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Abstract: The nonlinear fi nite element (FE) analysis has been widely used in the design and analysis of structural or 
geotechnical systems. The response sensitivities (or gradients) to the model parameters are of signifi cant importance in these 
realistic engineering problems. However the sensitivity calculation has lagged behind, leaving a gap between advanced 
FE response analysis and other research hotspots using the response gradient. The response sensitivity analysis is crucial 
for any gradient-based algorithms, such as reliability analysis, system identifi cation and structural optimization. Among 
various sensitivity analysis methods, the direct differential method (DDM) has advantages of computing effi ciency and 
accuracy, providing an ideal tool for the response gradient calculation. This paper extended the DDM framework to realistic 
complicated soil-foundation-structure interaction (SFSI) models by developing the response gradients for various constraints, 
element and materials involved. The enhanced framework is applied to three-dimensional SFSI system prototypes for a pile-
supported bridge pier and a pile-supported reinforced concrete building frame structure, subjected to earthquake loading 
conditions. The DDM results are verifi ed by forward fi nite difference method (FFD). The relative importance (RI) of the 
various material parameters on the responses of SFSI system are investigated based on the DDM response sensitivity results. 
The FFD converges asymptotically toward the DDM results, demonstrating the advantages of DDM (e.g., accurate, effi cient, 
insensitive to numerical noise). Furthermore, the RI and effects of the model parameters of structure, foundation and soil 
materials on the responses of SFSI systems are investigated by taking advantage of the sensitivity analysis results. The 
extension of DDM to SFSI systems greatly broaden the application areas of the d gradient-based algorithms, e.g. FE model 
updating and nonlinear system identifi cation of complicated SFSI systems.
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1  Introduction 

Finite element (FE) analysis has become a powerful 
tool for design and analysis of structural and/or 
geotechnical systems. Therefore, signifi cant research 
efforts have been devoted to the development of nonlinear 
FE models for structural components or devices (Perić 
et al., 1992), as well as the complex civil infrastructure 
systems (Ueno and Liu, 1987; Karoumi, 1999).

The response sensitivities to various model 
parameters, such as material parameters, geometric 

parameters and loading parameters, are of signifi cant 
importance in many other subfi elds of structural 
engineering using gradient-based algorithms. These 
subfi elds include simplifi ed probabilistic response 
analysis for performance assessment (Singhal and 
Kiremidjian, 1996; Kunnath et al., 2006; Dolšek and 
Fajfar, 2007), fi nite element model updating (Ditlevsen 
and Madsen, 1996; Kleiber et al., 1997), system 
identifi cation (Haber and Unbehauen, 1990; Nelles, 
2001), health monitoring (Doebling et al., 1996), 
structural reliability (Zou et al., 2000), structural control, 
and structural optimization (Yao, 1972). Besides, the 
stand-alone response sensitivity analysis also plays a 
signifi cant role in determining the effects and relative 
importance (RI) of loading/model parameters with 
regard to the system responses(Conte, 2001; Conte et 
al., 2003, 2004; Gu and Conte, 2003; Zoutat et al., 2016; 
Yang et al., 2017; Zdeněk and Valeš, 2017; Fielder et 
al., 2017).

A variety of response sensitivity analysis methods 
have been developed, including the Perturbation Method 
(PM) (Kleiber and Hien, 1992), the Adjoint Method 
(AM) (Kleiber et al., 1997), the Finite Difference Method 



556                                            EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                             Vol.17

(FDM) (Kleiber et al., 1997; Conte et al., 2003), and the 
Direct Differentiation Method (DDM) (Keliber et al., 
1997; Conte, 2001; Conte et al., 2003; Gu and Conte, 
2003; Barbato and Conte, 2005; Zona et al., 2005). 
Among these methods, DDM is general and applicable to 
a wide range of material constitutive models. This makes 
DDM either outperform the other methods in terms of 
accuracy, due to numerical noise or approximation (e.g., 
FDM, PM), outperform the other methods in terms of 
computational effi ciency (e.g., FDM) or being beyond 
the limitation to elastic systems (e.g., AM). However, 
DDM has not been extended to complicated 3D soil-
foundation-structure interaction (SFSI). 

