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ABSTRACT: The complex failure mechanisms that can occur in existing buildings often 
makes seismic analysis through time history analyses very difficult. Given that the failure 
mechanisms control the strength and ductility of a structure, a mechanism-based push-over 
analysis is often the preferred option for seismic assessment. 

The effects of soil-foundation-structure interaction (SFSI) can modify the dynamic 
response of the building and can completely change the deformation mechanisms in the 
structure. These effects are especially important to consider when considering retrofit 
options for a structure, which may result in excessive loads being applied to the foundation. 

The assessment of our ageing building stock is necessary to understand our seismic risk 
and the consideration of SFSI in this assessment is paramount.  In this paper a simple hand-
calculation procedure is proposed to assess existing buildings and rationally consider the 
effects of SFSI. The procedure is compared against an existing fixed base assessment 
procedure for a case study six storey wall building. A strengthening option is also 
considered for the case study wall building, and the change in deformation mechanism is 
captured through the proposed assessment procedure. 

1   INTRODUCTION 

Earthquakes such as the Christchurch earthquake series of 2010-211 demonstrate the need to review 
existing buildings and strengthen aging or poorly designed structures before they collapse. The 
methodology outlined in the book Assessment and Improvement of the Structural Performance of 
Buildings in Earthquakes (NZSEE, 2006) provides a cornerstone for these types of assessments in New 
Zealand. However, there is a need to include the effects of soil-foundation-structure interaction (SFSI) 
into such an assessment procedure. It is widely accepted that SFSI modifies the dynamic response of the 
structure and can lead to increased displacements and changes in the level of hysteretic energy 
dissipation. The soil and foundation deformations can also result in unacceptable levels of residual 
rotation and settlement. 

The main goals of this paper are to demonstrate the importance of SFSI in the seismic assessment of 
existing buildings and to present a simple assessment procedure that includes the effects of SFSI.  

2   ASSESMENT PROCEDURES 

Two displacement-based assessment procedures are herein outlined with reference to a wall 
superstructure. The first procedure assumes the foundation and soil to be rigid and is called a “fixed base 
assessment”, the second is the newly proposed procedure that considers soil deformations and is called 
a “SFSI assessment”. While force-based assessment approaches have ben developed and traditionally 
adopted, they have the intrinsic limitation of relying upon the estimation of the initial stiffness to 
determine displacements, which make it difficult to account for the degradation in rotational stiffness of 
the foundation. 
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2.1   Fixed base assessment 

The fixed-base assessment procedure is based on the procedure from NZSEE (2006) and Ireland (2007) 
and is presented in Figure 1.  

The first step is to determine the moment-curvature relationship of the wall section, to determine the 
yield curvature (φy), yield moment (My), the ultimate curvature (φu) and ultimate moment capacity (Mu).  

The next step is to determine a suitable displacement profile up the wall (∆i), which can be achieved 
with Equation 3 by adding the yield displaced shape (𝛥",$) from Equation 1 to the plastic displaced shape 
(𝛥%,$) (Equation 2).  

 𝛥",$ =
𝜖"
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(1) 

 𝛥%,$ = 𝜙3 − 𝜙" 𝐿% 𝐻$ − 0.5𝐿% − 𝐿7%  (2) 

 𝛥$ = 	  𝛥",$ + 	  𝛥%,$ (3) 

Where 𝜖" is the yield strain of the longitudinal reinforcing steel in the wall, 𝐿)*++ the wall length, 𝐻$ the 
ith storey height, 𝐻)*++ is the total height of the wall,  𝐿% is the plastic hinge length and 𝐿7% is the strain 
penetration length of the reinforcing steel. 

Using the displacement profile, the building can be converted into a single degree-of-freedom (SDOF) 
structure using Equations 4 to 6, where mi is the mass of each storey and hi is the storey height, ∆e, me, 
he  are the effective displacement, effective mass and effective height of the SDOF respectively. 
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The ultimate base shear capacity (𝑉A,B) is the determined using the ultimate moment capacity and the 
effective height (Equation 7). 

 𝑉A,B =
𝑀3

𝐻9
 

(6) 

The yield displacement (∆y) can be determined from Equation 8 for a wall building. 
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The displacement ductility (𝜇) is determined as the ratio of ultimate displacement to yield displacement 
of the SDOF using Equation 9. 

 𝜇 =
𝛥9
𝛥"

 
(8) 

The effective stiffness (Ke) can be determined based on the ultimate base shear capacity and the ultimate 
displacement. The corresponding effective period (𝑇9) of SDOF is then determined using Equation 11. 

