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Abstract. Soil-structure interaction plays an important role in dynamic behav-

ior of a foundation under combined static and seismic loadings. This paper de-

scribes a few case histories with field studies of deeply embedded bridge foun-

dations to showcase the earthquake induced lateral effects using finite element 

framework. Rigorous dynamic approach with detailed numerical analysis for 

large diameter pile foundation and pseudo-static approach for rigid caisson 

foundation presented in this study demonstrated the functionality of foundation 

systems in seismic conditions. Efficacy of barrettes over piles as a cost-

effective foundation solution in high-rise buildings has also been discussed by 

obtaining higher resistance under static condition. Finally, an analytical meth-

odology considering three-dimensional passive wedge developed in front of the 

rigid caissons is presented for estimating the ultimate soil resistance under 

seismic condition. Closed-form expressions to determine seismic passive earth 

pressure coefficient and its distribution along caisson length for different em-

bedment ratio has been explained here that can be adopted in practice to analyze 

foundation systems subjected to earthquake condition. 

Keywords: soil-structure interaction, pile, caisson, barrette, earthquake. 

1 Introduction 

Embedded foundation beneath the superstructure are designed to provide stability 

against several load combinations, that include dead load, live load, wind load and 

such others coming from both operational and environmental point of view. Whereas, 
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for heavy and important structures in high seismic zones, in addition to above men-

tioned axial and transverse loads, earthquake load needs to be included in the analysis 

to find the most critical load combinations [1-3]. Several practice codes and previous 

literature illustrated that the seismically induced lateral load set up a major challenge 

to the foundation design engineers. Over the past decades, foundations of different 

characteristics, shapes, sizes have been used by practicing engineers to cater the ap-

plied load. Among deeply embedded foundations, pile foundation, barrette foundation 

and caisson foundation are frequently adopted for bridges and tall buildings under 

both static and seismic conditions. Soil-pile interaction plays an important role in 

dynamic behavior of a deep foundation under combined static and seismic loading 

where the deformation and bending moment in the piles resulting from earthquake 

induced lateral effects are mainly determined. Although dynamic analysis of large 

diameter pile foundations [4] and subsequently combined pile-raft foundations have 

gained huge attention among researchers in recent years, barrette foundations with 

different orientations and shapes are considered as a potential foundation solution in 

future for high-rise buildings in different parts of the world [5]. Barrettes, differ from 

circular cast-in-situ reinforced concrete piles in both their shape and method of con-

struction, these are considered as an efficient approach in carrying vertical loads [6] 

and thus regarded as a cost-effective alternative to the large diameter bored piles in 

cases of heavy structures that need to be built in small footprint areas. Although the 

loading direction and orientation of barrettes affect the horizontal capacity [7] in large 

extent, the efficiency under seismicity is yet to be proven and demands rigorous re-

search. On the contrary, caisson foundations which are mainly used as foundation 

system of bridges, deep-water wharves and overpasses and sometimes as single foun-

dation element of transmission towers and heliostats, are considered as immune to 

seismic loading due to its massive structure and higher rigidity [8, 9]. However, this 

assumption has been found to impart a fallacious hope only after several bridges 

founded on caissons were reported to encounter damage in Kobe 1995 earthquake. 

Therefore the solutions for foundation systems under earthquake loading possess the 

requirement of extensive research where both the stability and serviceability criteria 

along with cost-effectiveness can be taken care off. 

This paper presents a detailed discussion on three different types of deeply embed-

ded foundation systems where effectiveness of each of the foundation systems under 

seismic loading have been demonstrated categorically. Initially a case study compris-

ing of dynamic analysis of a site of the proposed Mumbai Trans Harbour Link 

(MTHL) focusing on soil-structure interaction analysis of bridge foundation has been 

showcased. In this section, the deformation and bending moment in the large diameter 

piles resulting from earthquake induced lateral effects are determined through numer-

ical method. Following, the effectiveness of barrette foundations over cast-in-situ 

large diameter piles due to the better orientation to the direction of the high horizontal 

loads and moments to efficiently offer higher resistance, has been discussed by pre-

senting a suitable comparative study.  Later, a case study of a river crossing bridge 

supported by rigid caisson foundation has been studied by adopting pseudo-static 

approach in finite element framework. Finally, an analytical methodology for estimat-
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ing the ultimate soil resistance acting on rigid caissons under seismic condition has 

been presented as an efficient solution for foundation systems. 

2 Large Diameter Pile Foundation 

Effects of earthquake on large diameter pile foundation has been discussed in detail in 

this section of the paper. A case study of pile-structure interaction analysis of bridge 

foundation of the proposed Mumbai Trans Harbour Link (MTHL) under seismic load-

ing conditions through numerical method has been demonstrated. The Mumbai Trans 

Harbour Link (MTHL) of length 21.8km has been planned to improve connectivity 

between Island city and main land (Navi Mumbai). The proposed site of MTHL is 

located at seashore zone of Mumbai coastal region in the Indian state of Maharashtra. 

