reinforced concrete footing and steel plates are modeled in FEM based 

package PLAXIS 2D. The 15 nodes element will result a more precise calculation of the stress 

and strains. A fine mesh is used for the models. The axi-symmetric circular footing and steel 

plates are modeled as linear elastic element. The experimental load-displacement curves for 

shallow foundations obtained by (Briaud and Gibbens 1997) are compared with the 

numerical results obtained using constitutive model, that is, Hardening Soil Model. The 

elastic modulus of soil has been considered based on the available correlation with the in-

situ and laboratory test results e.g. SPT, CPT, CHT, DMT, PMT, BHST and triaxial tests. 

Four square footings with plane dimensions 1.0 X 1.0 m, 1.5 X 1.5 m, 2.5 X 2.5 m, and 3.0 X 

3.0 m are considered. The square footings can be approximated as circular footings with 

soil-foundation contact areas equivalent to those of the corresponding square footings, that 

is, with diameters of 1.13 m, 1.69 m, 2.80 m, and 3.40 m which is shown in Figure 4.68. (Lee 

and Salgado 2002) found that ‘differences in stresses at the same depths due to the use of 

circular rather than square footings were less than 2%, based on linear elastic calculations’. 

 

 

Figure 4.68 Examined square footings and equivalent circular footings at Texas A&M footing load test site. 

 

All three square footings were modeled numerically with number of simulations by changing 

the value of strength parameters '

refc  and ' . The goal of these simulations is to validate our 

numerical analysis by comparison with existing load-settlement observations. In PLAXIS, 

based on the soil profile in Figure 4.52, the numerical model is created for the bearing 

capacity calculation which is shown in Figure 4.69. 
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Figure 4.69 Typical numerical model for simulation at Texas A&M footing load test site. 

 

A drained behavior is assumed for the materials for the bearing capacity calculations. Initial 

stresses in the soil are driven from the material weight and their historical of development. 

In the Plaxis software the horizontal stress in static state is calculated using Jacky’s formula; 

1 sin( )ok    

When the typical model for simulation is created with all material sets in it, the standard 

boundary conditions are set. As a result Plaxis will automatically generate a full fixity at the 

base of the geometry and roller boundaries at the vertical sides (ux = 0; uy = free). In this 

project, in order to calculate the bearing capacity, the elastic footing was chosen with 

flexural rigidity (bending stiffness), EI and axial stiffness, EA.  

A typical 2D meshes are shown in Figure 4.70. The bottom boundaries of the finite element 

models are located at a depth of 18 m and the lateral boundaries are located at a distance 

of 15 m from the center of the footings. 15-noded axisymmetric elements are used in the 

finite element meshes to model both the soil and the footings. The interface elements are 

also used between the footing base and the soil with a Rinter = 1. 
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Figure 4.70 FEM mesh for the numerical simulation at Texas A&M footing load test site. 
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Loading condition: 

Distributed load – load system A is applied vertically over the footing without eccentricity. 

Initial stresses are developed in the input stage by deactivating the footing. It is assumed 

that the self-weight of the footing has added to the distributed load. Three staged 

construction are performed. In the first staged construction, the excavation is done; in the 

second staged construction, footing is placed; and in the third staged construction, loading 

is activated. Finally, incremental multiplier is applied for vertical load to failure. The footing 

model is shown in Figure 4.71. 

 

Figure 4.71 FEM footing model for the numerical simulation at Texas A&M footing load test site. 
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Deterministic results: 

The simulations of different size of footings are performed using Hardening Soil model. the 

square footings with plane dimensions 1.0 X 1.0 m, 1.5 X 1.5 m, 2.5 X2.5 m and 3.0 X 3.0 m 

are considered. Three simulations are conducted for each of the footings, such as, 

simulation 1, simulation 2 and simulation 3. The simulations for different size of footings are 

shown in Table 4.21, Table 4.22, and Table 4.23. 

 

After the simulation, outputs are observed as well as compare the load-settlement curves 

between simulated and measured. The deterministic results of only one simulation for each 

footing is shown here. In 4.3.3, it can be seen that simulation 2 has similar results for 1.5 X 

1.5 m, 2.5 X 2.5 m and 3.0 X 3.0 m footings and for 1.0 X 1.0 m footing simulations 3 gives 

satisfactory results.  Hence, the deterministic results are illustrated in Figure 4.72Figure 

4.79. 