The main contribution of the paper is to bridge 
this gap by extending state-of-the-art FE algorithms 
for response-only computation to the response 
sensitivity analysis. The newly developed algorithms 
are implemented in a general FE analysis framework, 
OpenSees (an Open system for earthquake engineering 
simulation, Mazzoni et al., 2004, 2006), based on which 
the authors have contributed signifi cantly to the DDM 
framework for accommodating various constraints, 
elements, materials, and analysis techniques (Gu et al., 
2008, 2009, 2011, 2013, Ciampoli and Pinto, 1995). 
In this paper, two 3D SFSI systems (i.e., one for a 
prototype of pile-supported bridge pier column and 
the other for pile-supported frame building) subject 
to uniform earthquake ground motion excitation are 
investigated. Response sensitivities of SFSI systems are 
computed with respect to parameters associated with 
the material models in structure (e.g., concrete, steel), 
foundation and soils are studied in detail. Forward fi nite 
difference method (FFD) is used to verify the accuracy 
of the DDM based response sensitivities. Effects and 
relative importance of the model parameters with regard 
to different response quantities of interest in the SFSI 
systems is also explored.

2  Sensitivity analysis using DDM

In the nonlinear FE method, a generic scalar response 
quantity r   can be considered as an implicit function 
of model parameters θ (e.g., geometric, material, or 
loading parameters), and the function is represented by a 
nonlinear FE model, 

 ,r f t                               (1)

The response sensitivity is defi ned as the 
partial derivative of r with respect to parameter θ,   

 ,r f t       , considering both explicit and 
implicit dependencies between function  ,f t   and 
parameter . 

2.1    DDM for general response sensitivity calculation

The DDM differentiates analytically the space- and 
time- discretized equations of motion governing the 

dynamic systems with respect to the model or loading 
parameters. At each time or load step, the consistent FE 
response sensitivities using DDM are computed after 
convergence is reached and before the response state 
is committed. In the context of FE response analysis, 
after spatial discretization, the partial differential 
equation governing the motion of the structural and/or 
geotechnical system takes the form, 

            , , , , ,t t t t         M u C u R u F
 (2)

where  M = the mass matrix, C = the damping matrix, 
  , ,t  R u  = the inelastic restoring force,  ,t F  = the 

dynamic load applied,  ,t u  = the nodal displacement 
vector, t = time and the superposed dot operator = 
differentiation with respect to time, and θ = t    he vector of 
model parameters for sensitivity analysis. The dynamic 
equation can be further discretized along time space 
using numerical integration method (e.g., Newmark – β 
method) widely used in structural dynamics (Chopra, 
1995). A residual equation of motion in the discretized 
form need to be solved:
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The unknown nodal displacement vector at  discrete 
time t = (n+1)  Δt,  1 ,n tu , where Δt denotes the 
constant integration time step, can be solved by driving 
the dynamic residual at discrete time t = (n+1)Δt to 
zero (   1 ,n t  0u ) using iterative methods, e.g., 
the incremental Newton-Raphson algorithm (Simo and 
Hughes, 1998).  

In the following sections, the dependency of 
responses and parameters on time t and θ is dropped 
for convenience. After  1nu  is driven to zero 
approximately such that the tolerance criteria is satisfi ed, 
Eq. (3) can be analytically differentiated with respect to 
θ,  leading to the basic response sensitivity equation as 
(the unknown response sensitivity 1n  u  is to be 
solved),
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In Eq. (5), the derivatives of most terms 
(e.g., 1n  F ) can be computed relatively 
straightforwardly, except for the internal force sensitivity 

  
11 , |

nn   
  uR u  . The notation 1

|
nu  denotes the 

condition that the displacement vector  ,t u  is fi xed. 
Since the internal forces R are assembled using element 
nodal forces, the calculation of   

11 , |
nn   
  uR u  

at the structural level depends on the element type (e.g., 
frame-type elements, the quad element for soil domain). 
The sensitivity of element nodal forces (at element level) 
needs to be calculated, which requires the sensitivities 
of section forces (at section level) and of stresses at each 
integration point (at material level). Theref ore, each 
hierarchy in the nonlinear FE analysis framework needs 
to be differentiated with respect to  , in order to form the 