 𝐾9 =
𝑉A,B
𝛥3

 
(9) 
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(10) 
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Equations from Priestley can be used to determine equivalent viscous damping and the corresponding 
displacement reduction factor (DRF) (η) or equations from Pennucci (2011) can be used to determine 
the DRF directly. Equation 12 presents the DRF for concrete wall buildings as proposed by Pennucci 
(2011). 

 
𝜂77 =

𝜋𝜇
8.94𝜇 − 5.8

 
(11) 

The displacement demand on the structure (∆demand) can be determined from the displacement response 
spectrum using the DRF and the effective period in Equation 13. Where TC  is the corner period of the 
response spectrum and DC is the corresponding corner displacement. 

 𝛥O9P*;O =
𝜂𝐷B𝑇9
𝑇B

 
(12) 

The displacement capacity is then checked against the displacement demand to assess whether the 
capacity is greater than the demand. Alternatively using a similar approach to determine base shear, 
yielding and ultimate displacement, the force-displacement capacity curve of the wall can be derived 
and the performance point evaluated by intersecting capacity and demand within an ADRS domain 
(capacity spectrum approach). 

 

 
Figure 1 Fixed base assessment of a wall building 

 
Figure 2 SFSI assessment of a wall building 

 

Finally the loads from the structure are applied to the foundation to determine whether the foundation 
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capacity (Ncapacity,lateral) is greater than the demand (Nloads). Where the foundation capacity is assessed 
under applied vertical load, shear force and moment using the loading factors such as those found in 
Vesics (1975). 

2.2   SFSI Assessment 

The assessment considering SFSI accounts for the influence of foundation rotation and soil-foundation 
shear deformation in the dynamic response and of the structure. The procedure is very similar to the 
above fixed base assessment, however, there are a few additional steps to include the foundation 
dynamic response (Figure 2).  

The other advantage of the SFSI assessment procedure is that estimates of residual foundation 
deformations can be made which can be factored into the assessment of the performance of the building. 

The first step is the same as the fixed base assessment, where the moment-curvature behaviour of the 
wall is determined. The next step is to  determine the moment-rotation response of the foundation, which 
can make use the foundation rotational stiffness degradation curve from Millen (2016) in Equation 14 
and shown in Figure 3.  

 𝐾R
𝐾R,S

= 0.8 − 0.04 log=S 𝛷 − 0.7 1 − 𝑒ZS.=[\  (13) 

Where 𝛷 is the corrected normalised foundation rotation determined using Equation 15. 
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Where 𝜃  is the foundation rotation, 𝜃3%+$^_ is the pseudo uplift angle, 𝐿^ is the footing length and 𝐻9∗ 
is the adjusted effective height (Equation 18). The pseudo uplift angle (Equation 16) is not the true angle 
at which foundation uplift occurs but is the moment required for uplift (𝑀3%+$^_) (Equation 17) divided 
by the elastic rotational stiffness (𝐾R) (See Gazetas 1991). 

 
𝜃3%+$^_ = 	  

𝑀3%+$^_

𝐾R
 

(15) 
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𝛼
𝑒
Z mnocpqro
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(16) 

Where 𝛼 is the elastic uplift factor, usually taken as 6.0 for strip foundations, 𝜁 is a non-linear 
modification factor to account for soil non-linearity (Cremer (2001), and 𝑁B*%*B$_",7_*_$B is the ultimate 
bearing capacity of foundation assessed under purely vertical loading.  

 
Figure 3 Foundation rotational stiffness degradation 

The ratio of moment to shear demand on the foundation effects the rotational stiffness of the foundation. 
The ratio of foundation length to effective height provides a proxy for the ratio of moment to shear 
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demand on the foundation for a SDOF, however, for an MDOF the shear demand is much larger because 
of higher modes. Therefore a modified effective height is used in Equation 15 to account for the 
amplified shear force as defined in Equation 18. 

 
𝐻9∗ = 	  𝐻9×

𝑉A,Bz

𝑉A,B
 

(17) 

Where 𝑉A,Bz  is the over-strength base shear due to higher modes and material over-strength. 

The foundation rotation must be estimated to approximate the foundation effective stiffness which can 
then be checked and iterated upon until the assumed foundation rotation is equal to the foundation 
rotation calculated from Equation 19. 

