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ABSTRACT 
Widespread damage within urban centres (e.g. in the 2011 Christchurch Earthquake) and increasing urbanisation are 
key motivating factors in better understanding the seismic structure-soil-structure interaction (SSSI) between closely-
spaced adjacent building structures.  It has been known for some time that SSSI can affect the dynamic response of 
adjacent structures either beneficially or detrimentally, on ground which is responding elastically.  More recent work 
based on geotechnical centrifuge testing has further demonstrated that SSSI can also strongly influence the post-
earthquake settlement and rotation of structures, associated with the foundation behaviour.  Although these foundation 
responses do not necessarily affect the collapse damage condition (life safety), they can be very damaging in terms of 
service life of the building.  This paper will consider the effects of a change of use being made by the owners of one 
building within a small group of initially identical low-rise structures, with the change resulting in an increase in mass (and 
hence increase in natural period and reduction in footing factor of safety).  Potential mitigation of any negative effects 
induced on any of the structures due to the change will also be considered using ground modification (densification) and 
foundation strengthening (extending foundations from strips to a raft).  In urban areas mitigation is complicated by the 
fact that ownership of the adjacent structures will most likely be different, and so mitigation will be limited to the structure 
with the change of use and the ground beneath it.  Numerical simulations using the Finite Element method will be 
conducted for the case when the subsoil is non-liquefiable, utilising a soil model which has previously been validated for 
SSSI problems against dynamic centrifuge testing data. It will be demonstrated that the decision to alter just one 
structure in a group may have detrimental effects on its own performance, but will also affect the response of the 
adjacent structure, either detrimentally or beneficially, depending on the type of foundation (strips or raft). Densification 
beneath the modified structure can neutralise at least some of these effects to the extent of also protecting the 
neighbouring structure. This is in contrast to improving the foundation type by extending the strips to a raft, where the 
impact on both structures is always detrimental. It is clear that the effects of SSSI mean that the performance of 
neighboring buildings in dense urban areas should be considered when making decisions about change of use or 
otherwise modifying the seismic performance of individual buildings within the group.   
 
 
 
1. INTRODUCTION 
 
Despite wide acceptance of the concept and effects of 
soil-structure interaction (SSI) of isolated structures over 
the past 50 years, comparatively little attention has been 
paid to consideration of structure-soil-structure interaction 
(SSSI), i.e. the consideration of group effects of adjacent 
structures during earthquake motions. Due to increasing 
urbanization and population growth, SSSI is fast 
becoming a more pressing issue to fully understand, and 
potentially exploit in structural and geotechnical design of 
buildings. In rapidly developing and densely populated 
urban areas, instead of demolition of old buildings at the 
end of their design life, it is increasingly desirable to 
enable change of use of a building if the structure is still 
sound. This may result in increased loading or 
modification of the internal structure, which may affect the 
mass or stiffness properties of the structure. For low rise 
structures (of low natural period), increases in mass or 
reduction of stiffness will cause detrimental effects on the 
seismic response and these may be sufficient to require 
some form of remedial action.  Changing the dynamic 
properties of one structure within a group may also 
change the SSSI and therefore have impacts on the 
neighboring buildings.   

In this paper, the effect of changing one of an initially 
identical pair of adjacent low-rise two-storey buildings will 
be considered, along with different potential mitigation 
options applied to the modified building. These will be 
investigated using Finite Element Modeling (FEM). 
Previous studies of SSSI have generally focused on linear 
elastic “soil”, in which the subgrade cannot therefore 
replicate real soil behavior such as strain hardening and 
volume change during strong earthquake motions. Such 
non-linear behavior is potentially highly significant for 
urban areas which are struck by a sequence of strong 
motions and aftershocks over a (relatively) short period of 
time (i.e. before any remedial works have taken place). 
The Canterbury Earthquake Sequence which affected the 
city of Christchurch in New Zealand from 2010 to 2011, 
are considered in this paper as an example of this effect. 
The FEM will use a non-linear elasto-plastic soil model 
which has previously been validated against centrifuge 
test data generated at the University of Dundee, UK 
(Knappett et al. 2015).  