  
11 , |

nn   
  uR u  in Eq. (5). Taking advantage of 

the software architecture of OpenSees, the algorithms of 
DDM have been implemented by authors and coworkers 
at various hierarchies of the FE response calculations 
for the structural or geotechnical systems. The DDM is 
very accurate since it calculates an analytical solution 
for discretized equation of motion. The DDM is also 
highly effi cient because the Eq. (5) can be solved with 
very limited computational cost, due to the fact that 
the dynamic consistent tangent stiffness matrix (on the 
left hand side of Eq. (5)) and its LU decomposition has 
already been obtained during the FE response analysis. 
A brief introduction is provided as follows, and readers 
can refer to the relative literatures for details (Zhang and 
Der Kiureghian, 1993; Kleiber et al., 1997; Conte et al., 
2001, 2003; Gu and Conte, 2003, Li et al. 2017).

2.2  DDM for frame-type components in structural 
        systems

In this section, the displacement-based beam-
column element is used for the frame-type components, 
e.g., piles and piers in bridges, beams and columns in 
buildings. The derivative of the internal resisting force 
vector   

11 , |
nn   
  uR u  in Eq. (5) can be directly 

assembled from the element resisting force derivatives, 
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where, (e)
bA  is the Boolean localization matrix for 

element “e”,  e T
REZ ,  e T

ROT ,  e T
RBM  are the kinematic 

transformation matrices, where REZ accounts for the 
rigid end zone, ROT accounts for the rotation from 
global to local reference system, and RBM accounts 
for the rigid body modes (using the transformation 
from local to basic reference system), and ( )B x  is a 
transformation matrix between element displacement 
and strain. The response sensitivity calculation at the 

section and material level  ( )  x  depends on the 
type of sections or materials, therefore are not presented 
herein, but can be found in the literature (McKenna and 
Fenves, 2001; Barbato et al., 2010).  

2.3  DD M for soil-foundation system

The DDM-based sensitivity algorithm has been 
extended to various 3D material models for soil-
foundation systems in OpenSees, including the multi-
yield surface J2 plasticity clay soil model, the bounding 
surface sandy soil model, the truncated Drucker-Prager 
model, and the cap plasticity model. Readers of interest 
are referred to the literatures (Iwan, 1967; Mroz, 1967; 
Sandler et al., 1976; Prevost, 1977, 1978; Dafalias, 
1986; Wang and Dafalias, 1990; Elgamal et al., 2003; 
Gu and Wang, 2013; Gu et al., 2009, 2010, 2015, 2016; 
Gao et al., 2015 ; Xie and Zhang, 2017)

3  Application examples

The SFSI during an earthquake process consists 
of the kinematic effects and the inertial effects.  The 
input ground motion to the base of the structure will 
be different from rigid base excitation in terms of 
amplitude, frequency components, as well as the 
additional rotational component of the foundation. 
Including SFSI in the system response prediction and 
performance assessment is of signifi cant importance, 
as explored in the literature (Goschy, 1978; Dutta 
and Roy, 2002; Liu, 2012). By accounting for the 
SFSI using continuum mechanics-based model of soil 
domain, the SFSI effects are addressed and its effects 
on the structural and geotechnical system responses 
can be studied. In this paper, instead of focusing on the 
response of SFSI systems subject to earthquakes, the 
response sensitivity to the SFSI model parameters is 
investigated. Two prototype SFSI systems are developed 
and analyzed in OpenSees, taking advantage of the 
fi ber-based nonlinear beam-column elements for frames 
and the 3D constitutive models for the foundation and 
soil, as well as the associated DDM based FE response 
sensitivity analysis algorithms for SFSI systems.

3.1  A pile-supported bridge pier

In the context of bridge engineering, a pile-supported 
bridge pier column supported on a single pile embed in 
clay soil medium is studied, with the FE model shown 
in Fig.1(a). This SFSI system consists of the soil domain 
with dimensions 5.6 m × 2.0 m × 5.0 m, the reinforced-
concrete (RC) pile with a circular cross section of a 
diameter 0.3 m, and the pier column with the same cross 
section as the pile (e.g., 1.0 m extension) and a lumped 
mass of 10.0 tons at the top. This pile-supported bridge 
pier column aims to represent the fundamental mode in 
the transverse direction of a bridge. 

