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ABSTRACT 

In the present MSc thesis results of a three-dimensional finite-element study for the effect of 

embedment on the undrained bearing capacity, the elastic stiffness, and the seismic behavior of 

square-in-plan foundations are presented for two linearly inhomogeneous soil profiles. For static 

analysis, equations for uniaxial horizontal (Q) and pure-moment (M) limit loads with the relative 

elastic stiffnesses (KHH and KMM) as functions of soil heterogeneity and embedment ratio are 

exported. Additionally, capacity envelopes for (QM), (NQ) and (NM) loading combinations are 

presented; special references for the significance of the vertical load (N) and the position of the 

reference point are noted. The response is affected by the type of contact between the foundation 

interfaces (vertical and horizontal) with the surrounding and underlying soil. For this reason, a 

comparison for two different soil–foundation interaction types is made; the ideal case of fully 

bonded contact [FBC] in contrast to tensionless and of limited shear (sliding) resistance interfaces 

[TSI]. Extensive comparisons are made with the results for homogeneous soil. One-dimensional 

seismic response of embedded foundations with a simple slender structure is investigated 

parametrically, as function of the foundation embedment ratio, the soil heterogeneity, the vertical 

safety factor and the superstructure slenderness. Diagrams of acceleration in various model 

positions, foundation settlement via rotation angle, loops M–θ for two seismic records are 

presented. Only [TSI] type of soil–foundation interaction interface is investigated. For credible 

results and conclusions, the system is subjected to two different seismic stimulations with various 

characteristics.   

 

KEYWORDS: bearing capacity; failure; finite-element modelling; foundations; inhomogeneous 

soil; soil/structure interaction; seismic response 
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INTRODUCTION 

Analysis of the foundation design is an engineering issue of major importance for 

many decades. For the static problem, foundation bearing capacity limits were 

obtained with the classic bearing capacity theory (Terzaghi, 1943; Meyerhof, 1953; 

Brinch Hansen, 1970). This theory has given satisfactory solutions, but researchers 

have attempted to come up with a more accurate idea. Most recently, a lot of studies 

(Butterfield & Ticoff, 1979; Georgiadis & Butterfield, 1988; Nova & Montrassio, 

1991; Butterfield & Gottardi, 1994; Martin, 1994; Salencon & Pecker, 1995; Bransby 

& Randolph, 1999; Gottardi et al., 1999; Houlsby & Puzrin, 1999; Taiebat & Carter, 

2000; Houlsby, 2003; Randolph & Puzrin, 2003; Gourvenec, 2007, 2008; Yun & 

Bransby, 2007;  Chatzigogos et al., 2009; Randolph & Gourvenec, 2011; Ntritsos et 

al., 2015) introduced and utilised the ‘failure envelope’ method. According to this, all 

NQM load combinations (where N is the vertical force, Q is the horizontal force, and 

M the overturning moment) can be represented with a surface designed in a Cartesian 

coordinate system with NQM axes. If an NQM combination point is inside the 

envelope, the foundation is safe. If it is an envelope point, a ‘failure’ mechanism is 

formed. 

Even if these theories are a satisfactory base for the foundation capacity problem, 

also other parameters need to be included in order to simulate the reality. Most 

previous studies refer to strip and circular foundations, where soil–foundation 

interaction is fully bonded (Bransby & Randolph, 1999; Poulos et al., 2001; Yun & 

Bransby, 2007; Gourvenec, 2008). Ntritsos et al. (2015) presented an imperfect soil–

foundation contact, that is, a tensionless interface of limited shear capacity allowing 

the foundation sliding and uplift (interface non-linearity).       

Another important issue is that most of the above-mentioned researches consider 

the soil as a continuous elastoplastic homogeneous continuum. Recent studies present 

as main issue of consideration, the heterogeneity of the soil undrained shear resistance 

and the way this affects the bearing capacity and the failure mechanisms of the soil in 

various load combinations (Yun & Bransby, 2007; Gourvenec, 2008) for strip and 

circular foundations. Specifically, is considered linear increase of the soil undrained 

shear resistance with the depth (with non-zero soil shear resistance at surface), as a 

reasonable assumption. 

The current research investigates the static and seismic response of square 

foundations embedded in linearly inhomogeneous soil profiles (with zero soil shear 

resistance at surface) under undrained loading conditions. The foundation embedment 

ratio varies (0 ≤ D/B ≤ 1). The static soil–foundation interaction is examined first as a 

fully bonded problem, and secondly as one with tensionless sliding interface. The 

second interaction type is also investigated in seismic foundation response. The 

results arise from a three-dimensional (3D) finite-element (FE) model considering the 

soil as an elastoplastic continuum with linearly increasing undrained shear resistance. 

Fig. 1 presents the two phases of the research. At first (Fig. 1(a)), the bearing 

capacity of the soil–foundation system is obtained for monotonic NQM load 

combinations applied directly at the foundation base level. Each and every load 

combination eventually leads to bearing capacity point of the presented ‘failure’ 

envelope.  

Secondly (Fig. 1(b)), the entire soil–foundation–superstructure system is 

modelled, where the superstructure is a rigid beam with a lumped mass at its top. 

Seismic loading is apllied at the base of the whole model. The seismic excitations are 

chosen for their different characteristics, in order to examine how the soil 

heterogeneity affects the system response. Note that P–Δ effects are examined. 
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Finite-element modelling 

All 3D FE analyses are performed with Abaqus (2013). Fig. 2 depicts the 3D FE 

mesh, taking advantage of problem symmetry. Soil and foundation are simulated with 

eight-noded hexahedral brick-type elements, non-linear for the former and elastic for 

the latter. The superstructure is analysed with beam elements.  

The soil is an inhomogeneous clay stratum simulated as an elastoplastic material 

with linearly increasing (with depth) undrained shear strength. The soil strength 

profile is given by the following equation 

 

Su = Suo + mz                                                                                                           (1) 

 

where Suo (≈ 0) is the shear strength at the soil surface, and m is the gradient of 

undrained shear strength with depth (z) in terms of kPa/m. Fig. 1 presents the two 

different inhomogeneous soil profiles; for m=2 and 10 kPa/m. Τhe shear modulus G 

increases linearly with depth, according to gradient λ [≈ m(600)]. The soil Young’s 

modulus is a linear function of depth, maintaining a constant ratio Eu/Su=1800. It also 

applies γ=20 kN/m3 and Poisson’s ratio (ν) for the soil equals to 0·49. The undrained 

material response of the soil is expressed by a linear elastic perfectly plastic 

constitutive law with the undrained Young’s modulus (Eu) and Poisson’s ratio (ν). 

Failure is defined by the Tresca criterion, which determines the maximum shear stress 

in any plane according to the undrained shear strength (Su). The foundation and the 

superstructure are modelled as a rigid body. The base of the model is fixed in all 

coordinate directions. Special interface elements are used for the soil–foundation 

interface, simulating the two referred contact conditions. 

 

(a) Fully bonded contact (FBC): the foundation is in perfect contact with the soil. 

This type of contact has infinite tensional and shear capacities, not permitting the 

foundation separation and slippage on the contact surface with the soil. 

 

(b) Tensionless sliding interface (TSI): on the contrary to (FBC), foundation 

separation from the soil and slippage at the soil–foundation contact surface, are 

allowed. The latter obeys in total stress analysis Coulomb’s friction law with φa=0 

and ca=αSu. Separation results from the tensionless contact surface behaviour. In 

current research, adhesion coefficient, α, is equal to 0·50 for the lateral soil–

foundation interaction and 1·00 for the base soil–foundation interaction. It is 

considered as a logical assumption as in reality, soil is more dense at the base of 

the foundation than the corresponding soil in the sides of the foundation, which 

drives to more efficient soil–foundation interaction. It is also assumed that for the 

lateral soil–foundation interaction, Su is equal to the soil undrained shear strength 

in the middle of the foundation embedment. For the base soil–foundation 

interaction, Su is equal to the soil undrained shear strength at the base of the 

foundation.  

 

Loading conditions 

In static analysis (Fig. 1(a)), monotonic loading is set at the centre of the 

foundation base. First, a quota of the ultimate vertical bearing capacity Nu is applied 

as a vertical force N. Secondly, a displacement probe of constant ratio u/θ until the 

foundation load remains stable with increased displacement is performed. In the 

words of Yun & Bransby (2007): ‘once the failure envelope is reached, each loading 

path travels around the failure envelope until it reaches a termination point where the 
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direction of the tangent to the failure envelope matches the prescribed displacement 

ratio’. As the direction of the incremental plastic displacement vector at failure is 

vertical to the failure envelope, latter can be considered as the plastic potential 

surface.  