Two initial types of shallow foundations are considered 
for the structures (separated strip foundations and a one-
piece raft). One of the buildings in the pair will be 
subjected to an increase in mass due to a change of use 
by the building’s owner, lengthening the fundamental 
period and reducing the static factor of safety of the 



 

foundations, resulting in a generally detrimental effect on 
its performance. For the case of the adjacent buildings 
having strip foundations, possible solutions of 
densification beneath the building or extension of the strip 
foundations to a raft foundation will be considered. For the 
case of the adjacent buildings initially having raft 
foundations, densification only will be considered.   
 
 
2. FINITE ELEMENT MODELING (FEM) 
2.1     Structural design 
 
The prototype structures considered are designed to be 
identical two-storey, single square bay, single degree of 
freedom steel moment resisting frames with concrete 
slabs sitting on different types of concrete shallow 
foundations. These are modeled using a 2D plane strain 
model under uniaxial horizontal earthquake shaking.   

The fundamental natural period of the steel frame 
structure was derived from Eq.1, where N is the number 
of stories of the structure:  
 

                             𝑇𝑛 = 0.1𝑁                                      [1] 
 
Then, the mass of each floor was determined based on a 

3.6 m  3.6 m  0.5 m concrete slab (M1 = M2 = 16531kg). 
The stiffness of the four columns per storey was then 
determined by combining Eq.1 and Eq.2 (with K1 = K2), 
and selecting the closest available Universal Column size 
to provide an appropriate amount of bending stiffness EI:  
 𝑇𝑛 = 2𝜋√𝑀𝑒𝑞𝐾𝑒𝑞                              [2]

 
where: 
 

                         𝑀𝑒𝑞 = 𝑀1 𝑦1̅̅ ̅2 + 𝑀2 𝑦2̅̅ ̅2
                            [3] 

 

                    𝐾𝑒𝑞 = 𝐾1(𝑦1̅̅ ̅)2 + 𝐾2(𝑦2̅̅ ̅ − 𝑦1̅̅ ̅)2                      [4]  

 
and the normalized modal coordinates associated with the 

fundamental mode were 𝑦1̅̅ ̅ = 0.45 and 𝑦2̅̅ ̅ = 0.89.   
According to Aldaikh et al. (2016), based on analyses 

using a linear elastic subgrade, the greatest change in 
both spectral power and peak acceleration response in a 
pair of adjacent buildings during earthquake motions 
occurs when their natural period vary by 20%. Based on 
this, the change of use of one of the buildings was 
simulated as an increase of mass on each storey by 44%, 
resulting in a similar change in Meq and a 20% 
lengthening of Tn.  

As a result, the natural period of the initial and 
modified buildings were 0.21s and 0.25s, respectively. 
Strip footings were 1.2 m wide and 0.5 m thick, resulting 
in static Factors of Safety (FOS) of 3.0 and 2.4 for initial 
and modified buildings respectively; raft foundations were 

4.8 m  4.8 m and 0.5 m thick, with FOS of 14.7 and 12.2 
(applied design factors in Eurocode 7). 

FEM simulations of all cases were plane strain 
analyses conducted in PLAXIS 2D 2016 with a subsoil 
body extending laterally to 100 m in width with non-
reflecting boundary elements to avoid boundary effects 

(Lysmer & Kuhlemeyer 1969). The structural and 
foundation elements were modelled using elastic plate 
elements with equivalent properties per metre length 
which are shown in Table 1. The only difference between 
the two structures was the mass of the horizontal beam 
elements (modeled as a uniformly distributed load w), 
which was increased by 44%. 

The spacing between the edges of the foundations of 

adjacent buildings was 1.2 m, which is 0.25 width of 
each structure’s footprint (i.e. including the foundation) 

and 0.33 width of a structural bay.  