In the FE model of the SFSI system, the layered 
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soil medium is modeled using isoparametric four-node 
quadrilateral fi nite elements and a pressure-independent 
multi-yield surface 2J  plasticity constitutive model 
(Elgamal et al., 2003). The soil medium consists of 
fi ve different soil layers and the variation of the soil 
properties is accounted through different material 
model parameters. The pile and the pier column are 
modeled using displacement-based Euler-Bernoulli 
beam-column elements with distributed plasticity (Fig. 1(b)). 
The cross sections are discretized into fi bers with a 
specifi c nonlinear uniaxial material model assigned to 
each fi ber. The uniaxial material models based on the 
Kent-Scott-Park model with zero tension stiffening 
(Scott et al. 1982), denoted as concrete01 in OpenSees, 
with a compressive strength of 28.0 MPa and 34.0 
MPa, are used for the unconfi ned concrete cover layer 
and the confi ned concrete core, respectively. The one-

dimensional 2J  plasticity model UniaxialJ2Plasticity, 
with both kinematic and isotropic hardening (Barbato 
and Conte, 2006)  and yield strength of 248.0 MPa, is 
used to model the reinforcing steel along longitudinal 
direction. Note that no sliding interface is modeled 
between the pile and soil here. However, quasi-rigid 
beam-column elements with exceedingly stiff properties 
(to represent the volume of the pile) are used to account 
for the geometric offset between the centroid of pile and 
the periphery of the pile, by connecting the periphery 
nodes of the quasi-rigid beam-column elements with the 
corresponding soil nodes at the periphery of the cross 
section of the pile (refer to C and E, D and F in Fig. 
1a).  Detailed material model parameters used in this 
SFSI system are shown in Table 1, and the response 
sensitivities to these parameters are investigated based 
on the DDM analysis of the FE model subject to an 

Fig. 1   FE modeling of the SFSI prototype for a pile-supported bridge pier: (a) isometric view, (b) pile-pier model using nonlinear 
             fi ber displacement beam-column element, (c) model of soil using brick element and multi-yield surface J2 plasticity model
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Table 1   Material model paramters used in the SFSI system prototype for a pile-supported bridge pier
Concrete Reinforcing steel Soil

Para. Core Cover Para. Para. G (kPa) τmax (kPa) K (kPa)
fc (kPa) 3.4×104 2.8×104 E (kPa) 2.10×108 #1: sand 5.445×104 33 1.6×105

fcu (kPa) 2.4×104 0 fy(kPa) 2.48×105 #2: sand 3.38 ×104 26 1.0×105

εc0 0.005 0.002 b 0.02 #3: sand 6.125×104 35 1.8×105

εcu 0.02 0.006 - - #4: sand 9.68×104 44 2.9×105

- - - - - #5: pebble 1.8×105 60 5.4×105
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earthquake ground excitation.  
A simple shear condition for the soil domain is 

imposed by enforcing the same displacement response 
for the corresponding degree-of-freedom, in both the 
x- or y-directions, of the boundary nodes at the same 
depth. The seismic loading is applied to the SFSI system 
along the x axis in terms of uniform base excitation. 
For the purpose of illustration and validation, the north-
south component of the 1940 Mw 6.9 Imperial Valley 
earthquake (denoted as the El Centro 1940) is used as 
the seismic input motion at the base of the SFSI system 
with a scale factor of 2.0, see Fig. 2, in order to develop 
signifi cant nonlinearity in the model during the seismic 
excitation. The nominal dynamic integration time step 
is 0.01 seconds and adaptive time steps between 0.001 
and 0.01 seconds are used to improve the convergence 
performance whenever necessary during the process of 

time history analysis in OpenSees.
 Under the imposed earthquake ground motion, the 