Total displacement, uy: 

 

Figure 4.72 Vertical displacement transferred to the soil at Texas A&M footing load test site: 1.0 X 1.0 m 
footing. 
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Figure 4.73 Vertical displacement transferred to the soil at Texas A&M footing load test site: 1.5 X 1.5 m 
footing. 

 

 

Figure 4.74 Vertical displacement transferred to the soil at Texas A&M footing load test site: 2.5 X 2.5 m 
footing. 
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Figure 4.75 Vertical displacement transferred to the soil at Texas A&M footing load test site: 3.0 X 3.0 m 
footing. 

 

Table 4.19 Showing maximum and minimum vertical displacement for total ground pressure below footing 
at Texas A&M footing load test site. 

S/N Total displacement, uy (mm) 

  Maximum Minimum 

(A) 88.73 -103.00 

(B) 41.61 -88.96 

(C) 26.54 -89.52 

(D) 17.58 -92.04 
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Total deviatoric strain: 

 

Figure 4.76 Total deviatoric strain for the total ground pressure in sand at Texas A&M footing load test site:  
1.0 X 1.0 m footing. 

 

Figure 4.77  Total deviatoric strain for the total ground pressure in sand at Texas A&M footing load test site: 
1.5 X 1.5 m footing. 
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Figure 4.78  Total deviatoric strain for the total ground pressure in sand at Texas A&M footing load test site: 
2.5 X 2.5 m footing. 

 

 

 

Figure 4.79  Total deviatoric strain for the total ground pressure in sand at Texas A&M footing load test site: 
3.0 X 3.0 m footing. 
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Table 4.20 Showing maximum and minimum the total deviatoric strain for total ground pressure below 
footing in sand at Texas A&M footing load test site. 

 

S/N Total deviatoric strain, γs 

  Maximum Minimum 

(A) 0.4140 0.4954E-6 

(B) 0.2595 0.3954E-6 

(C) 0.2466 0.6054E-6 

(D) 0.2330 1.991E-6 

 

4.3.3 Comparison of load-settlement curve from PLT and PLAXIS 

For sand at Texas A&M footing load test site, the stiffness parameters show some varying 

behavior. The load-settlement curve obtained using the stiffness parameters determined 

from triaxial test give an inconsistent result. The measured curves vary by a factor of 4 to 5 

which can be seen in Figure 4.80. The reason is that the samples for triaxial test was taken 

from a hand auger which is not an undisturbed sample and gives stiffness compare to loose 

sand. The comparison with measured curve so that in real field the sand is very stiff. Hence, 

the back-calculation was done to find the well fitted curve. 

 

Figure 4.80 Load-settlement curve of simulation performed using stiffness parameters determined from 
triaxial test at Texas A&M footing load test site:  3.0 X 3.0 m footing. 

It is instructive to compare the results of plate loading tests with those obtained from our 

numerical results. Figure 4.81 toFigure 4.85 show the measured and simulated load-

settlement response for each footing. It can be seen that the measured load-settlement 
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curves and the numerical curves obtained using the proposed numerical model are more or 

less similar for all the footings investigated. During the simulation, it is seen that three 

simulations are done for each footing. From the load-settlement curve it is seen that 

simulation 2 gives consistent result for 1.5 X 1.5 m, 2.5 X 2.5 m and 3.0 X 3.0 m footing and 

for 1.0 X 1.0 m footing simulation 3 is well fitted. 

 

Figure 4.81 Comparison of experimental(Briaud and Gibbens 1997) and numerical load settlement curve at 
Texas A&M footing load test site: 1.0 X1.0 m footing. 

 

 

Figure 4.82 Comparison of experimental(Briaud and Gibbens 1997) and numerical load settlement curve at 
Texas A&M footing load test site: 1.5 X 1.5 m footing. 
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Figure 4.83 Comparison of experimental(Briaud and Gibbens 1997) and numerical load settlement curve at 
Texas A&M footing load test site: 2.5 X2.5 m footing. 

 

 

Figure 4.84 Comparison of experimental(Briaud and Gibbens 1997) and numerical load settlement curve at 
Texas A&M footing load test site: 3.0 X3.0 m south footing. 
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Figure 4.85 Comparison of experimental(Briaud and Gibbens 1997) and numerical load settlement curve at 
Texas A&M footing load test site: 3.0 X3.0 m north footing. 