The site comes in seismic zone III according to the latest seismic zonation map of 

India, which is available in the earthquake design code of India [10]. Earthquake re-

sponse analysis of the site has been carried out in transverse direction for the predict-

ed earthquake ground motion. The detailed analysis includes numerical investigation 

of soil-structure-interaction of bridge foundation under seismic loading conditions. 

2.1 Soil strata and local geological condition 

A number of boreholes have been studied to identify the critical section of the bridge. 

Boreholes were executed up to the depth of 37m below seabed level. The chart datum 

is at 3.3m above seabed level. From the bore log data, it is observed that the top soil 

layer of around 16m is predominantly a silty clay soil with fines content of 90% to 

100%. From 16.5m to 27m depth, sub strata consist of basalt of poor to extremely 

good quality. The soil stratigraphy is simplified into a horizontally layered system of 

varying thickness. The material properties of soil and rock are listed in Table 1. The 

modulus of elasticity (E) of clayey soil has been determined from the correlation be-

tween E and Cu that is obtained from vane shear test, (E = 200*(Cu), [11]). Under 

earthquake loading, the behavior of soil is primarily governed by dynamic properties 

of the soil. Therefore, dynamic properties of material such as, shear wave velocity 

(vs) is treated as primary input parameter [12, 13]. 

2.2 Soil-structure interaction analysis of pile foundation 

A horizontal ground motion accelerogram have been adopted under MCE conditions. 

Amplitude of vertical components are considered as two third of that of horizontal 

component [14]. Table 2 shows the main characteristics of components of ground 

motion for MCE condition. Figure 1 shows the accelerogram compatible to the 5% 

damped MCE level of design spectrum. 
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Table 1. Material properties of soil and rock 
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41.0
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fractured 
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46 

849.27

8 

54.0

8 

Slightly 

fractured, 

Moderately 

strong 

Basalt 

27 - 37 100 - 25.68 6256 0.26 2482.5

4 

983.21

9 

43.1

4 

 

Table 2. Main characteristics of input ground motion 

Earth-

quake ID 

Earth-

quake 

PGA 

(g) 

Duration (s) Bracketed 

duration (s) 

Significant 

duration (s) 

Predominant 

frequency 

(Hz) 

EQ1 H-MCE-1 0.329 40.45 30.51 15.38 5.55 

 

The section of the bridge foundation of the MTHL is modelled by using a finite ele-

ment computer program, PLAXIS3Dv.2017.01 [15]. The geometrical information 

relevant to the foundation is shown in Figure 2. The foundation section consists of 

four piles, each having length of 36.5 m and diameter of 2.2 m. Piles are connected to 

3.3 m thick pile cap and then top of it there are two pier shafts of 15.134 m length and 

pier heads of 3 m. Bridge deck is rested on pier head with the help of elastomeric 

bearings. Each pier is loaded with 2000 Ton (20000 kN) of superstructure load. The 

superstructure load is simplified into surface load of 935 kN/m2 and applied directly 

at top of the pier head. Mean sea level considered at 5.81 m above seabed. 
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Fig. 1. Accelerogram (horizontal component) compatible to the 5% damped MCE 
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Fig. 2. Schematic illustration of geometrical and geological data relevant to the foundation 

2.3 Numerical analysis 

The soil model of dimensions 80 m x 40 m x 40.3 m has been adopted in the present 

analysis; the soil continuum is discretized with 10-noded tetrahedral elements. Soil 

materials are modelled using Mohr-Coulomb (MC) model [16], rock material mod-

elled using Hoek-Brown criteria [17] and pile, pile cap, pier and pier cap are modelled 

using conventional Linear-Elastic (LE) constitutive behavior. The geotechnical prop-

erties of each layer adopted in the analysis are given in Table 3 and 4. Undrained 

shear strength of top 16.5 m soil is calculated by Equation 1. 
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Table 3. Input soil parameters considered in PLAXIS3D 

Layer Identification Top 

(m) 

Bottom 

(m) 

Drainage 

type 

γunsat 

(kN/m3) 

γsat 

(kN/m3) 

E 

(kN/m2) 

μ c' 

(kN/m2) 

φ'(Degree) Su 

(kN/m2) 

1 01-Soft silty 

clay 

-3.3 -13.8 Undrained 13 14.2 9685 0.49   -- -- -33.26$ 

2 02-Stiff silty 

clay 

-

13.8 

-19.8 Undrained 18 19.5 308966.4 0.49  -- -- -

110.24$ 

3 03-Residual 

and weath-

ered basalt 

-

19.8 

-25.3 Undrained 22.48 23.5 1904056 0.35  500* 25*    -- 

*Hoek (2000) $Duncan and Buchignani (1976) 