seismic response of the SFSI system is investigated in 
Figs. 3 and 4.   Figure 3 shows the relative displacement 
of the SFSI system at various heights, including the 
displacements for the pier top 1u  and different soil 
layers with respect to the base ( 2u , 3u , 4u , 5u , 6u , see 
Fig. 1(a)) . Large displacement of the pier top is due to 
the fl exure deformation of the pier column, as well as the 
translational and rotational displacements at the column 
base (see Fig. 4(a)). Due to SFSI effects, the additional 
rotational component at the bottom of the pier at ground 
surface also contributes to the displacement at the pier 
top. Figure 4(b) shows the displacement envelope in the 
SFSI system. Under such a strong excitation, signifi cant 
nonlinear behavior is observed through the moment-
curvature response at the bottom section of the pier 
column (point A in Fig. 1(a)), as shown in Fig. 4(c). The 
soil layers experienced different levels of deformation, 
and signifi cant nonlinearity can also be observed through 
the shear stress-strain responses for a representative 
point in the soil (point B in Fig. 1(a)), as shown in 
Fig. 4(d). 

During the time history analysis of the SFSI system, 
the response sensitivities of pier top displacement 
with respect to model parameters are computed based 
on DDM sensitivity analysis. The parameters include 
those in reinforcing steel, cover concrete, core concrete, 

 Fig. 2  Earthquake ground motion acceleration history (El 
              Centro 1940, PGA = 0.326 g)
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and soil. To verify the DDM results, the normalized 
sensitivity of the relative displacement at the pier top with 
respect to the strain at peak strength of core concrete, 
 1 0 0c cu    , are studied in detail. The response 
sensitivity calculated by FFD with decreasingly small 
perturbations (   from 10%, 1%, 0.1%, to 0.01%) 
are compared with the DDM results, as shown in   Fig. 5. 
It shows that the response sensitivity obtained through 
FFD (with 10%, 1% and 0.1% perturbation) converges 
to the sensitivity analysis result obtained through DDM 
due to the reducing truncation error in FFD. However, 
further decreasing the perturbation of the sensitivity 
parameter to 0.01% leads to the ‘divergence’ of FFD 
sensitivity from DDM result, due to the round-off error 
in FFD. In some special cases, there will never be a 

suitable perturbation size, using which the FFD provides 
acceptable sensitivity approximation, and this is called 
the ‘perturbation size dilemma’. The verifi cation 
example using FFD shows an important advantage 
of DDM over FFD, that is, the DDM is insensitive to 
numerical noise. Through analysis not shown herein 
(Gu et al., 2013), the normalized sensitivity  r     
by DDM has the same precision with the response r , 
while the accuracy of  r     by FFD is signifi cantly 
worse than that of response r . The DDM is not only 
very accurate, but also highly effi cient, able to save up 
to  40% CPU time over FFD for small scale problems. 
This advantage signifi cantly increases with the scale of 
problems. Therefore the DDM is particularly suitable for 
large scale SFSI problems.  

The time histories of the normalized response 
sensitivity with respect to the fi ve most sensitive 
parameters are presented in Fig. 6. These parameters are 
fc,cover, εcu,cover, σy,steel, Esteel, εc0,cover. The cover concrete will 
be damaged and therefore is very sensitive on affecting 
the system responses. The steel properties are also 
relatively sensitive. The tornado plots for the sensitivity 
at the occurrence of the peak response sensitivities are 
presented in Fig. 7 for parameters in cover concrete, core 
concrete, steel and soil materials, respectively. It shows 
that different material parameters play signifi cantly 
different roles in affecting the response quantities of 
interest (e.g., the pier top displacement). This standalone 
sensitivity analysis provides insightful guidance for 
the FE model updating or calibration, in sense of 
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determining which parameters should be updated or 
calibrated. For this specifi c example, the most sensitive 
parameters in concrete cover, concrete core, steel and 
soil are almost the strength related parameters: fc,cover, fc,core, 
σy,steel, and 1G . Based on the studies not shown herein, the 
stiffness related parameters are more important for weak 
earthquake input, while the strength related parameters 
are dominant for strong earthquake input (Gu et al., 
2013). Comparing the four groups of parameters in 
Fig. 7, it is observed that the parameters of cover 
concrete is the most sensitive and those of core concrete 
are least sensitive among all material parameters. A 
complete comparison of the normalized sensitivity of 
the top displacement with respect to all the sensitivity 
parameters is studied and the relative importance RI of 
parameters with decreasing importance is: (1) fc,cover, (2)
εcu,cover, (3)