Equivalent viscous damping () within the structures of 
5% was modeled using Rayleigh Damping:  

 

                     = 𝑐𝑚 (𝑇𝑛4𝜋) + 𝑐𝑘 ( 𝜋𝑇𝑛)                          [5] 

 
The mass and stiffness proportionality coefficients were 

set to be 𝑐𝑚 = 1.1 and 𝑐𝑘 = 0.002 in both structures.  
 
 
Table 1. Section properties 
 

Prototype Properties: Equivalent plane strain: 

Concrete Slab 3.6m3.6m0.5m 
(C25 concrete) 

EA=13106 kN/m 

EI=27104 kNm2/m, 

winitial=12.5 kN/m/m, 

wModified=18.07 kN/m/m 

Steel column 20320386 UC  

(3m storey height) 

EA=4.02106 kN/m, 

EI=11.6103 kNm2/m, 
w=9.07kN/m/m 

Concrete Strip 
Foundations 

1.2m4.8m0.5m 
(C25) 

EA=13106 kN/m, 

EI=27104 m2/m, 

w=12.5 kN/m/m Concrete Raft 
Foundations 

4.8m4.8m0.5m 
(C25) 

 
 
2.2     Soil Profile 
 
The subsoil profile considered consisted of 8 m of non-
liquefiable silica sand (Congleton HST95), the constitutive 
properties for which have been previously determined 
(e.g. Knappett et al., 2016). The ‘Hardening soil model 
with small-strain stiffness’ constitutive model in PLAXIS 
was applied in these simulations (Shanz et al. 1999). 
Uniform medium-dense (Relative density, Dr = 55%) Silica 
sand was used for the subsoil with an area of 
densification beneath some of the structures of Dr = 90% 
(see later). The set of calibrated parameters shown in 
Table 2 from Al-Defae et al. (2013) use only Dr as an input 
parameter. It was further shown by Al-Defae et al. (2013) 
that additional Rayleigh Damping is required to match the 
dynamic soil response in centrifuge tests, suggesting  𝑐𝑚 = 0.0005 and 𝑐𝑘 = 0.005 in Eq.5. These values were 
adopted in this study.  

In order to model a realistic and achievable relative 
density for cases where densification was applied as a 
remedial technique, a series of case studies using 
different densification techniques in sands were collated 
from the literature. Figure 1 summarises in each case the 
range of relative density before and after treatment as 



 

measured by in-situ testing, from which Dr = 90% was 
selected for the densified zone, given the starting Dr = 
55% (specific parameters showed in Table 2).  
 
 
Table 2. FEM soil model parameters 
 

Parameter 
HST95(Al-Defae 
et al. 2013) 

Dr=0.55 Dr=0.90 Units 

φp' 20Dr+29 40 47   deg. 

c' 0 0 0 kPa 

ψ' 25Dr-4 9.75 18.5 deg. Eoedref  25Dr+20.22 34.0 42.7 MPa E50ref 1.25 42.5 53.4 MPa Eurref 3 101.9 128.2 MPa 

νur 0.2 0.2 0.2 - G0ref 50Dr+88.8 116.3 133.8 MPa 

εs,0.7 1.7Dr+0.67(×10-4) 1.6×10-4 2.2×10-4 - 

Rf 0.9 0.9 0.9 - 

m 0.6-0.1Dr 0.55 0.51 - 

γ 3Dr+14.5 16.2 17.2 kN/m3 

 
 

 
Figure 1. Summary of densification case studies 
 
 
2.3     Simulation configurations 
 
The different cases simulated are shown in Figure 2. 
Simulations (a) and (e) represent the initial (benchmark) 
configurations of two identical adjacent structures with 
either strip foundations (a) or raft foundations (e). 
Modification of the structural use (increase in mass and 
lengthening of period) was applied to the right-most 
building, resulting in cases henceforth referred to as 
‘Change of use’ – cases (b) and (f).  