4.3.4 Summary and conclusions 

In this case, the load-settlement response of vertically loaded footings on sand at Texas 

A&M footing load test site was investigated using non-linear finite element analysis. The 

FEM analysis is performed with Hardening Soil model which is an elasto-plastic hyperbolic 

constitutive model with isotropic hardening connected to two plastic yield surfaces, that is, 

one is cone and other is a cap. Hardening soil model is an advanced soil model for simulating 

the behavior of different types of soil. The results of insitu as well as triaxial test were used 

to define parameters of Hardening soil model. 

The site contains medium dense silty fine silica sand which is slightly overconsolidated by 

desiccation of the fines. A series of field and laboratory tests were performed in order to 

characterize the material on site. The triaxial test results were used to find the stiffness 

parameters as well as strength parameters required for Hardening Soil model. For 

determination of K0 and OCR values, the iteration was done between empirical formulae.  

The measured load-settlement curves were compared with back-calculated load-settlement 

curve numerically. The five spread footings were performed at the site and those different 

sizes footing were analysed numerically using PLAXIS 2D. After the simulations were 

executed, the load-settlement curves obtained using finite element analysis was compared 

with those obtained from measured plate loading test. Initially, the simulation was 

performed using stiffness parameters determined from triaxial test results (Table 4.16). The 

simulations gave load-settlement curve that vary by a factor of 4 to 5 which is illustrated in 

Figure 4.80. The reason behind this vast variation may be due to the samples for triaxial test 
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taken from a hand auger which is a disturbed sample and behaves as loose sand. The curve 

obtained shows that the sand is real field may be very stiff. 

Table 4.21 Back-calculated stiffness parameters at Texas A&M footing load test site: 2.5 X 2.5 m and 3.0 X 
3.0 m footings. 

 

For the load-settlement to be fitted some back-calculations were carried out. The numbers 

of simulations were executed for different sizes of footings. While the simulations were 

performed, the parameters demonstrated in Table 4.21 provide consistency between 

simulated and measured load-settlement curves. The CPT results in 3.0 X 3.0 m footing 

(south side) gives that the cone resistance at about 3.0 m is very low and might be due to 

this low value some underpredicted results are obtained during simulation. Similarly, the 

parameters in Table 4.22 and Table 4.23 are for 1.5 X 1.5 m and 1.0 X 1.0 m footings. The 

back-calculation is done to get the load-settlement curves are well fitted. It is seen that the 

curves are similar to the footings. 

Table 4.22 Back-calculated stiffness parameters at Texas A&M footing load test site: 1.5 X 1.5 m footing. 
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Table 4.23 Back-calculated stiffness parameters at Texas A&M footing load test site: 1.0 X 1.0 m footing. 

 

The back-calculates results provide that the sand at the site is stiff and gives some high 

stiffness parameters. It can be concluded that the reference stiffness,    
   

, vary from 150 

MPa at the top layer to 55 MPa at the bottom layer. The sand at the site is medium dense 

and the range of reference stiffness,    
   

, is from 30 to 35 MPa but in this case, it is higher 

at a factor of 3 to 8 which is a quite interesting behavior to be studied. 
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5 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

In the present study, back-calculation of plate loading tests of shallow foundations has been 

done using PLAXIS 2D and the Hardening Soil model. 

Initial part of the study was to identify high quality, relevant, well documented plate loading 

tests with recorded load-settlement curves. The relevant soil profiles and soil parameters 

were identified and calculated from the existing reports. Three case studies with full scale 

load tests were selected to back-calculate using advanced soil model in PLAXIS 2D in order 

to gather experience on soil behavior of shallow foundations. 

The first case study was on clay till at Tornhill, Sweden. The measured load-settlement 

curves were compared with back-calculated load-settlement curves numerically for three 

full-scale shallow foundations of different sizes. From the result, it was seen that the 

numerical curves obtained using finite element analysis are in reasonable agreement with 

the measured results. The curves obtained from third simulation were more similar though 

the ends of the curves show slight variation. Hence, the back-calculated results obtained 

from the simulations show that effective cohesion is between 11.45 to 14.45 kPa and 

friction angle is about 300. 