 

Model validation 

In order to validate the FEA model, a comparison is made with the research of 

Yun & Bransby (2007), where plain-strain analyses for foundations embedded in 

inhomogeneous soil were developed. The analysed soil is clay with undrained shear 

strength linearly increased with depth (gradient equal to 1·1 kPa/m) and shear strength 

at soil surface equal to zero. Additively, soil is modelled as linearly plastic-perfectly 

plastic with Poisson’s ratio, ν=0·49 and Eu/Su=400. Soil–foundation interface permits 

no sliding or foundation uplift, as foundation remains always in full contact with soil.  

Validation analysis, has the same soil characteristics and it was developed for the 

foundation with D/B=1. Fig. 3 depicts MQ envelope for N/Nult=0, which was 

developed with probe and swipe analyses, compared to the results of Yun & Bransby 

(2007). As seen divergence of two solutions is satisfactory, even if the results present 

higher bearing capacity. 

   
 

NUMERICAL AND (SOME) ANALYTICAL RESULTS 

FULLY BONDED CONTACT (FBC) 

Numerical results from the 3D FE analysis (FEA) of square-in-plan embedded 

foundations in Gibson soil are presented, some of which are compared with those of 

Ntritsos et al. (2015).  
Horizontal bearing capacity & stiffness. The lateral bearing capacities Qmax and 

Qult of a square embedded footing are investigated under pure horizontal translation 

(rotation θ=0) and horizontal force (rotation M=0) respectively. Following equations 

are fitted to the 3D FEA numerical results, presenting the ratio of shear soil 

resistances of inhomogeneous soil via AbaseSu
(z=B)

 and for each degree of 

inhomogeneity: 

 

Qmax/AbaseSu
(z=B) ≈ Qmax/AmB ≈ [0·14 + 1·36(D/B)] + [4·65(D/B)2]                      (2) 

 

Qult/AbaseSu
(z=B) ≈ Qult/AmB ≈ [0·11 + 2·27(D/B)] + [2·08(D/B)2]                          (3) 

 

It must be noted that mB is equal to undrained shear strength in depth B. Ntritsos et al. 

(2015) results for homogeneous soil are normalised with the common soil undrained 

shear strength 150 kPa. Therefore, all soil profiles are normalized with soil shear 

strength in a depth B.      

Fig. 4 depicts the two horizontal capacities Qmax (zero rotation) and Qult (zero 

moment) from the FE analysis for various degrees of heterogeneity (10 values of m, 

from 1 to 10 kPa/m) and for the homogeneous soil profile of Ntritsos et al. (2015), 

against D/B. It is obvious that all soil profiles have similar behaviour. Nevertheless, in 

the homogeneous material from D/B=0·2 begins to distinguish the difference in the 

strength of the system for the two different capacities, whereas in the non-

homogeneous materials this divergence is obvious for D/B>0·4~0·5. This behaviour 

can be principally explained because of the greater undrained shear strength of 

foundation’s lateral soil in homogeneous soil profile, which leads to increased 

exploitation of embedment in horizontal bearing capacity with zero rotation.   
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Additively, in Gibson soil profiles, normalised horizontal bearing capacity is 

independent of m for each embedment ratio. This ability is really impressive in Qmax 

capacity and for low to medium embedment ratios in both capacities.  

Now, in terms of horizontal elastic stiffness, it was fitted the following equation to 

the numerical results of 3D FEA depicting the ratio of elastic horizontal stiffness of a 

square embedded foundation via the horizontal stiffness of a surface foundation with 

the same base founded in a inhomogeneous soil for various degrees of heterogeneity: 

 

KH/KHO ≈ [1 + 8·46(D/B)] + [3·76(D/B)2]                                                             (4) 

 

Fig. 5(a) illustrates horizontal stiffness KH of embedded foundation over horizontal 

stiffness KHO of surface foundation for various degrees of inhomogeneity (10 values 

of m, from 1 to 10 kPa/m) against D/B. It is obvious that for a specific value of m, the 

ratio KH/KHO increases linearly as a function of D/B. Additionally, for a specific value 

of embedment, as m increases, the ratio KH/KHO increases with a slightly rising rate. 

An interesting normalization is made by dividing the horizontal stiffness with the 

λB2. The results are expressed by the equation: 

 

KH/λΒ2 ≈ [0·76 + 6·32(D/B)] + [2·81(D/B)2]                                                         (5) 

     

Fig. 5(b) presents horizontal stiffness KH of embedded foundation over λB2 for various 

degrees of λ (10 values of λ, from 600 to 6000 kPa/m) against D/B. For each value of 

λ, the ratio KH/λB2 increases practically linearly with increasing embedment ratio. 

Additionally, when λ increases the ratio decreases. This means that the increase of 

shear modulus gradient leads to leads to a slight increase of the elastic stiffness.     

In the above words, however, there is no mention to the effect of the vertical load 

N in the horizontal bearing capacity. As also Ntritsos et al. (2015) noted, the FEA 

gives results that are slightly affected by the vertical load N. Veritably, although not 

thoroughly reported in this paper, relevant numerical simulations show that the effect 

of vertical load becomes significant only progressively (with increasing N) when 

approximately 

 

N > 3B2Su ≈ Nuo/2                                                                                                   (6) 

 

in which Nuo is the ultimate vertical capacity of the surface foundation, as it will be 

shown subsequently. 

Figs 6(a), 7(a) and 7(c) illustrate the (purely horizontal) failure mechanisms for 

two embedment ratios (0·2 and 1), for two inhomogeneous soil profiles (m=2 and 10 

kPa/m) and the homogeneous soil profile of Ntritsos et al. (2015) in the form of the 

vectors of displacement, with superimposed as dark shadows the regions of large 

plastic strains. It is interesting to observe that the plastic strains tend to localise in 

well-defined shear bands. In such cases, the problem can be mesh dependent and a 

sensitivity analysis is required. Such a sensitivity study was performed as part of the 

present study, leading to the selection of the adopted FE mesh. 

The inhomogeneous soil profile with m=10 kPa/m and the homogeneous soil 

profile present identical failure mechanisms: sliding of the foundation–soil system 

develops, with active and passive failure on the front and back side of the foundation, 

and shear at the base and at the two parallel sidewalls. However, inhomogeneous soil 

profile with m=2 kPa/m present a slightly different failure mechanism for D/B=1. The 

difference lies in the form of soil plastification beneath the right side of the foundation 
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base, marked with a black circle in Fig. 6(a). A logical  reason for this behaviour is 

the rapid plastification of some soil elements in foundation base (relatively low 

undrained shear strength in contrast to other soil profiles), which drives to diagonal 

sedimentation (in the direction of motion) by drifting a small mass of not plasticised-

soil.      

Rotational bearing capacity & stiffness. The moment bearing capacities Mmax and 

Mult of a square embedded footing are examined under pure rotation (horizontal 

displacement u=0) and overturning moment (horizontal force Q=0). Following 

equations are fitted to the 3D FEA numerical results, presenting the ratio of rotational 

soil resistance of inhomogeneous soil via AbaseSu
(z=B)B and for each degree of 

inhomogeneity: 

 

Mmax/AbaseSu
(z=B)B ≈ Mmax/AmB2 ≈ [0·24 + 0·31(D/B)] + [2·76(D/B)2]                (7)                                                                                                                        

       Mult/AbaseSu
(z=B)B ≈ Mult/AmB2 ≈ [0·21 + 0·75(D/B)] + [1·38(D/B)2]                    (8) 

 

As previously, mB is equal to undrained shear strength in depth B. Ntritsos et al. 

(2015) results for homogeneous soil are normalised with the common undrained shear 

strength 150 kPa. Therefore, all soil profiles are normalized with soil shear strength in 

a depth B. 

Fig. 8 presents the two rotational capacities Mmax (zero horizontal displacement) 

and Mult (zero vertical force) from the FE analysis for various degrees of 

heterogeneity (10 values of m, from 1 to 10 kPa/m) and for the homogeneous soil 

profile of Ntritsos et al. (2015), against D/B. Soil profiles have similar behaviour 

again. Nevertheless, in the homogeneous material from D/B=0·2 begins to distinguish 

the difference in the strength of the system for the two different capacities, whereas in 

the non-homogeneous materials this divergence is obvious for D/B>0·4. This 

behaviour can be principally explained because of the greater undrained shear 

strength of foundation’s lateral soil in homogeneous soil profile, which leads to 

increased exploitation of embedment in rotational bearing capacity with zero 

horizontal displacement. An important point to refer is that, in Gibson soil profiles, 

normalised rotational bearing capacity is practically independent of m, especially dor 

low embedment ratios. 