 
𝜃 =

𝑀^
𝐾R,S

 
(18) 

The soil-foundation shear deformation (𝛥^,7{9*R) can also be accounted for using Equation 20, where 
the shear stiffness (𝐾 ,7{9*R) can determined using initial stiffness expressions from Gazetas (1991) and 
an appropriate stiffness degradation factor to account for non-linear deformation. When the shear 
deformation is expected to be small then taking half of the initial stiffness is suitable for estimated soil-
foundation shear stiffness (Millen, 2016). 

 
𝛥^,7{9*R =

𝑉A,Bz

𝐾 ,7{9*R
 

(19) 

The displaced shape used to estimate the equivalent SDOF system must account for the super-structure 
deformation (𝛥77,$), the displacement due to foundation rotation (𝛥^,Rz_,$) and the soil-foundation shear 
deformation using Equation 21. Note that the superstructure deformation does not include the foundation 
height (ℎ^), however, the foundation rotation displacement does. 

 𝛥$ = 𝛥77,$ + 𝛥^,Rz_,$ + 𝛥^,7{9*R (20) 

The SDOF can then be estimated using Equations 4 - 6 from the fixed base analysis. The displacement 
contribution from foundation rotation to the SDOF can be determined using Equation 22. 

 𝛥^,Rz_ = 𝜃 𝐻9 (21) 

The ductility of the superstructure is therefore the total displacement minus the displacement 
contributions from the foundation divided by the yield displacement from Equation 23, where the height 
for the yield displacement should be the effective height minus the foundation height.  

 
𝜇 =

𝛥9 − 𝛥^,Rz_ − 𝛥^,7{9*R
𝛥"

 
(22) 

The DRF’s for each displacement mechanism can be determined. The foundation rotation DRF can be 
determined using the expression from Millen (2016) given in Equation 24 and the soil-foundation shear 
DRF can be taken as 0.76 provided the shear deformation is expected to be small (Millen, 2016). 

 
𝜂^,Rz_ = 	  

1.0
1.0 + 5.0 1 − 𝑒ZS.=}\

 (23) 

The DRF’s can be combined together to give and overall system DRF using the displacement-weighted 
formula in Equation 25. 

 
𝜂7"7 =

𝜂77𝛥𝑠𝑠 + 𝜂^,Rz_𝛥^,Rz_ + 𝜂^,7{9*R𝛥^,7{9*R
𝛥9

 
(24) 

The effective period, effective stiffness and displacement demand can all be determined in the same way 
as for the fixed base assessment (Equations 10 - 13). The displacement demand can be compared to the 
effective displacement to determine whether suitable displacement capacity exists. 
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Finally the estimated level of SFSI-induced settlement (𝛿 ) and residual foundation rotation (𝜃 ,R) can 
be estimated based expressions from Millen (2016) (Equations 26 and 27). 

 𝛿^
𝐿^𝜃

= 0.0337 +
0.218𝑁O9P*;O
𝑁B*%*B$_",7_*_$B

log=S 𝜃 +
1.33𝑁O9P*;O
𝑁B*%*B$_",7_*_$B

+ 0.556 + 0.136𝑇$;$_$*+ 𝑠� 
(25) 

 𝜃 ,R

𝜃
= 0.025 log=S 𝜃 + 0.30 

(26) 

Where 𝑇$;$_$*+ is the initial period of the soil-foundation-structure system and 𝑠� is a shear force 
modification factor given in Equation 28. 

 𝑠� = 0.5 +
0.7𝐿
𝐻9∗

≥ 1.0 
(27) 

3   CASE STUDY 

The different approaches to assessment are compared for a case study wall building. A retrofit of the 
walls, involving increasing strength and stiffness, is then considered and the wall is re-assessed using 
the SFSI assessment to demonstrate the change in deformation behaviour of the wall behaviour. 

3.1   Case study building 

The case study building used for this paper is a modern six storey RC building shown in Figure 4.  The 
building has been deliberately kept very simple and only assessed in the N-S direction to clearly 
demonstrate the different aspects of the assessment procedure. The building measures 25m in the N-S 
direction and 14m in the W-E direction. The distributed mass at each level was 9.3 kPa providing a mass 
of 332 T per floor. The columns were assumed to support 50% of the gravity load and were assumed to 
provide no contribution to the lateral stiffness and strength of the building. The walls were 4.0m long 
and 0.25m wide. The building was assessed for a hazard using a spectrum corner period of 4.0s and 
spectrum corner displacement of 0.66m. 

 
Figure 4 Case study wall building 

The yield curvature (𝜙") and moment (𝑀") of the wall were determined based on the yield curvature 
expression from Priestley (2007) (Equation 29) and assuming a secant-to-yield stiffness of 20% of the 
gross section stiffness (Equation 30). 