 

Table 4. Input soil parameters considered in PLAXIS3D 

Layer Identification Top 

(m) 

Bot-

tom 

(m) 

γunsat 

(kN/m3) 

E (kN/m2) μ σci 

(kN/m2) 

mi
# GSI# D# ψmax

# 

 4 04-Slightly  

Fractured basalt 

-25.3 -26.3 26.94 4294257.55 0.31 41030 17 35 0.8 7 

 5 05-Moderately weath-

ered basalt 

-26.3 -30.3 27.25 5118912.5 0.30 54080 17 45 0.7 10 

 6 06-Basalt I -30.3 -32.3 27.57 3512418 0.30 50000# 17 55 0.6 21 

 7 07-Basalt II -32.3 -33.3 25.78 5465195.01 0.28 46000# 17 51 0.6 14 

 8 08-Basalt III -33.3 -35.3 25.68 6215094.14 0.26 43140 17 47 0.6 21 

 9 09-Basalt IV -35.3 -37.3 27.67 4594776.44 0.25 38000# 17 43 0.6 16 

 10 10-Basalt V -37.3 -40.3 24.68 4563332 0.25 33660 17 40 0.6 17 

#Plaxis material manual 

 

In static analysis, standard fixities were assigned to the model wherein the sides are 

restricted to move laterally, and the base is restrained in all directions. Whereas vis-

cous boundaries are assigned to model under earthquake loading conditions. Four-pile 

configuration has been analyzed to investigate the effect of seismic loading on foun-

dation system considering soil-structure interaction. Both piles and piers are modelled 

using volume element. Interface elements were added between pile and surrounding 

soil volume to allow for a proper modelling of soil-structure interaction. Average 

element size of soil continuum is 1.801m and virtual interface thickness factor used in 
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the analysis is 0.1 which results in to the interface thickness of 0.1801m. The rough-

ness of the interaction was modelled by choosing a suitable value of the strength re-

duction factor (Rinter). In field, steel casing is to be provided for piles where it passes 

through the clayey soil. Therefore, Rinter of 0.6 and 0.75 was used for steel-soft clay 

interface and steel-stiff clay interface, respectively. Fully rigid interface behavior has 

been assumed between rock (basalt) and pile. The resistance offered by the top 16 m 

layer clay has been ignored in the seismic analysis of foundation system due to very 

soft characteristic of soil. 

In non-linear fully dynamic numerical computation, the behavior of soil is primari-

ly governed by dynamic properties of the soil. Therefore, dynamic soil properties are 

treated as primary input parameter along with strength parameter of the material. The 

simulation of the wave propagation problem through finite element (FE) analyses 

requires the appropriate definition of the input parameters for each sub-layer of the 

discretized deposit [18]. In fact, it is well-known that the solution strongly depends on 

the assumed profile of the stiffness and damping coefficients with depth. Under seis-

mic loading conditions, soil is subjected to cyclic loading and unloading that gener-

ates hysteretic loop with the dissipation of energy and consequent damping. In consti-

tutive modelling, inability of Mohr-coulomb model to simulate hysteretic damping 

was compensated using frequency-dependent Rayleigh formulation in terms of vis-

cous damping [19]. Viscous boundary conditions are applied to vertical and base 

boundary. Input ground motion is applied at the base of the model in terms of pre-

scribed displacement. Seismic analyses have been performed for predicted accelera-

tion-time history (H-MCE-1). 

2.4 Seismic response of sea-bridge foundation system 

The performance of foundation system has been assessed under seismic conditions 

considering soil-structure interaction between soil and pile surface. Amplification of 

peak horizontal acceleration (PHA) from base surface to surface of soil model under 

predicted acceleration-time history has been plotted in Figure 3. The amplification of 

1.41 for H-MCE-1 has been obtained from three-dimensional non-linear analysis 

using PLAXIS3Dv2017.01 [15]. Results of the analysis have been discussed further 

in detail. Figure 4 shows the three-dimensional view of the entire model and the pile, 

pile cap and piers that are modelled using volume element. 