As for the rotational stiffness, it was fitted the following equation to the numerical 

results of 3D FEA depicting the ratio of elastic rotational stiffness of a square 

embedded foundation via the rotational stiffness of a surface foundation founded in a 

inhomogeneous soil for various degrees of inhomogeneity: 

 

KR/KRO ≈ [1+ 0·23(D/B)] + [14·84(D/B)2]                                                            (9) 

 

Fig. 9(a) depicts rotational stiffness KR of embedded foundation over rotational 

stiffness KRO of surface foundation for various degrees of inhomogeneity (10 values 

of m, from 1 to 10 kPa/m) against D/B. It is obvious that for a specific value of m, the 

ratio KR/KRO increases with increasing D/B, presenting rising rate, especially at higher 

embedment ratios. Additionally, for a specific value of embedment, as m increases, 

the ratio KR/KRO increases with a slightly rising rate. 

Similarly to the horizontal stiffness, normalization is made again by dividing the 

rotational stiffness with the λB3. The results are expressed by the equation: 

 

KR/λΒ3 ≈ [2·52 + 0·55(D/B)] + [36·1(D/B)2]                                                       (10) 
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Fig. 9(b) presents rotational stiffness KR of embedded foundation over λB3 for various 

degrees of λ (10 values of λ, from 600 to 6000 kPa/m) against D/B. For each value of 

λ, the ratio KH/λB2 increases with increasing embedment ratio. It must be noted that, 

the is no certain pattern of the lines as function of λ. Specifically, for low values of λ 

(from 1 to 5 kPa/m), as λ increases the ratio decreases. For higher values of λ, the ratio 

increases with changing rate. This indicates that as the soil heterogeneity takes high 

values, the rotational capacity increases with higher rate.     

It could be useful to notice in Figs 5(a) and 9(a) that elastic rotational stiffness is 

less affected from the gradient m than the elastic horizontal stiffness. Indeed, for 

D/B=1, KR/KRO=16 for m=1 kPa/m and 20·2 for m=10 kPa/m, while KH/KHO is equal 

to 12·5 and 20·8 respectively. However, the effect of embedment on stiffnesses 

differentiates depending on the embedment. Specifically, for m=10 kPa/m and 

D/B=0·5, KH/KHO is equal to 9·4, while KR/KRO=6·8. For D/B=1, KH/KHO is equal to 

20·8, while KR/KRO=20·2. It is obvious that especially for great embedment ratios 

(D/B>0·5), elastic rotational stiffness is affected more by increasing embedment. In 

contrast to this, elastic horizontal stiffness is affected semi-linearly by increasing 

embedment. A possible reason for this, is that low strength of soil (especially near the 

surface), do not permit the rotational stiffness to increase to a large extent, while the 

rotational stiffness reacts in a similar way to each value of embedment ratio. As a 

result, only for D/B=1 the two stiffnesses are equal. It should be referred that for 

values of m higher than 10 kPa/m the rotational overcomes the horizontal stiffness 

and this come to agreement with Ntritsos et al. (2015) proving that embedment ratio 

has increased effect on the rotational stiffness.  

Figs 6(b), 7(b) and 7(d) illustrate the (purely rotational) failure mechanisms for 

two embedment ratios (0·2 and 1), for two inhomogeneous soil profiles (m=2 and 10) 

and the homogeneous soil profile of Ntritsos et al. (2015) in the form of the vectors of 

displacement, with superimposed as dark shadows the regions of large plastic strains.  

For D/B=0·2 and in case of m=2 kPa/m (Fig. 6(b)), soil fails presenting a scoop-

wedge failure mechanism. A reason for this behaviour is the low soil undrained 

strength resulting in a high settlement on the right side of the foundation (great soil 

plastification) and low elevation on the left side (low soil plastification) with 

simultaneous ground swelling on the right face and displacement of the semicircular 

shear zone to the left. This semicircular shear zone has a centre (indicated with the 

solid dot in the figure) with distance L≈0 from the foundation base and L≈0.25Β from 

foundation base centre. In the inhomogeneous soil profile with m=10 kPa/m (Fig. 

7(b)) the failure mechanism changes and tends to the scoop failure mechanism with a 

larger radius of the semicircular failure and with a sufficient degree of plastification at 

the right lower edge of the foundation. However, this plastification is lower than the 

homogeneous soil with m=2 kPa/m, as well as the soil swelling on the right side. This 

is due to the greater soil stiffness and strength, which drives to approximately equal 

vertical movements of the foundation sides and to symmetrical appearance of the 

shear semicircular zone with respect to the vertical axis, which goes through the 

foundation centre. This semicircular shear zone has a centre (indicated with the solid 

dot in the figure) with distance L≈0 from the foundation base and L≈0·1B from the 

foundation base centre. In the homogeneous soil profile (Fig. 7(d)) the failure 

mechanism is identical.   

For D/B=1 and m=2 kPa/m (Fig. 6(b)), a composite failure mechanism, including 

spheroidal failure surface near the base, active and passive wedges on the upper part 

of the normal sidewalls, and torsional shear on the parallel sidewalls. The spheroidal 

shear zone of failure is unsymmetrical with respect to the vertical axis, which goes 
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through the foundation centre and has a rotation pole (indicated with the solid dot in 

the figure) with distance L≈0 from the foundation base and L≈0·3B from the 

foundation base centre. Additionally, high soil plastification is presented at the right 

edge of the foundation base. This also appeared in the foundation with D/B=0.2 and is 

due to causes referred. In the other two soil profiles (Figs 7(b) and 7(d)), the 

spheroidal shear zone is symmetrical with respect to the vertical axis of the 

foundation and has a rotation pole (indicated with the solid dot in the figure) with 

distance L≈0 from the foundation base and L≈0 from the foundation base centre. 
 

 
FAILURE ENVELOPES 

MQ interaction (with N=0)  

In previous sections, perspectives of the maximum horizontal load Qmax and of the 

maximum overturning moment Mmax have been analysed separately. Nonetheless, it 

was a combination of Q and M that led to these two limit values: a moment was 

necessary to nullify the rotation as required for Qmax and a horizontal force to nullify 

the horizontal displacement as required for Mmax. But these were only two MQ 

combinations out of infinite possibilities. The full interaction between the limiting 

values of Q and M, comprising all combinations, is portrayed in Figs 10(a), 11(a), 12, 

13 and 14, in the normalised form: M=BASu
(z=B) plotted against Q=ASu

(z=B) and for 

two values of D/B, 1 and 0·2. The vertical load, N, which also affects the QM 

interaction, is taken as 0 in both figures. Figs 10(b) and 11(b) are meant to illustrate 

the fact that the shape of the failure envelopes depends strongly on the point which M, 

Q, u and θ refer to. Regardless of them, the information conveyed by each of the three 

different sets of envelopes (interaction diagrams) for the three reference points (base, 

middle, top) is exactly the same. 

In Figs 10(a), 11(a), 12, 13 and 14 the location of Qmax and Mmax (for the three soil 

profiles) is shown at the two extremes of the envelope, where the normal lines to the 

envelope (the ‘failure surface’) are parallel to the horizontal and vertical axes, 

respectively. This is a consequence of the associated flow rule adopted in the present 

soil constitutive model (preservation of normality). Also indicated in the figures are 

the two limit values of the purely horizontal-force (M=0) and purely overturning-

moment (Q=0) loading, denoted as Qult and Mult, respectively (adopting the 

terminology of Gourvenec). The normal vectors to the envelope at these latter 

locations point to the negative M and Q axes, respectively–indicative of negative 

(counter-clockwise) rotation and negative (on the x-axis) displacement, respectively. 

This behaviour can be visualized in the inserted four snapshots of the vectors of 

displacement (with the concentration of plastic shear strains superimposed as 

shadows), for each of the four limit loads referred here. They correspond to pure 

horizontal load, pure horizontal translation, pure moment and pure rotation, 

respectively. It is noticeable, that all profiles have similar behaviour and present 

similar characteristics. Nevertheless, they differ in the envelope values and in the face 

of some failure mechanisms.   
Figs 10(a), 11(a), 12, 13 and 14 reveal a significant effect of embedment, not only 

on the values of the various limit loads but also on the shape of the envelope; the 

latter becomes increasingly skewed with increasing (relative) depth, D/B. As a result, 

the maximum moment capacity Mmax (which occurs in the presence of positive 

horizontal load, applied always at the base) increases disproportionately more than the 

increase of Mult. Indeed, the ratio Mmax /Mult attains (approximately) the values of 
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(a) 1·39 for D/B=1      (inhomogeneous soil: m=2 kPa/m) 

(b) 1·06 for D/B=0·2   (inhomogeneous soil: m=2 kPa/m) 

(c) 1·43 for D/B=1       (inhomogeneous soil: m=10 kPa/m) 

(d) 1·11 for D/B=0·2   (inhomogeneous soil: m=10 kPa/m) 

(e) 1·75 for D/B=1       (homogeneous soil) 

(f) 1·10 for D/B=0·2    (homogeneous soil) 

 

Similar are the trends of the Qmax/Qult ratio, which is equal to 

 

(a) 1·39 for D/B=1       (inhomogeneous soil: m=2 kPa/m) 

(b) 1·00 for D/B=0·2    (inhomogeneous soil: m=2 kPa/m) 

(c) 1·28 for D/B=1       (inhomogeneous soil: m=10 kPa/m) 

(d) 1·03 for D/B=0·2    (inhomogeneous soil: m=10 kPa/m) 

(e) 1·60 for D/B=1        (homogeneous soil) 

(f) 1·02 for D/B=0·2     (homogeneous soil) 

 

For the surface foundation (D/B=0), both ratios approach 1, as there is negligible 

coupling of M and Q under fully bonded contact and N=0, as considered here. 