 
σy,steel, (4) Esteel, (5) εc0,cover, (6) G1, (7) τmax,1, (8)

G2, (9) τmax,2, (10) G3, (11) G4, (12) fc,core, (13) G5, (14) 
εc0,core, (15) τmax,4, (16) τmax,3, (17) b, (18) τmax,5, (19) fcu,core, 
(20) εcu,core.

3.2   A pile-supported RC frame building

The second application example used in this paper 
is a SFSI system prototype for a pile-supported 3D RC 
frame building structure, with each of the four frame 
columns at the ground surface supported on a single-pile 
foundation. This building is a 3-story 1-by-1-bay RC 
frame with concrete slabs at each fl oor as shown   in Fig. 
8(a), subject to the earthquake ground motion input in 
both x-direction and y-direction, shown in Fig. 8(b) and 
(c) respectively. The dimensions of the building frame 
are also shown in Fig. 8(a), with the same story height 
h = 3.66 m and fl oor dimension of 6.10 m × 6.10 m. The 
piles embedded in soil are 4.0 m deep below the ground 
surface and assumed to have the dimension and material 
properties as the frame columns. 

Nonlinear seismic response of the SFSI system 
is simulated using a nonlinear FE model with the 
frame modeled using displacement-based Euler-
Bernoulli beam-column elements with distributed 
plasticity developed in OpenSees (Mazzoni et al., 
2006). These elements with fi ber-discretized cross 
sections (represented by integration points) are used 
to characterize the spread of plastic regions along 
the element length. More details about distributed-
plasticity FE models using displacement-based beam-
column elements can be found in Taucer et al. (1991). 
The nonlinear material behavior of each fi ber of the 
discretized RC section is defi ned by uniaxial material 
constitutive laws for the concrete and the bilinear 
hysteretic model for the reinforcing steel. The concrete 
slabs are modeled through a rigid diaphragm constraint 
at each fl oor to impose rigid in-plane behavior. 
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In the SFSI system, the soil domain of dimension 
22.3 m × 22.3 m × 8 m is accounted and modeled using 
a pressure-independent multi-yield surface 2J plasticity 
constitutive model (Elgamal et al., 2003). The embedded 
pile is represented in the same manner as described 
in the previous example. The same simple shear 
condition for the soil domain as in example 1 is used by 
enforcing the same response for corresponding degree-
of-freedom, in both the x- or y-directions, of all the 
boundary nodes with the same depth. In this application, 
bidirectional horizontal earthquake excitations (the 1978 
Tabas Earthquake) are applied, with the fault-normal 
component imposed in the x-direction and fault-parallel 
component imposed in the y-direction. The peak ground 
acceleration (PGA) for both components are scaled up 
close to 1.0 g to excite the SFSI system and make it 
signifi cantly yield.

Figure 9 shows the global and the local responses 
of the SFSI system considered here.   Figure 9(a) shows 
the envelop of the relative displacements (with respect to 
the bottom of soil) of the soil layers and frame structure 
in both the x-direction and y-direction. The soil in the 
y-direction deformed more than the x-direction, while 
the structure deformed more in the x-direction, and 
this is mainly due to the dynamic properties in the soil 

and structure as well as the frequency and amplitude 
properties in the seismic input. Figure 9(b) shows the 
moment curvature behavior of the bottom section of 
a corner column   (point A in Fig. 8(a)). The column 
experienced signifi cant nonlinearity in both directions. 
Similarly, the nonlinearity in the soil domain can be 
observed in Fig. 9(c), which shows the shear stress – 
strain behavior during the earthquake excitation for the 
soil located at the point B (see Fig. 8(a)). Under this 
earthquake ground motion excitation, the SFSI system 
has yielded in both the structure and the soil. 