The vertical and lateral displacement contour diagrams under earthquake loading 

are plotted and are as shown in Figure 5. The highest values of shear strains observed 

in the upper layers of the soil deposit, where the minimum shear stiffness and the 

maximum damping ratio are attained as expected. There is negligible effect of earth-

quake on lateral displacement of piles and piers. This is attributed to 15m embedment 

of pile in basalt. The rock layers have contributed very less in amplifying the input 

ground motion. Figure 6 shows the shear stress and relative shear stress along the 

pile-soil interface surface due to combined loading. Structural forces in piles, axial 

force, bending moment and shear force under combined static and earthquake load-

ings are presented in Figures 7 and 8. 
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             Fig. 3. Amplification obtained in PLAXIS3D in free-field condition under predicted 

             accelerogram (horizontal component) of MCE level of design spectrum 

 

 

 
    Fig. 4. Three-dimensional view of developed numerical model and highlighted view of  

         piles, pile cap, piers, pier head, in PLAXIS3D 
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Fig. 5. Displacement due to earthquake loading in (a) x-direction, (b) y-direction, (c) z- 

direction 

 
 

Fig. 6. Axial force in piles due to combined static and earthquake loadings 
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Fig. 7. Bending moment in piles due to combined static and earthquake loadings 

 

 
 

Fig. 8.  Shear force in piles due to combined static and earthquake loadings 
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3 Barrette Foundations 

Barrettes have several advantages over the typical circular pile of the same sectional 

area. Due to higher surface area compared to a bored pile of the equivalent section, 

there is more area available to develop skin friction which can result in significant 

increase of allowable bearing capacity depending on strata type and unit frictional 

resistance. Barrettes carry increased axial loads and moments and have higher shear 

capacities due to the increased specific surface area. The orientation and direction of 

loading affect the lateral resistance offered by barrettes. Barrettes can also have in 

general greater stiffness than bored piles. Thus, by orienting barrettes in load direction 

significantly higher lateral capacity than that by bored piles can be developed. 

When large structures have to transfer heavy loads due to critical load combination 

due to earthquake and wind loads in addition to the dead load and wind loads, group 

interaction and group efficiency are critical [20-22]. Due to construction methodology 

used the barrettes verticality can be controlled effectively and higher capacity of bar-

rettes decreases the number of elements in a group. Thus, the group efficiency in-

creases significantly resulting in reduced construction time and cost. 

3.1 Construction of Barrette Foundations  

The construction method of barrettes is different from those of piles and the construc-

tion method chosen usually depends on the depth requirement, ground conditions and 

equipment availability. Barrettes are constructed using diaphragm wall cutters and 

grab-bucket or hydro fraise type drilling tools and the size of these tools used typical-

ly determines the size of foundation. They can be installed to large depths up to 100 m 

depth and depths in the range of up to 125m have been reported. The tool availability 

determines the size of barrettes of width in the range of 0.5, 0.6, 0.8, 1, 1.2 and 1.5 m 

and length in the range of 1.80, 2.20, 2.70 and 3.0m. 

 

 
 

Fig. 9. Typical Shapes for Barrettes 

 

In multiples of these dimensions, bigger or more rigid barrettes can be formed such as 

bars, crossed, H shaped or T shaped piles as shown in Figure 9. Barrettes are con-

structed mainly in three stages of operations namely, drilling, placing the reinforce-

ment in place and concreting. The steps involved are as follows. 
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Construction of temporary guide walls and filling of the guiding trench with the 

thixotropic stabilizing fluid. Excavation through the supporting fluid suspension by 

means of a soil cutting grasp (clam shell grab) or hydro fraise, up to the required in-

stallation depth. In order to avoid instability of the trench, the level of the bentonite 

slurry in the excavation trench should at any moment be maintained at least 2 m 

above the highest water level in the full height trench, especially in the case of an 

artesian aquifer. De-sanding or replacement of the bentonite suspension, placement of 

the reinforcing cage and concreting with one of more tremie pipes, depending on the 

size of the barrette. As concreting progresses the concreting tube(s) is (are) pulled up 

gradually, during which the bottom is always be kept sufficiently deep in the already 

poured concrete, to avoid each interruption in the continuous concrete flow until the 

completion of the barrette. 

 

 
 
    Fig. 10. Barrette foundation group of 290 barrettes China - Hong Kong, International  

   Commerce Centre (PC Soletanche-Bachy, 2003) 

 

They have the advantage over traditional rotary piles in that they can be installed to 

larger depths (over 100m deep) with great accuracy in verticality and can undertake 

much heavier working loads. One of the deepest Barrette foundations were construct-

ed in Hongkong where they are installed about 125m below ground layout of which is 

shown in Figure 10. 

3.2 Barrettes as efficient solution to cater to horizontal loads - Design example 

As an alternative to the pile foundations Barrettes were selected to cater to heavy 

foundation loads of a 380m tall tower. Based on results of detailed geotechnical and 
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geophysical investigations a representative subsurface profile as shown in Figure 11. 

The design parameters presented in Table 5 are selected to design the tower founda-

tions. Barrette capacities for the tower area was estimated considering cut-off level at 

-20.0m RL. Vertical and horizontal capacities of piles and barrettes are compared to 

evaluate the efficiency of foundation system for a tall tower as an example, in the 

below sections. 