To further elucidate the role of embedment on the shape of the QM failure 

envelopes, Fig. 15 compares the four envelopes (for D/B=0, 0·2, 0·5 and 1) as plotted 

in the normalized coordinate system: M=Mult plotted against Q=Qult. It is noticeable 

that all soil profiles present similar graphs.  

It is also worth observing the failure mechanisms at Qult and Mult in the inserts in 

Figs 10, 11, 12, 13 and 14. Fig. 10, depicts failure mechanisms for inhomogeneous 

soil with m=10 kPa/m and Fig. 11 for homogeneous soil (Ntritsos et al., 2015). It is 

noticeable that failure mechanisms are similar, with slight differences. For 

homogeneous soil, under pure moment loading, at Mult, applied at the foundation base 

level, a scoop mechanism is observed with its rotation pole (indicated with the solid 

dot in the figure) located approximately L≈D/2 above the base, that is, at the 

foundation centre of gravity. The foundation response is therefore mainly rotational, 

but it is also accompanied by a negative horizontal translation. The latter, as indirectly 

evidenced by the oblique intersection of the failure envelope with the moment 

ordinate axis, is substantial only for the deeper foundation (D/B=1); it is of marginal 

importance for the shallow foundation (D/B=0·2), and would hardly exist for a 

surface foundation. The corresponding mechanism for inhomogeneous soil with 

m=10 kPa/m has its rotation pole at L≈D/3 from the foundation base. 

For homogeneous soil, under purely horizontal loading, at Qult, a reverse scoop 

mechanism is formed with its centre of rotation moving up near the soil surface – 

nearly a pendulum. Thus, failure consists of (nearly equally important) horizontal 

translation and counter-clockwise rotation. In this case, the obliquity of the 

intersection of the envelope with the Q axis is appreciable even for the shallow 

foundation (D/B=0·2). The same applies for the inhomogeneous soil with m=10 

kPa/m with the difference that, the rotation pole is a bit closer to the soil surface.   

In Figs 12, 13 and 14 failure mechanisms for all soil profiles and for D/B=0·2 are 

presented. Under pure moment loading, at Mult, in inhomogeneous soil with m=10 

kPa/m and in homogeneous soil, a scoop mechanism is formed, with the difference 

that rotation pole is closer to the surface in inhomogeneous soil. In inhomogeneous 

soil with m=2 kPa/m is formed a scoop-wedge mechanism with the rotation pole at 

the surface and in a distance L≈0.25B left from the upper foundation base. The reason 

why this soil presents different failure mechanisms is already explained. 
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QN interaction (with M=0) 

The significance of the vertical load for the ultimate value Qult of a solely 

horizontal lateral load (M=0) and for the examined soil profiles is portrayed in Fig 16, 

for four values of D/B: 0, 0·2, 0·5, 1. The normalization is in the form of Qult=ASu 

plotted against N/ASu and in the normalized form Qult=Qult,N=0 plotted against 

N/Nult,Q=0. It is noticeable that the normalised curves as functions of D/B have the 

similar face for all soil profiles! The only difference is the lower values of 

inhomogeneous soil envelopes.   

Note, for the second type of normalization, that for low vertical loads compared to 

the vertical capacity, N/Nult,Q=0<0·5, or equivalently for safety factors FSV against 

vertical bearing capacity mobilization exceeding 2 (a most frequent situation in 

practice), the horizontal capacity remains almost constant, regardless of the axial 

force magnitude. This is true for all examined embedment ratios. Nevertheless, an 

abrupt reduction in load carrying capacity is noticed at higher vertical loads, with 

Qult=Qult,N=0 dropping to about 0·5 for an (admittedly very small) FSV=1·11 (i.e. 

N/Nult,Q=0=0·9). The same behaviour is obvious for all soil profiles.  

 

 

MN interaction (with Q=0) 

The significance of the vertical load for the ultimate value Mult of a purely 

moment loading (Q=0) for the examined soil profiles is portrayed in Fig. 17, for four 

values of D/B: 0, 0·2, 0·5, 1. The normalization is in the form of Mult=ABSu plotted 

against N=ASu and in the normalised form Mult/Mult,N=0 plotted against N/Nult,M=0. 

Observe that the differences between the normalised curves as functions of D/B are 

barely if at all distinguishable, and have the similar face for homogeneous and 

inhomogeneous soil profiles! The only difference is the lower values of 

inhomogeneous soil envelopes.  

The vertical load plays a slightly greater role than for the horizontal capacity. At 

low values of N/Nult,M=0 the effect of N on the Mult is negligible, but the limit now is 

N/Nult,M=0<0·3 rather than 0·5. This is true also for all examined embedment ratios. 

However, an abrupt reduction in load-carrying capacity is noticed at higher vertical 

loads, with Mult/Mult,N=0 dropping to about 0·5 for the very small FSV=1·25 (i.e. 

N/Nult,M=0=0·8). The same behaviour is obvious for all soil profiles. 
 

 

 

TENSIONLESS, POTENTIALLY SLIDING INTERFACE (TSI) 

MQ envelopes with N≈0 

A very essential reduction of the effects of embedment ensues when the five 

interfaces of the foundation with the soil are incapable of transmitting (net) tensional 

normal stresses and shear stresses that exceed the adhesive stress fS=αSu. Therefore, 

separation as well as sliding of parts of the walls or the base from the surrounding and 

underlying soil is possible. 

Figs 18, 19 show the MQ envelopes for the D/B=1 for a foundation with TSI in 

case of inhomogeneous soil with m=10 kPa/m and the homogeneous soil (Ntritsos et 

al., 2015) respectively, along with the snapshots of the displacement vectors and the 

high plastic shear strain ‘shadows’. Note that results for inhomogeneous soil profile 

refer to safety factors FSV against vertical bearing capacity mobilization equal to 4, or 

equivalently N/Nult=0.25. On the contrary, results for homogeneous soil profile refer 

to N/Nult=0. However, this slight difference in the vertical load is not considered to 

change the failure mechanisms to a large extent. This figures should be compared 
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with Figs 10 and 11 for the same foundation but with FBC, to get an idea of the 

effects of separation and sliding. Notice the following points. (a) For all combinations 

of Q and M the limiting values of Figs 18 and 19 decrease due to TSI, and the 

skewedness of the envelopes seen in Figs 10 and 11 substantially diminishes, being 

barely distinguishable for the smallest embedment ratios, D/B=0·2, examined. (b) The 

failure mechanisms at the four limit points (A–D) seem to consist of only a part of the 

mechanisms of the FBC analysis of Figs 10 and 11 since, as a consequence of 

separation, failure is restricted locally in the close vicinity of the particular interface. 

For instance, at point C of Qmax all the back side of the wall loses contact with the 

soil, and thus no active wedge develops. 

At point B of the D/B=1 foundation, corresponding to Mmax, the TSI mechanism 

in front and back of the normal-to-loading-direction sidewalls, as well as the one 

below the base, are almost half (in a qualitative sense) of the FBC mechanisms. The 

separation of the back wall is due to the combined effects of the clockwise moment 

M=Mmax and the positive Q required for keeping the base horizontal translation equal 

to 0. A slight difference between the two soils is that the rotation pole in the 

inhomogeneous soil with m=10 kPa/m is on the foundation base, while in the 

homogeneous soil is just above the base. 

On the other hand, at the Mmax point B of the D/B=0·2 foundation, the TSI 

mechanism is altogether different: instead of the scoop mechanism of the FBC 

foundations of Figs 13 and 14, a Brinch Hansen-type (1953) wedge is evident. 

At the Qult point D, there is again a slight difference between the two soils: the 

rotation pole in the inhomogeneous soil with m=10 kPa/m is at the surface and in the 

middle of the upper foundation base, while in the homogeneous soil is a bit lower and 

to the right. 

At the Mult point A, in the inhomogeneous soil with m=10 kPa/m the failure 

mechanism is similar to the corresponding mechanism of Mmax, with lower uplift and 

the rotation pole higher above the foundation base, because of the zero horizontal 

force. Homogeneous soil fails with a scoop mechanism. 