To mitigate the increased structural response (inter-
storey drift) due to the lengthened period, two 
geotechnical options were considered with the aim of 
reducing the SSI effect for the modified building through 
increasing the foundation stiffness to compensate. Option 
1 consisted of densifying the subsoil beneath the modified 
building to 90% down to a certain depth (3 m below 
ground level in this paper) – cases (c) and (g). For the 

case of the buildings initially on strip foundations,  a 
further method (Option 2) consisted of changing the 
foundation type under the modified building only to a raft 
(case (d)). Structural and soil parameters were otherwise 
kept the same in all simulations for direct comparison. 
Figure 3 shows the mesh distribution on (c), where a 
rectangular shape mesh can be observed beneath the 
right structure for the densification area. Key performance 
indicators were measured through the example lettered 
points shown in Figure 3.  Post-earthquake settlement 
and magnitude of post-earthquake tilt were determined 
from vertical displacements of points A and B; C and D. 
The peak magnitude of inter-storey drift across the first 
storey (‘drift01’) was determined from the horizontal 
displacements at A, B and E; C,D and G. Inter-storey drift 
across the second storey (‘drift12’) was determined from 
the horizontal displacements at E and F; G and H.  
 
 

 
Figure 2. Simulation configurations 
 
 

 
Figure 3. 2D FEM mesh (case (c) in Figure 2 shown) 
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2.4     Dynamic Excitation 
 
When earthquakes occur, strong motions can be followed 
by large aftershocks, resulting in continuing permanent 
‘damage’ to non-linear soil and potentially also the 
structure(s) standing on it. A sequence of four sequential 
strong earthquake motions from the Canterbury Series of 
2010-2011 (Christchurch, New Zealand) was used in 
each simulation. Time histories of the input excitations are 
shown in Figure 4), though these were re-ordered to 
simulate a large earthquake followed by smaller 
aftershocks. The Christchurch Earthquake of 22nd Feb. 
2011 was one of the strongest motions (PGA = 0.36g) in 
the series and the most damaging to the city of 
Christchurch and this was selected to be the first motion. 
This was followed by the 13th June (a) motion (PGA = 
0.18g), one of the main shocks in June, 2011. The 
Darfield Earthquake (PGA = 0.15g) of 4th Sep. 2010 was 
the third motion, followed by the other major shock from 
13th June 2011 (motion (b)).  
 

 

 

 

 
Figure 4. Input Earthquake motions (after filtering) 
 
 
All earthquake motions were taken from the CBGS 
recording station at the Christchurch Botanical Gardens. 
So that the motions could subsequently also be used in 
future centrifuge tests, the motions were filtered using an 
eighth order Butterworth filter with a pass band between 1 
- 7.5 Hz. The whole series of input motions was 

considered as one long earthquake motion put into 
PLAXIS to take continuously accruing deformation into 
account. Permanent rotation (structural tilt), peak seismic 
settlement and inter-storey drift were recorded after each 
earthquake. 
 
 
3. INSIGHTS INTO SSSI EFFECT ON CHANGES OF 

BUILDING USE 
 
Table 3-Table 6 summarize the results for the buildings 
initially on strip foundations (Table 3and 4) and those 
initially with raft foundations (Table 5and 6) in terms of the 
key performance indicators mentioned in Section 2.3. The 
actual deformations are given for the ‘initial’ cases, while 
for the ‘change of use’ and remedial option cases, values 
are given as a percentage increase or decrease relative 
to the initial case. Cells colored in green represent that 
the change made has a beneficial impact on a structure’s 
performance compare with the initial condition; and 
detrimental impacts are represented by red. Impact 

smaller than 10% was marked as ‘no change’ in the 
uncolored cells.  
 
3.1     SSSI effects for strip footing cases 
 
3.1.1     Modified building (right) 
 
For the modified building, the change in use (increase in 
loading/mass) without any mitigation causes a generally 
detrimental trend on almost all performance indicators 
(Table 3), particularly for tilt (note: all rotations of this 
building are inward, i.e. close to the adjacent building).  
 