 

 
 

 

 

Fig. 11. Representative subsurface profile from design example site 

3.3 Barrette and Piles - vertical capacities comparison 

The maximum vertical loads for allowable stress design considering critical load 

combinations was of the order of 45 to 55MN for the tall tower considered in the 

example. The Barrette and Pile capacities for the same design profile are presented in 

Figure 12 below. From the graph, for a load of 54MN piles of 2000 mm diameters are 

required to be founded below -77m. The barrette size 1.2 x 2.8m (equivalent pile di-

ameter of 2.07m) has 23% more perimeter. For a load of 50MN, barrettes of 1.2 x 

2.8m size will have to extend to only -60m based on the capacity charts in Figure 12 

whereas the 2000mm piles are required to go -71m which is 10m additional length. 
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Table 5. Design parameters from the example 

Strata  
Description 

Elevation (m) Thickness 
(m) 

γ 
(kN/m3) 

UCS 
(Mpa) 

φ' 
(ο) 

c' 
(MPa) 

E 
(Mpa) 

Ko 

Top Bottom 

Calcarenite -10.00 -14.20 4.20 20 2.20 39 0.20 185 0.371 

Sandstone -14.20 -23.00 8.80 20 0.75 41 0.07 110 0.344 

Conglomerate 1 -23.00 -28.00 5.00 22 4.00 44 0.39 1100 0.305 

Conglomerate 2 -28.00 -31.00 3.00 22 2.50 44 0.24 1100 0.305 

Calcisiltite 1 -31.00 -47.00 16.00 20 1.17 37 0.08 150 0.398 

Conglomerate 3 -47.00 -50.00 3.00 20 1.05 44 0.10 250 0.305 

Calcisiltite 2 -50.00 -60.50 10.50 22 1.10 37 0.08 330 0.398 

Conglomerate 4 -60.50 -63.80 3.30 20 1.15 43 0.11 700 0.318 

Calcisiltite 3 -63.80 -90.00 26.20 22 1.30 37 0.08 350 0.398 

Calcisiltite 4 -90.00 -100.0 10.00 20 1.50 37 0.10 200 0.398 

 

 
 

Fig. 12. Comparison of axial capacity values along depth of a 1.2 x 2.8 size barrette and  

equivalent 2m pile 

>10m sav-

ing in length 

Pile  
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Fig. 13. Comparison of 1.2m x 2.8m size barrette and equivalent 2m pile in terms of Load Vs 

Settlement plot 

It is concluded that Barrettes of same volume of concrete per meter can generate 

much higher capacity as the large diameter piles with a considerable saving in length 

there by bringing the settlements also to within serviceability limits. Settlements are 

also found to be within acceptable limits for the large size Barrettes as shown in Fig-

ure 13. 

3.4 Barrettes of different orientation and Piles – horizontal capacities 

comparison 

Barrettes horizontal capacities for an allowable 12mm horizontal deflection are esti-

mated using the same design profile and same design method as that of piles.  The 

capacities are estimated for single barrettes of 1.20 x 2.80m dimension and two sets of 

calculations are presented, with different load orientation. It can be seen from Figure 

14 that when the widen dimension is oriented to the direction of loading, much higher 

horizontal load capacity is available as compared to the load oriented to the smaller 

dimension of 1.2m. Similar calculations are performed using L Pile, using same de-

sign profile and parameters and results are presented for 1.5m diameter piles, in Fig-

ure 15. It can be observed from the above three Figures that when barrette is oriented 

Difference in settle-

ment for same load 

>15mm 
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towards the direction of loading for the design example, the horizontal capacity in-

creases from 8MN to 14MN for the same allowable deflection of 12mm. Meanwhile, 

a large diameter pile of 1.5m diameter can generate only 3MN horizontal capacity for 

the same ground conditions. This demonstrates that the barrettes when oriented in the 

direction of high loading can resist the loads more efficiently and can bring in much 

better group efficiency. 

 
 

Fig. 14. Horizontal capacity of a single barrette of 1.2m x 2.8m dimension for 12mm deflect 

tion
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                            Fig. 15. Horizontal capacity of 1.5m diameter pile for 12mm deflection 

Barrette dimension oriented 

towards loading direction 
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Considering these facts presented above, and after careful design considerations, bar-

rettes were selected as the efficient foundation system under the supertall building 

core in the example above. The grouping of piles and barrettes were then completed 

based on the overall structural layout, using 1.2m x 2.8m barrettes for the tower area 

thus efficiently transferring the critical load combinations including the earthquake 

loading. 