Fig. 20, show the MQ envelope for the D/B=1 for a foundation with TSI in case of 

inhomogeneous soil with m=2 kPa/m, along with the snapshots of the displacement 

vectors and the high plastic shear strain ‘shadows’. Note that results for 

inhomogeneous soil profile refer to safety factors FSV against vertical bearing 

capacity mobilization equal to 4, or equivalently N/Nult=0.25. Point (a) apply here as 

well.  

Analytically, at point C of Qmax the failure mechanism is similar to the FBC 

mechanism, as soil in the back side of the foundation has low strength and fails for 

very low displacement. Consequently, active wedge develops and the gap between 

foundation and soil is indistinguishable. This comes in contrast with the behaviour of 

other soil profiles in TSI.  

At point B, corresponding to Mmax, the TSI mechanism is similar to the 

corresponding failure mechanism of other soil profiles. The only difference is that the 

foundation uplift is lower because of the greater soil plastification above the 

foundation base. As a result, the spheroidal shear zone haw bigger diameter and the 

rotation pole drives to the left.  

On the other hand, at the Mmax point B of the D/B=0·2 foundation, the TSI 

mechanism is altogether different: instead of the scoop-wedge mechanism of the FBC 

foundations of Fig. 12, a Brinch Hansen-type (1953) wedge is evident. 

At the Qult point D, the failure mechanism is similar to the corresponding failure 

mechanism of the other inhomogeneous soil profile. Difference derives from the 
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active wedge, which develops in the soil of the foundation’s back side, for very low 

displacement. 

At the Mult point A, a scoop failure mechanism with very low uplift is presented. 

Homogeneous soil fails in the same way.  

Fig. 21 compares the dimensionless MQ envelopes from the FBC and the TSI 

analyses, for the four D/B ratios (0, 0·2, 0·5, 1), for inhomogeneous soil with m=10 

kPa/m. Note that FBC is for N/Nult=0 and TSI for N/Nult=0·25. This comparison 

shows that the TSI curve are not only much ‘contracted’ compared to the FBC curves, 

but their shapes are also quite different, with the skewness having almost disappeared. 

Comparing with Fig. 22, which depicts the behaviour of homogeneous soil, it is 

obvious that TSI conditions have similar impact on both soil profiles. 

 

 

SEISMIC RESPONSE 

In the previous chapters, the response of foundations under static loading is 

investigated. However, the seismic response is an issue of pure dynamic nature. 

Seismic stimulation causes mainly transverse loading in foundation. Its kinematic and 

cycling character does not necessarily mean failure though. On the one hand, the 

structure cannot bear a load greater than its capacity. On the other hand, even if it 

reaches its bearing capacity, it does not indispensably fails, as it is instantly imposed 

loading.  

Earthquake include three components, two horizontal and one vertical. Here, the 

seismic response of the foundations is being considered in one horizontal direction. 

For this reason, is presented the seismic response of the one-degree-of-freedom (1-

DOF) oscillator. The model consists of a foundation supporting a simple rigid 

structure of mass m located at a height h from the foundation top. The superstructure 

is designed as a circular column, so the seismic study response to one direction is 

sufficient. Additionally, it is designed with a very high modulus of elasticity, so it is 

considered to be practically rigid, on purpose the column bending not to affect the 

results.  

Results are presented for homogeneous soil (Su=150 kPa) and inhomogeneous 

with m=10 kPa/m, for foundations with embedment ratio: 0·2 and 1. With the aid of 

this parametric investigation, becomes possible the study of response differentiation 

because of the various soil and embedment characteristics. Two FSV values are 

considered: 2 and 5, representing, respectively, lightly loaded and heavily loaded 

structures. To achieve the desired FSV, the mass is adjusted appropriately. The 

slenderness ratio, h/B, is varied parametrically: 1·25 and 2·5.  

Authors explore the response for the following seismic records (Fig. 23): LXR 

(Lixouri, Kefalonia, Greece, 2014) and Shin-Kobe (Kobe, Japan, 1995). These two 

excitations have different characteristics, which affect the response of the soil-

foundation-superstructure system. Shin-Kobe [Fig. 23(a)] is a record with 0·43 g peak 

acceleration and the predominant eigenperiods range from 0·3 to 0·5 s and 1·0 to 1·3 

s. LXR record [Fig. 23(b)] has 0·65 g peak acceleration and the eigenperiods range 

from 0·08 to 0·2 s and 1·2 to 1·5 s.     

Concerning the boundary conditions, it must be noted the release of the model in 

the direction of the seismic record. Kinematic commitments are placed at the lateral 

borders, in order to simulate realistically the free field response and dampers at the 

base for the proper simulation of radiation damping. The damping factor of the 

dampers is defined as: 
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 C=ρVsAd                                                                                                              (11) 

 

where, ρ is the soil density (=2 Mg/m3), Vs the propagation velocity of the shear 

waves at the model base (m/s) and Ad (m) the active surface of the damper. Forty to 

sixty groups of dampers are placed depending on the discrimination of the finite-

element grid, as is required from the different foundation embedment ratios. 

Hysteretic damping of the soil is considered as ξs=1%, in order to achieve 

viscoelastic behaviour in the field of small deformations. The damping of the 

foundation-superstructure system is equal to ξ=5% (standard concrete damping). All 

the results in this section, refer only to the non-linear TSI soil-foundation interaction, 

as defined in previous chapter. P–Δ effects are now taken into account because of the 

mass in the top of the column.  

 

System Response to Shin-Kobe 

Slenderness ratio h/B=1·25 & FSV=2. Fig. 24 depicts accelerograms for two soil 

profiles (homogeneous soil and Gibson soil with m=10 kPa/m) and two embedment 

ratios (0·2 and 1). The lines refer to three model points [top of the structure (top), top 

of foundation (cp) and a specific free field point (ff)]. As for the soil response, it is 

obvious that the inhomogeneous soil profiles present higher peak values (0·74 g) in 

contrast to homogeneous soil, which give a peak value of 0·39 g. This difference can 

be explained because of the loose soil, which does not have enough stiffness to react 

to the motion. Similar is the response of the (cp) point, which is higher for the Gibson 

soil and the lower embedment ratio (0·39 g). As for the mass acceleration, there is no 

big difference between the models, as the bigger acceleration (0·26 g) comes out from 

the homogeneous profile and the D/B=1. Note that the mass accelerogramms present 

high periods, because the low FSV (heavy mass) leads to high plastification of the soil 

and it increases the period of the system (as the displacement of the superstructure top 

increases) out of the record’s predominant period range. In fact, system periods 

exceed 2 s and this leads to de-amplification of superstructure’s acceleration. 

Fig. 25 shows the normalised settlement (w/B) – rotation angle (θ) fluctuation of 

the foundation control point for all models. It is obvious that, high embedment ratios 

present smaller residual settlements. Additively, Gibson soil models present smaller 

residual settlements and higher rotation angles (0·015 rad instead of 0·0075 rad for 

the homogeneous soil models).  

Fig. 26 depicts normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. Note that all moment normalisations are made 

for a value of Su in depth B. So for homogeneous soil profiles Su=150 kPa and for 

Gibson soil profiles Su=mB. It is noticeable that, homogeneous soil profiles (and 

especially foundation with D/B=1) present bigger M–θ loops, which means the soil–

foundation system dissipates larger amount of energy during seismic motion in 

comparison with the loose Gibson soil.  

 
Slenderness ratio h/B=1·25 & FSV=5. Fig. 27 depicts accelerograms for the two soil 

profiles, the two embedment ratios and the three selected points. The free field 

response presents similar behaviour with the corresponding behaviour for the lower 

FSV. Indeed, the inhomogeneous soil profile present higher peak values (0·74 g) in 

contrast to homogeneous soil which gives a peak value of 0·43 g. As for the (cp) 

point, higher is the response of the homogeneous soil (0·75 g), while in the Gibson 
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soil appears a high 0·62 g. The embedment ratio does not play an important role to 

this result. In contrast to previous section, is presented amplification in the 

superstructure top in almost all models, with max acceleration in inhomogeneous soil 

profile for D/B=1 (1·31 g). This is logical, as light mass, pushes to lower horizontal 

displacements, lower soil plastification and lower system periods, which are in the 

range of the record’s predominant period range (0·3 to 0·8 s). So the amplification 

comes as a logical impact, while the mass accelerograms present low predominant 

periods. Gibson soil profiles present higher values of acceleration. As for the 

homogeneous soil profile with the low embedment ratio, there is no amplification 

because even in this vertical safety factor, top mass is heavy and so the behaviour of 

previous section is presented. 