 
Table 3. Key measurements for modified building on strip 
foundation after each earthquake 
 

Modified Building 

EQ1 Initial Change of use Option1 Option2 

Drift01 19.48mm +10% +22% -61% 

Drift12 5.26mm +12% no change -16% 

Settlement 45.69mm +21% -56% -49% 

Rotation 0.16° +55% -32% +91% 

EQ2         

Drift01 12.46mm -18% -14% -16% 

Drift12 4.84mm +28% +15% +24% 

Settlement 46.88mm +22% -70% -51% 

Rotation 0.17° +78% -40% +159% 

EQ3         

Drift01 12.7mm -11% -13% -36% 

Drift12 4.92mm +17% no change +29% 

Settlement 49.49mm +23% -74% -55% 

Rotation 0.17° +94% -41% +203% 

EQ4         

Drift01 14.82mm no change -18% -38% 

Drift12 4.92mm +39% no change +42% 

Settlement 50.86mm +23% -77% -60% 

Rotation 0.16° +129% -43% +250% 
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Densification under the modified building (Option 1) 
reversed most of these detrimental effects significantly. 
Altering the foundation type to a raft (Option 2) has similar 
beneficial effects on drift and settlement values, but 
appears to make the tilt worse than the initial case.  

Figure 5 shows the relationship between drift change 
across storey 1 (as a ratio to the initial case drift at this 
storey) and overall magnitude of rotation. These may be 
considered the two most damaging types of deformation 
for the structure. Where the drift ratio is greater than 1.0, 
the change or remediation option creates a detrimental 
effect (amplification). A noticeable limit of rotation of 1/250 
(0.23°) is also shown as a potential damage limit. Figure 5 
suggests that while densification is clearly the better of 
the two options for mitigating inward rotation, changing 
the foundation type appears to be able to provide greater 
mitigation of internal structural forces (by minimising drift), 
at the expense of inward rotation.  
 
 

 
Figure 5. Damage limit of modified building on strip 
foundation 
 
 
3.1.2      Unchanged building (left) 
 
For the Unchanged Building, the change of use of the 
neighboring building has a generally beneficial effect on 
foundation tilt, no change on post-earthquake settlement 
and a no change/small detrimental effect on peak inter-
storey drift, due to the SSSI (Table 4).  

With densification undertaken to improve the 
performance of the neighboring building, foundation tilt 
increases during the first Christchurch earthquake (though 
still within the damage limit, Figure 6), with almost all 
other indicators either improved or no change compared 
to the initial case before the change of use.   

If the neighboring building has its foundation type 
changed to raft, this has a generally largely detrimental 
effect to the behavior of the unchanged building, despite 
this method having some beneficial effects on the 
modified building.  

From these results, it is clear that decisions made on 
change of use of one building in a group will affect the 
neighboring buildings and that any mitigation methods 
selected should consider minimizing the impact not only 
on the structure that is directly affected, but also its 
neighbors. Where the load on one structure is increased 
due to a change of use, it would appear that densification 
could offer significant performance improvement to both 
the remediated building and also the neighbors due to 
SSI, particularly in terms of mitigating tilt.  
 
 
Table 4. Key measurements on unchanged building on 
strip foundation after each earthquake 
 

Unchanged Building 

EQ1 Initial 
Change of 

use 
Option1 Option2 

Drift01 23.59mm no change no change no change 

Drift12 5.31mm no change no change no change 

Settlement 46.38mm no change -40% +17% 

Rotation 0.06° -95% +62% -36% 

EQ2         

Drift01 12.91mm no change -17% no change 

Drift12 3.51mm -10% 12% no change 

Settlement 48.1mm no change -43% +12% 

Rotation 0.07° -73% no change +110% 

EQ3         

Drift01 13.79mm +15% +10% no change 

Drift12 3.66mm no change no change +33% 

Settlement 49.49mm no change -45% +24% 

Rotation 0.09° -63% no change +187% 

EQ4         

Drift01 13.29mm +18% no change no change 

Drift12 3.53mm -15% no change +49% 

Settlement 50.86mm -10% -47% +26% 

Rotation 0.10° -68% -11% +246% 

 
 

 
Figure 6. Damage limit of unchanged building on strip 
foundation 
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3.2     SSSI effects for raft footing cases 
 
3.2.1     Modified building (right) 
 

Table 5 shows that if the buildings initially have raft 
foundations, the effect of change of use is almost 
uniformly detrimental, except for settlement, which is 
improved.  Densification is able to offer significant 
reductions to tilt (Figure 7), though not sufficient to 
mitigate the changes caused by the change of use 
completely, and also at the expense of substantially 
increasing the inter-storey drift.  
 