The second case study was on saprolitic soil from Portugal. The load-settlement curves 

obtained numerically using the proposed numerical model for three plates were compared 

with measured curves. From the result, it was seen that the curves were very similar for all 

the footings investigated except for 0.3 m diameter plate which shows little 

underprediction. Therefore, from the back-calculation it can be concluded that the effective 

cohesion is between 8 to 13 kPa and friction angle between 370 to 380. 

The third case study was on sand at Texas A&M footing load site, USA. The site contains 

slightly overconsolidated sand. Initially, the back-calculation using proposed numerical 

model was performed from the parameters obtained from the triaxial test which gave load-

settlement curve that vary by a factor of 4 to 5. It was seen that the sand in the field was 

stiffer. Then, the back-calculation was carried out to obtain the numerical curves get fitted 

with the measured load-settlement curves. Finally, back-calculation results provide that the 

sand at the site is stiff and gives some high stiffness parameters. It can be concluded that 

the reference stiffness,    
   

, vary from 150 MPa at the top layer to 55 MPa at the bottom 

layer. The sand at the site is medium dense and the range of reference stiffness,    
   

, is 

from 30 to 35 MPa but in this case, it is higher at a factor of 3 to 8 which is rather attention-

grabbing behavior to be studied. 
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5.2 Recommendation 

The behavior of shallow foundation has been studied during this whole thesis from the 

back-calculation of plate load tests. Though, the finite element analysis provides efficient 

results, the programs need many input parameters and may be complicated to use. Analysis 

should be performed with high care as back-analysing the parameter are very sensitive due 

to small value. 

For further study, ore case studies could be searched, selected and studied extensively for 

the back-calculation using advanced soil models. In addition, the soil behavior could be 

studied by using other constitutive models, such as, Hardening Soil Small model, Soft Soil 

Creep model or Cam Clay model. I would suggest providing more time and study to compare 

results from different constitutive models. 
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Table A.2 Equations for computing Es by making use of SPT and CPT values in kPa. 

 

 

Table A.3 Typical range of values for Poisson’s ratio. 
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Figure A.1 Strength parameters from SPT-value in clay. 
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Figure A.2 Strength parameters from SPT-value in sand. 
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Figure A.3 Strength parameters in cohesive soils 

 

Figure A.4 Elastic modulus of various soils. 
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APPENDIX B – SOIL DATA AT TORNHILL SITE 

 

 

Figure B.1 Layout of the test field and the investigation points. 
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Figure B.2 Results of the field vane test. 

 

 

Figure B.3 Initial shear modulus with depth from seismic CPT tests at Tornhill. 
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Figure B.4 Results from CPT-tests. 

 

Figure B.5 Coefficient of horizontal earth pressure from the horizontal index measured in the dilatometer 

test at Tornhill. 
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Figure B.6 Overconsolidation ratio (OCR) from the horizontal index measured in the dilatometer test at 

Tornhill. 

 

 

Figure B.7 Evaluated modulus from the dilatometer test at Tornhill. 
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Figure B.8 Initial shear modulus at in situ stresses calculated from the pressuremeter tests. 

 

 

Figure B.9 Measured dry densities from the test field. 
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Figure B.10 Measured clay contents from the test field. 
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APPENDIX C – SOIL DATA AND PLAXIS RESULTS  ON SAPROLITIC SOIL 

 

 

Figure C.1 SPT test results versus the at-rest effective vertical stress. 

 

Figure C.2 CPT test results versus the at-rest effective vertical stress. 
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Figure C.3 CH test results versus the at-rest effective vertical stress. 

 

 

 

Figure C.4 DMT together with CPT with depth. 
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Figure C.5 PMT test results. 

 

 

Figure C.6 Shear wave velocities. 
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For   
  = 100 kPa: 

 

Figure C.7 Vertical displacements transferred to the soil at Porto site in saprolitic soil for   
  = 100 kPa. 
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Figure C.8 Total deviatoric strains for the total ground pressure at Porto site in saprolitic soil for   
  = 100 

kPa. 
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Figure C.9 Comparision of experimental and numerical load-settlement curves at Porto site in saprolitic soil 

for   
  = 100 kPa. 
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APPENDIX D – SOIL DATA AT TEXAS A&M FOOTING LOAD TEST SITE 

 

SPT test results: 
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APPENDIX E - CD 

The CD contains: 

 Numerical simulations of three case studies 

 Excel files of load-settlement curves from simulations 

 The master thesis 

 



 