Fig. 28 shows the normalised settlement (w/B) – rotation angle (θ) fluctuation of 

the foundation control point for all models. High FSV leads foundations to smaller 

residual settlements. Especially, Gibson soil present higher residual settlements 

(wmax/B=0·00035 for D/B=0·2), because of the lower soil strength, which leads to 

higher soil plastification. On the other hand, homogeneous soil models present a 

particular behaviour, semi-sinking and semi-uplifting. Low embedment foundation 

gives normalised uplifting up to 0.006 and ends with a normalised settlement of 

0.00025. Foundation with D/B=1 presents a more sinking behaviour as it has very low 

uplifts (up to 0.0002B) and ends with a very low settlement (0.00015B), even if in 

case of a seismic pulse foundation sinked 0.002B. Therefore, foundation with low 

embedment ratio has again higher settlement. It must be noted that low rotation angles 

exist, which can be explained because of the small top mass. Foundation with 

D/B=0·2 in homogeneous soil presents the maximum residual rotation angle (0·005 

rad), which is almost the half of previous section. 

Fig. 29 depicts normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. These M–θ loops are narrow (in contrast to 

previous section), because smaller top masses lead to less soil plastification, and less 

consumed energy. Contribution to the latter behaviour have the small rotation angles 

that are presented in this section.  

 

Slenderness ratio h/B=2·5 & FSV=2. Fig. 30 illustrates accelerograms for the two soil 

profiles, the two embedment ratios and the three selected points. The inhomogeneous 

soil profiles present higher peak values (0·74 g) in contrast to homogeneous soil, 

which give a peak value of 0·39 g. Similar is the response of the (cp) point, which is 

higher for the Gibson soil and the lower embedment ratio (0·48 g). As for the mass 

acceleration, there is no big difference between the models, as the bigger acceleration 

(0·15 g) comes out from the homogeneous soil model with a D/B=1 foundation, while 

Gibson soil profiles present a peak value of 0·14 g. In previous section, with the same 

FSV and half slenderness ratio, maximum mass acceleration is about 1·7 times higher 

(0·26 g). This probably has the following explanation: higher superstructure leads to 

lower stiffness of structure and higher initial period of system. As top moves 

horizontally, soil plastification increases and the system period increases faster than in 

the case of lower slenderness ratio. As a result, system period comes out of the 

record’s predominant period range with less mass horizontal displacement. In other 

words, same mass horizontal displacement leads to higher system periods in case of 
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higher superstructure. At last, it could be useful to notice that mass accelerogram 

generally presents phase angle 90o in comparison with the other point accelerograms. 

This is a result of the high slenderness ratio and the high system period. 

Fig. 31 shows the normalised settlement (w/B) – rotation angle (θ) response of the 

foundation control point for all models. Here, homogeneous soil models present 

higher residual rotation angles, as a result of the higher superstructure. Oppositively, 

Gibson soil models present decreased residual rotation angles possibly because of the 

record period content. It is noticed that during last record pulses the rotation angle is 

decreased and remains to half the angle (0·0075 rad) of the first section. As for the 

settlements, foundation embedment ratio does not follow a certain pattern, but it is 

obvious that all (cp) points sink less than in case of the taller superstructure. This 

behaviour may have the following explanation: for an imposed large angle of rotation, 

the total moment atop the foundation is almost equal in two cases (h/B=1·25 and 2·5); 

however, the contribution to this moment of the (vertical) weight W (P–Δ effect) is 2 

times larger for the taller (h/B=2·5) structure, and the corresponding moment because 

of the horizontal force is 2 times smaller. Therefore, the horizontal shear force Q=M/h 

developing atop the foundation of the taller system is slightly smaller than the one 

coming from the shorter one. Consequently, in the latter case, the increased Q leads to 

greater inelastic action in the soil, leading to greater residual settlement.       

Fig. 32 illustrates normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. In this section, M–θ loops have similar shape 

as in the first section but in all cases, they present slight moment increases (because of 

the higher slenderness ratio), although the top mass acceleration values are lower.  

   

 

System Response to LXR 

Slenderness ratio h/B=1·25 & FSV=2. Fig. 33 presents accelerograms for the two soil 

profiles (homogeneous soil and Gibson soil with m=10 kPa/m) and the two 

embedment ratios (0·2 and 1). It is obvious that inhomogeneous soil profiles give 

higher peak values (0·76 g) in contrast to homogeneous soil which gives a peak value 

of 0·54 g. This is a pattern that appeared also in the previous record. As for the (cp) 

point, maximum acceleration value gives the homogeneous soil model with the 

foundation of low embedment ratio (0·47 g). It must be noticed that models have 0·3 

to 0·47 g peak values and their peak values are close enough, so a conclusion cannot 

drawn. As for the mass acceleration, there is no big difference between the models, as 

the bigger acceleration (0·26 g) comes out from the homogeneous profile and the 

D/B=1 (same foundation in Gibson soil gives a maximum value of 0·24 g). On the 

other hand, the other models present 0·20 g, so all peak values are close. The de-

amplification is due to the reasons that explained in previous sections.  

Fig. 34 shows the normalised settlement (w/B) – rotation angle (θ) response of the 

foundation control point for all models. As for the rotation angle, all models present 

low residual angles. Nevertheless, Gibson soil models present larger angles and 

maximum residual angle has the model of Gibson soil with the foundation of 

D/B=0·2 (0·005 rad). Regarding to the results, settlements increase in homogeneous 

soil and maximum residual settlement has the foundation with D/B=1 (0·013B).  

Fig. 35 depicts normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. All moment normalisations are made for a 

value of Su in depth B. So for homogeneous soil profiles Su=150 kPa and for Gibson 

soil profiles Su=mB. It is obvious that, homogeneous soil profiles (and especially 

foundation with D/B=1) present bigger M–θ loops, which means the soil–foundation 
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system dissipates larger amount of energy during seismic motion in comparison with 

the loose Gibson soil. 

 
Slenderness ratio h/B=1·25 & FSV=5. Fig. 36 depicts accelerograms for two soil 

profiles and two embedment ratios. Inhomogeneous soil profile presents higher peak 

values (0·76 g) in contrast to homogeneous soil which gives a value of 0·54 g. The 

(cp) point of foundation with D/B=0·2 embedded in homogeneous soil gives the 

maximum acceleration (0·81 g). Amplification is presented in the superstructure top 

in almost all models, with max acceleration in inhomogeneous soil profile for D/B=1 

(0·99 g). This is logical, as light mass, pushes to lower horizontal displacements, 

lower soil plastification and lower system periods, which are in the range of the 

record’s predominant period range. So the amplification comes as a logical impact, 

while the mass accelerograms present low predominant periods. Gibson soil profiles 

present again higher values of acceleration. As for the homogeneous soil profile with 

the low embedment ratio, there is no amplification because even in this vertical safety 

factor, top mass is heavy and so the behaviour of previous section is presented. 

Fig. 37 shows the normalised settlement (w/B) – rotation angle (θ) fluctuation of 

the foundation control point for all models. High FSV leads foundations to smaller 

residual settlements. Especially, Gibson soil present higher residual settlements 

(wmax/B=0·0004 for D/B=0·2), because of the lower soil strength, which leads to 

higher soil plastification. On the other hand, homogeneous soil models present a 

particular behaviour, semi-sinking and semi-uplifting. Low embedment foundation 

gives normalised uplifting up to 0·007 and ends with a normalised settlement of 

0·001. Foundation with D/B=1 presents a more sinking behaviour as it has very low 

uplifts and ends with a very low residual settlement (0·0001B), even if in case of a 

seismic pulse foundation sinked 0·00016B. Therefore, foundation with low 

embedment ratio has again higher settlement. Note that low residual rotation angles 

exist, which can be explained because of the small top mass. Foundation with 

D/B=0·2 in homogeneous soil presents the maximum residual rotation angle (0·0015 

rad), which is almost the 1/3 of previous section.  

Fig. 38 depicts normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. These M–θ loops are narrow in contrast to 

previous section, because smaller top masses lead to less soil plastification, and less 

consumed energy. Furthermore, the small rotation angles that are presented in this 

section, contribute to the loop shrinkage. 

 

Slenderness ratio h/B=2·5 & FSV=2. Fig. 39 illustrates accelerograms for two soil 

profiles and two embedment ratios. As for the soil response, it is obvious that in 

inhomogeneous soil profile presents higher peak values (0·76 g) in contrast to 

homogeneous soil which gives a value of 0·54 g. This difference can be explained 

because of the loose soil, which does not have enough stiffness to react to the motion. 

Similar is the response of the (cp) point, which is reasonably higher for the Gibson 

soil and the lower embedment ratio (0·45 g). As for the mass acceleration, there is no 

big difference between the models, as the bigger acceleration (0·16 g) comes out from 

the homogeneous profile and the D/B=1. In previous section, with the same FSV and 

half slenderness ratio, maximum mass acceleration is about 1·6 times higher (0·26 g). 
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This ratio is almost equal to the ratio exacted for the Shin-Kobe stimulation. Phase 

angle 90o dominates again. 