 
Table 5. Key measurements on modified building on raft 
foundation after each earthquake 
 

Modified Building 

EQ1 Initial Change of use Option 1 

Drift01 9.01mm no change +19% 

Drift12 5.25mm -13% +37% 

Settlement 40.66mm -41% -42% 

Rotation 0.15° +147% +47% 

EQ2       

Drift01 9.16mm +15% +13% 

Drift12 5.41mm +22% +31% 

Settlement 39.11mm -39% -61% 

Rotation 0.11° +352% +108% 

EQ3       

Drift01 8.33mm no change +33% 

Drift12 5.00mm +34% +48% 

Settlement 39.00mm -40% -66% 

Rotation 0.15° +267% +113% 

EQ4       

Drift01 7.93mm +22% +49% 

Drift12 4.81mm +51% +60% 

Settlement 38.67mm -44% -72% 

Rotation 0.14° +305% +124% 

 

 
Figure 7. Damage limit of modified building on raft 
foundation 

3.2.2     Unchanged building (left) 
 
The unchanged building is also heavily affected due to the 
changes made to its neighbor (Table 6), with all four 
indicators increasing across the earthquake sequence 
(i.e. by EQ4). Although densification was not able to 
remedy all of the effects of the change of use for the 
modified building (Figure 7), its effect is uniformly 
beneficial in protecting the neighboring building from a 
reduction in its performance (Table 6 and Figure 8).  
 
 
Table 6. Key measurements on unchanged building on 
raft foundation after each earthquake 
 

Unchanged Building 

EQ1 Initial Change of use Option 1 

Drift01 12.58mm no change -25% 

Drift12 4.77mm no change no change 

Settlement 37.27mm +15% -31% 

Rotation 0.20° -63% -12% 

EQ2       

Drift01 10.83mm no change -26% 

Drift12 5.50mm -14% -14% 

Settlement 36.37mm +24% -40% 

Rotation 0.21° +20% -9% 

EQ3       

Drift01 10.33mm +18% no change 

Drift12 6.20mm +16% no change 

Settlement 34.3mm +27% -46% 

Rotation 0.24° +62% no change 

EQ4       

Drift01 10.07mm +11% -24% 

Drift12 5.39mm +51% no change 

Settlement 32.04mm +36% -52% 

Rotation 0.22° +151% no change 

 

 
Figure 8. Damage limit of unchanged building on raft 
foundation 
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4. CONCLUSIONS 
 
In extending the usable life of urban structures, buildings 
may go through change of use, altering their seismic 
performance. Due to SSSI, these decisions may also 
have significant impacts on the performance of 
neighboring buildings, which may have different owners.  

For an example case considered here, it was shown 
that a change of use of one building in an initially identical 
pair, consisting of an increase in load/mass can have 
some detrimental effects on the inter-storey drift of both 
structures due to SSSI, but is particularly detrimental in 
terms of increasing the tilt of both structures.  

Densification of the soil beneath the structure with the 
change of use was shown to have a strongly beneficial 
effect on reducing the detrimental effects induced by the 
change of use, particularly tilt of both structures, but also 
offering some benefits in reducing inter-storey drifts.  This 
method appeared to be preferable to ‘improving’ the 
foundations from strips to rafts (in cases where this was 
possible).  

It is clear that the effects of SSSI mean that the 
performance of neighboring buildings in dense urban 
areas should be considered when making decisions about 
change of use or otherwise modifying the seismic 
performance of individual buildings within the group.   
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