4 Caisson Foundation 

Due to the large cross sectional area with high rigidity, caisson foundations were gen-

erally believed to have high capacity against the axial as well as the lateral loading 

and subsequently immune to seismic loading. However, this assumption was found to 

impart a fallacious hope only after several bridges founded on caisson foundations 

were reported to encounter damage in Kobe 1995 earthquake. Thereafter, effect of 

seismicity, specifically lateral spreading induced by liquefaction on the stability of 

caisson foundation evoked interest among several researchers [23-25]. In this present 

study, the lateral stability of caissons under both static and dynamic conditions have 

been analyzed and finally an analytical approach for estimating the ultimate soil re-

sistance has been proposed. 

4.1 Under pseudo-static condition 

For static loading condition, a case study was discussed, where peak ground accelera-

tion values of different seismic motions were used to generate applied lateral loading.  

 
                         (a)                                                              (b) 

Fig. 16. (a) Location of the bridge across the river Ganga between Sultanganj and Aguwani 

Ghat, (b) schematic diagram of the caisson founded in soil 
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Bihar Rajya Pul Nirman Nigam Ltd. (BRPNNL, an undertaking of Govt. of Bihar) 

constructed a 2x2 Lane Bridge with footpath across the river Ganga between Sul-

tanganj (Bhagalpur District) and Aguwani Ghat (Khagaria District) including naviga-

tional span of cable stayed and approaches (Connecting NH 31 and NH 80) in the 

State of Bihar (Fig. 16a). This bridge was proposed to be supported on circular shaped 

caisson foundations with a diameter of 14m. From the hydrological data, the Highest 

Flood level (HFL) and Lowest Water Table (LWT) have been found as 35.81m and 

24.20m respectively. Although Lowest Bed Level has been measured as 18.630m but 

the Maximum scour Level has been calculated from available equations as (-) 

11.27m. The well foundations were chosen to be founded at a level of (-) 35.80m. 

Therefore, the depth of the founding level of the caisson from the maximum scour 

level, as used for design purpose, was 24.53m, (Fig. 16b). Depending on the direct 

shear test results conducted on disturbed soil samples taken from the founding levels 

of caissons in the laboratory of BRPNNL at the strain rate of 1.25mm/min with po-

rous plate on Top and Bottom of shear box, Intermediate shear failure mode has been 

decided to be chosen for SBC calculation. This decision was made due to the angle of 

internal friction (ϕ) values (30.5ο) lying in the typical range of Intermediate shear 

failure mode i.e. between 28ο and 36ο. Following IS 6403-1981 [26] and IRC 78-

2014 [27] and, the SBC for this particular project was calculated as 210.31 t/m2. 

The horizontal seismic acceleration coefficient values i.e. PGAs multiplied with 

the applied vertical loading were used as horizontal loading following pseudo-static 

approach. In this analysis, earthquake input motions of Bhuj 2001, Sikkim 2011, Lo-

ma Prieta 1989 and El-Centro 1979 with PGA values of 0.106g, 0.201g, 0.279g and 

0.43g respectively were used. A fraction of the estimated SBC, used as a multiplier 

for the seismic coefficient values, was applied at the caisson head to replicate the 

loads coming from superstructure. A 3D model in the finite element software 

PLAXIS3D [15] was used to simulate the lateral stability analysis. 

 

 

Fig. 17. Displacement contours under different pseudo-static loading - (a) El-Centro 1979, (b) 

Loma Prieta 1989, (c) Sikkim 2011, (d) Bhuj 2001 

El-Centro 1979 Loma Prieta 1989 

Sikkim 2011 Bhuj 2001 

(a) (b) 

(c) (d) 
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Mohr-Coulomb constitutive model was incorporated in the numerical analysis for 

capturing the caisson behavior. In terms of boundary condition, the vertical sides of 

the soil domain were restricted to horizontal movement, whereas fixity condition was 

adapted for the bottom side to make it restrain from all directions. The caisson was 

modelled using the approach of rigid body analysis. In rigid body, the relative dis-

placement between two points within the body remain same for both before and after 

the application of loads, which demonstrates the fact that the caisson will undergo 

rotation and/or translation depending upon the type of loading, but will not bend with 

respect to its longitudinal axis. This behavior replicates the massive and heavy struc-

tures of caisson high stiffness contrast as compared to soil. Figure 17 illustrates the 

contour plots of displacements for different values of applied horizontal loading. The 

effect of the vertical load was found to be prominent for lower values of lateral loads. 

The passive earth pressure diagrams generated due to the gradually increasing lat-

eral loads have been shown in Figure 18. Although the lateral earth pressure was 

found to increase with the increment of the horizontal load following the conventional 

trend, the formation of the passive pressure distribution along the caisson height 

demonstrated an interesting phenomenon. The lateral loads demonstrated in this pseu-

do-static approach were not large enough to produce the ultimate soil resistance. For 

lower PGA values, the caisson experienced a full translation movement. However, 

with increment of loading, a coupling of rotation and translation was found to happen 

with an upliftment of the point of rotation along caisson height. 