 𝜙" = 2	  𝜖"/𝐿)*++ (28) 

 𝑀" = 𝜙" 0.2𝐸𝐼�Rz77  (29) 

The ultimate curvature was determined based on the ultimate concrete compressive strain which was 
taken as 0.004 and the neutral axis depth (𝑐), was taken as 10% of the wall depth. 

 𝜙3 =
0.004
𝑐

 
    (30) 

 𝑀3 = 𝑀" + 0.2𝐸𝐼�Rz77𝑟"$9+O(𝜙; − 𝜙") (32) 
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The building was assessed first using the fixed base assessment and then again with the SFSI assessment 
and finally a retrofit of the wall was considered which strengthen and stiffened the wall by 50% and 
50% respectively. The retrofitted wall building was re-assessed using the SFSI assessment procedure. 

Additional assessment inputs for the building are summarised in Table 1 and a full set of calculations 
can be found at www.pensolve.com/NZSEE_2016_wall_assessments. 

Table 1. Building assessment parameters 

Parameter Value 
Wall height [m] 20.4 
Foundation height [m] 1 
Foundation length [m] 6 
Foundation width [m] 2.5 
Soil shear modulus [MPa] 50 

Soil bearing capacity (q) [kPa] 880 

Concrete Young’s modulus (E) [GPa] 26.5 
Soil internal friction angle (𝜙) 30o 

Soil cohesion [kPa] 0 

3.2   Assessment results 

Table 2 below shows the results of all three assessments. It can be seen that both the fixed base and SFSI 
assessments resulted in the displacement demand exceeding the displacement capacity, thus the retrofit 
was necessary. The displacement capacity of the SFSI assessment is much greater than the fixed base 
assessment due to the displacement contributions from the foundation. Unfortunately the increased 
displacements correspond to an increase in the effective period, which means the displacement demand 
for the SFSI assessment increased slightly. This increase in displacement capacity and demand can be 
seen in Figure 5, where the push-over (capacity) curves from the assessments are plotted against the 
acceleration-displacement response spectrum. The other advantage of the SFSI assessment was the that 
the residual foundation deformations were estimated, with the settlement being 12mm and the residual 
foundation rotation being a 0.1mrad. 

Table 1. Summary of the significant assessment outputs. 

Parameter Fixed base 
assessment 

SFSI 
assessment 

Retrofit 
assessment 

Effective displacement capacity [m] 0.26 0.33 1.0 
Estimated displacement demand [m] 0.33 0.35 0.46 
Base shear [kN] 415 419 464 
Effective period [s] 3.06 3.44 5.9* 
Foundation rotation [rad] - 0.004 0.05** 
SFSI induced settlement [m] - 0.012 0.16*** 
Foundation residual rotation (𝜃 ,R) [mrad] - 0.1 2.0*** 

*Period is greater than the corner period *Set as limit, *** beyond useable limit of equations 

The retrofit design had quite a different behaviour to the original structure because the ultimate base 
moment of the wall (7860kNm) was greater than the moment capacity of the foundation. Therefore the 
full base moment could not be mobilised and instead large foundation rotation was calculated. The 
foundation rotation was limited to 5% for the assessment, although the toppling limit would be closer to 
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15%. By limiting the foundation rotation the wall base moment reached 6800kNm and the effective 
displacement capacity reached 1.0m. The rotations in the retrofit design had correspondingly large 
residual deformations, which may be beyond the reparability threshold and potentially result in the 
undesired and controversial outcome of a total demolition of the retrofitted structure. Although residual 
estimates may be severely inaccurate as the prediction equations were used beyond the limits 
recommended in Millen (2016).  

 
Figure 5 Acceleration-displacement response spectrum (ADRS) and push-over behaviour 

4   CONCLUSIONS 

This paper presents a modification to the existing displacement-based seismic assessment of existing 
buildings to include SFSI effects. SFSI modifies the dynamic response of the building, resulting in 
potentially increased displacements and changes to the level of energy dissipation. Current fixed base 
assessments fail to capture these effects and can result in inadequate assessments of the building 
performance. The retrofit of a building can result in increased loadings on the foundation, potentially 
beyond their bearing capacity. The quantification of these loads on the transient and residual behaviour 
of the soil-foundation-structure system is necessary to ensure adequate decisions are made about retrofit 
options. The proposed new assessment procedure accounting for SFSI effects was demonstrated on a 
case study six storey wall building. 
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