Fig. 40 shows the normalised settlement (w/B) – rotation angle (θ) response of the 

foundation control point for all models. Here, models with the same embedment ratio  

present almost equal residual rotation angles. As for the settlements, foundation 

embedment ratio does not follow a certain pattern, but it is obvious that all (cp) points 

sink less than in case of the taller superstructure. This behaviour has been explained in 

previous sections.  

Fig. 41 illustrates normalised moment (M/BASu) – rotation angle (θ) loops of the 

foundation control point for all models. In this section, M–θ loops have similar shape 

as in the first section but in all cases, they present slight moment increases (because of 

the higher slenderness ratio), although the top mass acceleration values are lower.  
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SUMMARY & CONCLUSIONS 

This article is an attempt to investigate the static and seismic response of square 

foundations embedded in Gibson soil. For this reason, 3D FEA models were 

developed. As for the static response, emphasis was given to the bearing horizontal 

and rotational capacity, while studying the role of the vertical load. Furthermore, 

horizontal and rotational elastic stiffness were investigated. The fluctuation of these 

results with the soil heterogeneity was the keypoint of this study. Parametrical 

equations related to the bearing capacity and the elastic stiffness (normalised with the 

soil heterogeneity or the shear modulus) as functions of embedment ratio were 

introduced, proving their independence from the soil inhomogeneity or the shear 

modulus. 

 Failure envelopes for various NQM loadings are presented, while soil–foundation 

interface properties play important role and they are studied analytically. All these 

results are presented in comparison with the corresponding analyses for homogeneous 

soil of Ntritsos et al. (2015), in order to obtain global perspective on the issue. 

Subsequently, seismic response of homogeneous and Gibson soil–foundation–

superstructure system is studied. Two seismic records are selected for this reason. 

Accelerograms for different point models, settlement–rotation angle and M–θ loops of 

the foundation are depicted. Parametric analyses are presented as function of the 

vertical static factor of safety (FSV), the superstructure slenderness ratio and the 

foundation embedment ratio. It seems that different values of these parameters affect 

the system in many ways.  

Specifically, low FSV leads to low accelerations at top of the superstructure, while 

high FSV leads to amplification. High slenderness ratio of superstructure decreases the 

atop acceleration and increases the response period. Embedment ratio and soil 

heterogeneity do not seem to play an important role on this matter. Nevertheless, 

inhomogeneous soil with low bearing capacity leads to high free field accelerations. 

As for the foundation–superstructure settlements, low FSV leads to increased 

settlements, while high FSV reduces them and makes possible the foundation uplift. 

Increased embedment and slenderness ratio generally reduces settlements. Soil 

heterogeneity does not introduce a certain behaviour pattern. 

Rotation angles are affected significantly from low FSV, because P–Δ effects are 

increased. Furthermore, soil heterogeneity in most cases leads to larger foundation 

rotations. 

FSV affects significantly the shape of M–θ loops. Low static factor leads to 

increased soil plastification and moment M. High embedment ratio results to the same 

behaviour. Slenderness ratio increases the size of loops while soil heterogeneity 

reduces it. 
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FIGURES





Fig. 1. Problem definition and symbols: (a) soil–foundation system (load and displacement

reference point at the base of the foundation); (b) soil–foundation–structure system [load and

displacement reference point at base of the structure (top of foundation)]
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Fig. 2. Outline and dimensions of three-dimensional FE model
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Fig. 3. Model validation for the 2D plane-strain problem with D/B=1 and N/Nult= 0: comparison

of MQ failure envelope of Yun & Bransby (2007) (points) with the terminal points of swipe and

probe lines (continuous line) of our analysis
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Fig. 4. The horizontal capacity Qmax (zero rotation): (a) Gibson soil for various degrees

of inhomogeneity (10 values of m, from 1 to 10 kPa/m), and (b) homogeneous soil

(Ntritsos et al., 2015). Both results are presented as functions of the embedment ratio
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Fig. 5. The horizontal stiffness KH of embedded foundation: (a) over horizontal stiffness

KHO of surface foundation (10 values of m, from 1 to 10 kPa/m); (b) over λΒ2 (10 values of

λ, from 600 to 6000 kPa/m). Both results are presented as functions of the embedment

ratio D/B. (FBC, N=0).
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Fig. 6. Displacement vectors at two failure loads in inhomogeneous soil with m=2 kPa/m: (a) at

Qmax (with zero rotation); (b) at Mmax (with zero horizontal displacement). Top row: D/B=0·2;

bottom row D/B=1. Grey shades indicate the location of high concentration of shear strains,

revealing the failure mechanisms. The interceding black circle presents the drifting small mass of

non-plastificated soil. FBC

(a) (b)
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(a) (b)

(c) (d)

Fig. 7. Displacement vectors at two failure loads in Gibson soil with m=10 kPa/m (a, b) and

homogeneous soil (c, d from Ntritsos et al., 2015): (a, c) at Qmax (with zero rotation); (b,d) at

Mmax (with zero horizontal displacement). Top row: D/B=0·2; bottom row D/B=1. Grey shades

indicate the location of high concentration of shear strains, revealing the failure mechanisms.
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Fig. 8. The rotational capacity Μmax (zero horizontal displacement): (a) Gibson soil for

various degrees of inhomogeneity (10 values of m, from 1 to 10 kPa/m), and (b)

homogeneous soil (Ntritsos et al., 2015). Both results are presented as functions of the

embedment ratio D/B. FBC, N=0
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of λ, from 600 to 6000 kPa/m). Both results are presented as functions of the embedment
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Fig. 10. (a) MQ interaction (failure envelope) (inhomogeneous soil with m=10 kPa/m) with the

direction of plastic deformations at four key points, along with displacement vectors and

concentration of shear strains revealing the failure mechanisms at the above four points. FBC,

D/B=1. The solid dots in the pictures represent the instantaneous rotation pole of the foundation.

(The pole is at infinity for the horizontal translation case, C.) (b) change of the form of the

interaction MQ diagrams by changing the reference point (left: foundation base (see Fig. 1) as with

the previous figures; middle: centre of gravity (mid-depth) of the foundation; right: foundation top

surface).
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Fig. 11. (a) MQ interaction envelope of homogeneous soil (Ntritsos et al., 2015) with the direction of

plastic deformations at four key points, along with displacement vectors and concentration of shear

strains revealing the failure mechanisms at the above four points. FBC, D/B=1. The solid dots in the

pictures represent the instantaneous rotation pole of the foundation. (The pole is at infinity for the

horizontal translation case, C.)(b) change of the form of the interaction MQ diagrams by changing

the reference point (left: foundation base (see Fig. 1) as with the previous figures; middle: centre of

gravity (mid-depth) of the foundation; right: foundation top surface).
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Fig. 12. Graphical representation of MQ interaction envelope (inhomogeneous soil with m=2

kPa/m) with the direction of plastic deformations at four key points. Four offset diagrams show
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Fig. 13. Graphical representation of MQ interaction envelope (inhomogeneous soil with m=10

kPa/m) with the direction of plastic deformations at four key points. Four offset diagrams

show displacement vectors and concentration of shear strains revealing the failure

mechanisms at these points. FBC, D/B=0·2. The solid dots in the pictures represent the

instantaneous rotation pole of the foundation. (The pole is at infinity for the horizontal
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Fig. 14. Graphical representation of MQ interaction envelope (homogeneous soil, Ntritsos et al.,

2015) with the direction of plastic deformations at four key points. Four offset diagrams show

displacement vectors and concentration of shear strains revealing the failure mechanisms at

these points. FBC, D/B=0·2. The solid dots in the pictures represent the instantaneous rotation

pole of the foundation. (The pole is at infinity for the horizontal translation case, point C, and

“almost” infinity at point D.)
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Fig. 16. Three-dimensional embedded-square foundation with FBC normalized with ASu (Su for

depth equal to B) and with the ultimate values of N and Q: (a) inhomogeneous soil with m=2

kPa/m, (b) inhomogeneous soil with m=10 kPa/m, and (c) homogeneous soil (Ntritsos et al., 2015).