 

Fig. 18. Distribution of soil resistance along caisson height for different pseudo-static loading 

4.2 Under dynamic loading condition 

A complete 3D model was formed to capture the behavior of the caisson foundations 

under the effects of lateral spreading due to liquefaction. The extent of the model was 

set to around 40 times the width of the caisson with caisson placed at the center of the 

soil domain to eliminate the boundary effect on soil-structure interaction. The depth 

of soil layer was kept up to the base of caisson where input motion has been provided. 

Compliant base boundary condition has been employed at the bottom of the domain to 
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account for both absorption and application of dynamic input while the top surface 

was kept in free condition to simulate the flow following liquefaction. Ground water 

table has been considered at surface parallel to inclined ground. To facilitate free flow 

of soil during lateral spreading, the top ground surface has been kept in inclination 

with a certain percent of slope with the horizontal line throughout the domain. In this 

dynamic analysis, UBC3D-PLM, a specific constitutive model capable of capturing 

the rapid generation of excess pore pressure and subsequently degradation of soil 

strength during liquefaction, was used. This constitutive model is a generalized 3-D 

upgradation of UBCSAND i.e. University of British Columbia Sand model and has 

been demonstrated by Makra [28]. 

Table 6. Soil properties used in centrifuge study performed by Olson et al. (2017) 

 

 

 

 

 

 

 

 

 

 

Fig. 19. (a) Comparison of displacement at 5 m depth (free-field), (b) comparison of base ac-

celeration with input motion 

In the analysis, 10 % damping has been considered which is consistent with the prac-

tical range for soils. The mesh sensitivity analysis was performed following checking 

for the required element size from the time step calculation and seismic wave propa-

gation criteria. The illustrated numerical model was compared with the results ob-

tained from the experimental study performed by Muszynski et al. [29] and Olson et 

al. [30] in centrifuge at 50-g condition as a part of a NEES study at RPI. The soil 

properties used in the experimental setup has been demonstrated in Table 6. For vali-

dation purpose, the bottom 2m layer of the soil domain was modelled as non-

liquefiable layer, where the remaining part was modelled as per the liquefiable soil 

Parameter Values 

Relative density (D
r
) 33 % 

Constant volume friction angle, ϕ΄
cv

 33° 

Peak effective stress friction angle, ϕ΄ 37° 

SPT N value ~6 to 8 
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properties shown in [30]. The comparison between the centrifuge study and numerical 

analysis has been shown in Figure 19. Both the base acceleration and horizontal dis-

placement at a depth of 5 m from the ground surface estimated by FE model were 

found to be in good agreement with the experimental results. 

4.3 Proposed analytical model 

Experimental results and above mentioned FE analysis depicted about the formation 

of passive wedges due to increment of lateral loading. As per strain wedge model [31] 

and wedge failure analysis [32, 33], 3D passive wedge with planar rupture surface can 

be conceptualized from the stressed zones developed in front of the embedded foun-

dation. The final dimensions of the 3D wedge formation to be considered for calcula-

tion depends upon the finally developed stressed zone as measured from the experi-

ments (see Figure 20). The two angles as shown in the figure i.e. α and β along with 

the height of the passive wedge (h) constitute a vital geometrical relationship for the 

three-dimensional passive wedge development. 

In the present study, both pseudo-static and modified pseudo-dynamic approaches 

have been discussed using method of limit equilibrium. The forces acting on the 3D 

passive wedge include reactions forces coming from soil and caisson and tangential 

forces to capture the vertical side reaction. In pseudo-static approach, horizontal and 

vertical seismic acceleration coefficients i.e. kh and kv have been considered to incor-

porate seismicity in the analysis. Following the horizontal and vertical force equilibri-

um in pseudo-static approach [34, 35], seismic passive earth pressure coefficient can 

be formulated as below: 
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Seismic passive earth pressure distribution along with caisson height has also been 

calculated by differentiating the earth pressure values: 
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In modified pseudo-dynamic approach [36-38], seismic inertia forces have been con-

sidered to act on the passive wedge. For analyzing the ultimate soil resistance using 

this approach, 4 assumptions were taken into account as shown below: 

• Wave was considered to be propagating vertically in a Kelvin-Voigt homogene-

ous medium 

• A constant value of shear modulus was assumed throughout the soil 

• Base displacements were assumed to obtain the solutions 
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• Following boundary conditions were imposed upon; (a) at ground surface i.e. z 

= 0, shear stress is zero and (b) the displacements at z = H i.e. at the base coincide 

with the base displacements 

 
 