Further verifi cation of DDM is performed using 
FFD based on this SFSI system, shown in Fig. 10. The 
diffi culty of choosing the appropriate perturbation of 
parameters in FFD tends to be problematic, because of 
the dilemma of the perturbation size. The perturbation 
cannot be too large or too small because of the truncation 
error and round-off error, which is particularly true for 
large complicated nonlinear SFSI systems.  

Figure 11 shows the time histories of the normalized 
response sensitivity with respect to the four most 
sensitive parameters for the SFSI system: τmax,4, Ecol, 
τmax,3, fy,steel. 

Figure 12 summaries the normalized response 
sensitivity at the occurrence of the peak response 

 Fig. 8   The FE model of the SFSI prototype for a RC frame building: (a)  the modeling details, (b) the earthquake ground motion 
             input in x-direction, (c) the earthquake ground motion input in y-direction
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sensitivity with respect to the building frame parameters, 
the foundation parameters, and the soil parameters, 
respectively. It is clear that the three parameters, τmax,4, 
Efoundation,steel, and τmax,4  are most sensitive parameters of 
the structure, foundation and soil, respectively, while 
the parameters in foundation is much less sensitive than 
those in structure or soil. 

Comparing the normalized sensitivity of the top 
displacement in both x- and y-directions with respect 
to all the sensitivity parameters considered here, the 
relative importance RI of these 23 material parameters on 
the top displacement in the x-direction with decreasing 
importance is: (1) τmax,4, (2) Esteel, (3) τmax,3, (4) σy,steel, (5)
fc,cover, (6) fc,core, (7) G2, (8) τmax,1, (9) G1, (10) Efoundation,steel, 
(11) σy,foundation,steel, (12) εc0,core, (13) εc0,cover, (14) G3, (15)
τmax,2, (16) G4, (17) εcu,cover, (18) bsteel, (19) fcu,core,foundation, 
(20) εc0,core,foundation, (21) bfoundation,steel, (22) fcu,core, (23)
εcu,core. The RI of these 23 material parameters on  the 
top displacement in the y-direction with decreasing 
importance is: (1) σy,steel, (2) τmax,4, (3) Esteel, (4) τmax,3, (5) 
fc,core, (6) fc,cover, (7) τmax,1, (8) σy,foundation,steel, (9) G2, (10)τmax,2, 
(11) G3, (12) Efoundation,steel, (13) G4, (14) εcu,cover, (15)εc0,core, 
(16) G1, (17) εc0,cover, (18) bsteel, (19) fc,core,foundation, (20)
εc0,core,foundation, (21) bfoundation,steel, (22) fcu,core, (23) εcu,core.The 
stand-alone sensitivity analysis for such SFSI systems 
provided invaluable information of gradient information 
of the system response, which can be used for further FE 
model updating studies for SFSI systems. 

4   Conclusions 

With the emerging need of computing effi cient and 
accurate response sensitivities, the direct differential 
method (DDM) has been developed for both structural 
and geotechnical systems. This paper presented the 
fundamental theory of DDM, the advantages of DDM in 
the sense of accuracy and effi ciency over other gradient 
computation methods, the extension of DDM to various 
constraints, elements, sections and materials, and their 
applications to sensitivity analysis of complicated 
three-dimensional soil-foundation-structure interaction 
(SFSI). Two prototype systems (one for a pile-supported 
bridge pier column, and the other for a pile-supported 
RC building frame) are used to investigate the response 
sensitivity with respect to various parameters in the 
structure, foundation and soil materials. The forward 
fi nite difference (FFD) method is used to validate DDM 
through the asymptotically convergence of FFD-based 
sensitivity with increasingly small perturbations, and 
the selection of perturbation size is discussed based 
on error analysis for FFD. The comparison between 
DDM and FFD demonstrates the advantages of DDM 
(e.g., accurate, effi cient, insensitivity to numerical 
noise). Furthermore, the relative importance and effects 
of the model parameters of structure, foundation and 
soil materials on the responses of SFSI systems are 
investigated by taking advantage of the sensitivity 
analysis results. The extension of DDM to SFSI systems 

will boost the other hotspot research topics based on 
FE analysis and gradient-based algorithms, e.g. FE 
model updating and nonlinear system identifi cation of 
complicated SFSI systems.
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