Q
u

lt
/A

S u

N/ASu

(a)

D/B = 1

0∙5

0∙2

0

Q
u

lt
/Q

u
lt

, N
=0

N/Nult

(b)

0

0∙2

0∙4

0∙6

0∙8

1

1∙2

0 0∙2 0∙4 0∙6 0∙8 1 1∙2

Q
u

lt
/Q

u
lt

,N
=0

N/Nult

D/B = 1

0

(c)

0

0∙2

0∙4

0∙6

0∙8

1

1∙2

0 0∙2 0∙4 0∙6 0∙8 1 1∙2

Q
u

lt
/Q

u
lt

, N
=0

N/Nult

D/B = 1
0

0

1

2

3

4

5

6

0 5 10 15 20

Q
u

lt
/A

m
B

N/AmB

D/B=1

0∙5

0∙2

0

0

1

2

3

4

5

6

0 2 4 6 8 10 12

Q
u

lt
/A

m
B

N/AmB

D/B=1

0∙5

0∙2
0

36



Fig. 17. Three-dimensional embedded-square foundation with FBC MN envelopes normalised

with ABSu (Su for depth equal to B) and with the ultimate values of N and M: (a) inhomogeneous

soil with m=2 kPa/m, (b) inhomogeneous soil with m=10 kPa/m, and (c) homogeneous soil

(Ntritsos et al., 2015).
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Fig. 19. MQ interaction (for N/Nult=0): failure mechanisms at key points of the failure

envelope of a D/B=1 foundation having a tensionless sliding interface (TSI) with the soil. The

solid dots represent approximately the instantaneous rotation pole, which for purely

horizontal translation (point C) is at infinity
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Fig. 21. Effect of interface conditions in inhomogeneous soil with m=10 kPa/m: failure
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Fig. 22. Effect of interface conditions in homogeneous soil (Ntritsos et al., 2015): failure

envelopes in MQ load plane for N/Nult=0·25: (a) FBC, compared to (b) tensionless sliding

interface (TSI)
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Fig. 23. Accelerograms and spectrums of seismic records: (a) Shin-Kobe (Kobe, Japan,

1995), (b) LXR (Lixouri, Kefalonia, Greece, 2014).
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Fig. 24. Accelerograms for seismic record Shin-Kobe (Kobe, Japan, 1995) and for two soil

profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m. Up:

D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top of

foundation or control point (cp) and a specific free field point (ff). FSV=2 and h=10 m.
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Fig. 25. Foundation settlement-rotation response for seismic record Shin-Kobe (Kobe,

Japan, 1995) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=2 and h=10 m.
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Fig. 26. Foundation dimensionless moment-rotation response for seismic record Shin-

Kobe (Kobe, Japan, 1995) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=2 and h=10 m.
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Fig. 27. Accelerograms for seismic record Shin-Kobe (Kobe, Japan, 1995) and for two soil

profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m. Up:

D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top of

foundation or control point (cp) and a specific free field point (ff). FSV=5 and h=10 m.
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Fig. 29. Foundation dimensionless moment-rotation response for seismic record

Shin-Kobe (Kobe, Japan, 1995) and for two soil profiles: (a) homogeneous soil profile

and, (b) inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=5 and

h=10 m.

Fig. 28. Foundation settlement-rotation response for seismic record Shin-Kobe (Kobe,

Japan, 1995) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=5 and h=10 m.
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Fig. 30. Accelerograms for seismic record Shin-Kobe (Kobe, Japan, 1995) and for two soil

profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m. Up:

D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top of

foundation or control point (cp) and a specific free field point (ff). FSV=2 and h=20 m.
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Fig. 32. Foundation dimensionless moment-rotation response for seismic record

Shin-Kobe (Kobe, Japan, 1995) and for two soil profiles: (a) homogeneous soil profile

and, (b) inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=2 and

h=20 m.

Fig. 31. Foundation settlement-rotation response for seismic record Shin-Kobe (Kobe,

Japan, 1995) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=2 and h=20 m.
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Fig. 33. Accelerograms for seismic record LXR (Lixouri, Kefalonia, Greece, 2014) and for

two soil profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m.

Up: D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top

of foundation or control point (cp) and a specific free field point (ff). FSV=2 and h=10 m.

(a)

(b)

-0∙8

-0∙6

-0∙4

-0∙2

0

0∙2

0∙4

0∙6

0∙8

3 4 5 6 7 8 9 10

a
: g

t: s

top
cp
ff

-0∙8

-0∙6

-0∙4

-0∙2

0

0∙2

0∙4

0∙6

0∙8

3 4 5 6 7 8 9 10

a
: g

-0∙8

-0∙6

-0∙4

-0∙2

0

0∙2

0∙4

0∙6

0∙8

3 4 5 6 7 8 9 10

a
: g

50



(a)

(b)

(a)

(b)

Fig. 35. Foundation dimensionless moment-rotation response for seismic record LXR

(Lixouri, Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile

and, (b) inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=2 and

h=10 m.

Fig. 34. Foundation settlement-rotation response for seismic record LXR (Lixouri,

Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=2 and h=10 m.

-0∙02

-0∙015

-0∙01

-0∙005

0

-0∙03 -0∙015 0 0∙015 0∙03

w
/B

θ: rad

-0∙02

-0∙015

-0∙01

-0∙005

0

-0∙03 -0∙015 0 0∙015 0∙03

θ: rad

-2

-1

0

1

2

-0∙03 -0∙015 0 0∙015 0∙03

M
/A

m
B
2

θ: rad

-2

-1

0

1

2

-0∙03 -0∙015 0 0∙015 0∙03

θ: rad

-0∙02

-0∙015

-0∙01

-0∙005

0

-0∙03 -0∙015 0 0∙015 0∙03

w
/B

-0∙02

-0∙015

-0∙01

-0∙005

0

-0∙03 -0∙015 0 0∙015 0∙03

-2

-1

0

1

2

-0∙03 -0∙015 0 0∙015 0∙03

Μ
/B

A
S u

-2

-1

0

1

2

-0∙03 -0∙015 0 0∙015 0∙03

51



-1

-0∙8

-0∙6

-0∙4

-0∙2

0

0∙2

0∙4

0∙6

0∙8

1

3 4 5 6 7 8 9 10

a
: g

Fig. 36. Accelerograms for seismic record LXR (Lixouri, Kefalonia, Greece, 2014) and for

two soil profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m.

Up: D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top

of foundation or control point (cp) and a specific free field point (ff). FSV=5 and h=10 m.
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Fig. 38. Foundation dimensionless moment-rotation response for seismic record LXR

(Lixouri, Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile

and, (b) inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=5 and

h=10 m.

Fig. 37. Foundation settlement-rotation response for seismic record LXR (Lixouri,

Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=5 and h=10 m.
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Fig. 39. Accelerograms for seismic record LXR (Lixouri, Kefalonia, Greece, 2014) and for

two soil profiles: (a) homogeneous soil profile and, (b) inhomogeneous soil with m=10 kPa/m.

Up: D/B=1; down D/B=0·2. The results refer to three points: top of superstructure (top), top

of foundation or control point (cp) and a specific free field point (ff). FSV=2 and h=20 m.
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Fig. 41. Foundation dimensionless moment-rotation response for seismic record LXR

(Lixouri, Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile

and, (b) inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. FSV=2 and

h=20 m.

Fig. 40. Foundation settlement-rotation response for seismic record LXR (Lixouri,

Kefalonia, Greece, 2014) and for two soil profiles: (a) homogeneous soil profile and, (b)

inhomogeneous soil with m=10 kPa/m. Left: D/B=1; right D/B=0·2. The results refer to

the top of foundation or control point (cp). FSV=2 and h=20 m.
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NOTATION 
     Abase    area of foundation base (=B2) 

         B    width of footing          

         ca    cohesion at soil–foundation interface (=αSu) 

         D    embedment depth (=0, 0·2, 0·5, 1 m) 

         E    Young’s modulus 

        Eu    undrained Young’s modulus of soil (=1800Su) 

      FSV    factor of safety against exceeding the purely vertical bearing capacity 

          fS    limiting shear resistance           

           h    height of structural mass from foundation top (=10 m, 20 m) 

         KH   elastic horizontal stiffness of an embedded square-in-plan foundation 

       KHO   elastic horizontal stiffness of a surface square-in-plan foundation 

         KR   elastic rotational stiffness of an embedded square-in-plan foundation 

       KRO   elastic rotational stiffness of a surface square-in-plan foundation           

          M   overturning moment 

      Mmax   maximum moment capacity of an embedded square-in-plan foundation 

        Mult   purely moment capacity 

        Muo   maximum moment capacity of a surface square-in-plan foundation       

           m   mass of superstructure 

           m   gradient of undrained shear strength with depth 

           N   vertical force 

          Nu   ultimate vertical load of embedded square-in-plan foundation 

         Nult   purely vertical capacity 

         Nuo   ultimate vertical load of a surface square-in-plan foundation 

            Q   horizontal force 

       Qmax   maximum horizontal load of an embedded square-in-plan foundation 

         Qult    purely horizontal capacity 

          Quo   maximum horizontal load of a surface square-in-plan foundation          

            Su    undrained shear strength 

           Suo    undrained shear strength at the soil surface 

              u  horizontal translation 

            W   weight of superstructure           

             w   vertical translation (settlement) 

              z   depth from soil surface 

              α   adhesion coefficient 

              γ   specific unit weight of soil               

              δ   sidewall displacement               

              θ   rotation 

              λ   gradient of shear modulus with depth             

              ν   Poisson’s ratio 
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