Fig. 20. (a) Plan view of the idealized passive wedge developed from mobilized stressed zones, 

(b) sectional view of the developed idealized passive wedge 

Consideration of damping in soil by assuming Kelvin-Voigt model [39] and amplifi-

cation of wave during its propagation through soil in modified pseudo-dynamic meth-

od eventually overcome the limitations involved in the both pseudo-static and pseudo-

dynamic approach [40, 41]. For lower values of normalized frequency, damping has 

been found to play a major role in amplifying the acceleration from base to surface, 

however the impact is seen to decrease with higher frequency values. Seismic inertia 

forces used in the force equilibrium in modified pseudo-dynamic approach have been 

demonstrated as follows where the horizontal and vertical seismic accelerations (ah 

and av) were obtained by differentiating the base displacements [36-38], 
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Where, m (z) wedge can be written as the mass of a thin element with thickness dz of 

the idealized passive wedge 
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After following the same methodology as adapted in pseudo-static approach, earth 

pressure distribution have also been estimated. By considering the unit weight of soil 

as saturated or submerged instead of dry, the analysis procedures discussed above 

were extended for submerged soil also [42]. In this approach, both hydrostatic and 

hydrodynamic pressure were added with the lateral soil resistance to obtained total 

passive pressure. For validation purpose, the earth pressure coefficient values calcu-

lated using 3D idealized passive wedge have been compared with the three-

dimensional earth pressure theories used for limit analysis in static condition [43, 44]. 

 

 

Fig. 21. Comparison of the three-dimensional static passive earth pressure coefficients 

Figure 21 shows a good agreement between the coefficient values for lower values of 

soil-caisson interface friction angle. However, for higher values, present analysis 

overestimated the limit analysis results due to the assumption of planar failure sur-

face. Typical variation of seismic passive earth pressure coefficient values in dry con-

dition for different embedment ratios, soil friction angle values have been shown in 

Figure 22 (a-d). The decreasing coefficient values with increasing D/H values en-

hance the applicability of 3D wedge failure analysis as compared to the conventional-

ly used plain strain assumption. For a very high caisson width, the passive earth pres-

sure values acting on a rigid caisson in both static and seismic loading conditions 

match exactly with the Coulomb earth pressure values. This shows the acceptability 

of the proposed methodology in plain strain condition also. 
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Fig. 22. 3D seismic passive earth pressure coefficient values for different soil-caisson interface 

friction values (δ) and embedment ratios (D/H) – (a) δ = 0.0, D/H = 0.24, (b) δ = ϕ/3, D/H = 

0.30, (c) δ = 0.0, D/H = 0.50, (d) δ = ϕ/3, D/H = 1.00 

5 Conclusions 

Behavior of different types of deep foundations that are used to provide stability in 

bridges and high-rise buildings under both static and seismic loading conditions are 

discussed in this paper. Case histories of three different foundations systems, namely, 

long pile foundations, barrette foundations and rigid caisson foundations with soil-

structure interaction analysis have been discussed in detail. The analysis of Mumbai 

Trans Harbour Link founded on large diameter piles has been carried out by consider-

ing soil-structure interaction of bridge foundation using finite element-based comput-

er program, PLAXIS3D. The displacement and relative shear stress along the soil-pile 

interface surface due to combined loading along with the structural forces in piles, 

axial force, bending moment and shear force under combined static and earthquake 

loadings have been presented in this paper. From the numerical analysis results, the 

existing foundation system was found to be able to sustain the earthquake loading. 
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Later, a case study of a 380m tall tower was discussed where based on a comparative 

study of performances, barrette foundation was selected to cater the heavy loads as an 

alternative to the pile foundation. The loading direction and orientation of barrettes 

along with the higher frictional resistance were found to affect both the horizontal and 

vertical capacity as compared to cast-in-situ large diameter piles. The efficacy of bar-

rettes over piles in terms of cost effectiveness has been recognized, however the suit-

ability of barrettes under earthquake conditions is yet to be proven. Lastly, a case 

study of a bridge founded on rigid caisson foundation was studied following pseudo-

static approach where PGA values of different earthquake motions were used as a 

fraction of total lateral load. The passive wedge developed in front of the rigid cais-

sons for both pseudo-static and dynamic condition has been considered in this study 

to initiate an analytical approach where a limit equilibrium method of all the relevant 

forces acting on the 3D passive wedge was taken into account. Both pseudo-static and 

modified pseudo-dynamic approaches have been discussed in this paper by consider-

ing soil as Kelvin-Voigt model with stress free surface condition. The string of dy-

namic soil-structure analyses demonstrated in this study forms a bridge between case 

histories and theoretical analysis by addressing the necessity of an efficient, cost-

effective solution for foundation systems under earthquake conditions. 
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