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A B S T R A C T   

The delayed settlement of foundations due to soil consolidation, creep or particle breakage can alter the internal 
load distribution and differential settlements in a superstructure through soil–structure interaction (SSI). The 
study introduces a novel methodology to simulate time-dependent SSI that overcomes the complexity of 
incorporating the time-dependent behaviour of foundations into routine SSI analysis. The proposed approach 
represents the superstructure as a condensed stiffness matrix, and replaces the foundations and underlying soils 
with macro-element foundation models that encapsulate the foundation–soil interaction into load–displacement 
relationships derived from constitutive models. To examine the performance of the proposed method, a macro- 
element model for time-dependent analysis of shallow foundations on sand was integrated with structural 
analysis to simulate two tests performed in a geotechnical centrifuge on a 3D-printed aluminium framed 
structure supported by footings on sand. The simulated responses of the superstructure and foundations were 
found to agree well with those observed in the centrifuge tests. Parametric analyses were conducted to inves
tigate the effect of loading history, load level on the superstructure, and creep tendency of soil on post- 
construction load redistribution and differential settlements. The findings suggest that creep of foundations on 
sand facilitates load redistribution in the structure from heavily loaded sections to lightly loaded sections. 
Moreover, post-construction load redistribution depends on the differential creep between footings and should be 
considered for structures that are quickly constructed or at high levels of strength mobilisation (low factor of 
safety). Overall, the study highlights the potential of the proposed methodology in analysing the time-dependent 
SSI and its applicability in practical SSI analysis.   

1. Introduction 

The interaction between the superstructure and its foundations is 
often ignored in the conventional design process where the column 
bases are assumed to be fixed and the load is distributed to columns 
according to the tributary areas of columns. However, in reality, dif
ferential settlements between the columns can lead to a redistribution of 
loads in the structure, causing stress states of the structure different to 
those predicted in the conventional design process. Case histories and 
physical experiments [1–3] show that the load redistributed to or from a 
foundation due to soil–structure interaction (SSI) under static loading 
can be up to 40% of its design load. This highlights the need for 

interactive SSI analysis that considers the superstructure, foundation 
and underlying soil as a compatible system. Numerous numerical studies 
in the literature have revealed that the magnitude of the SSI effect is 
influenced by many factors, including the ratio of the stiffness of the 
superstructure to that of the substructure [4–6], the sequence of load 
application during and after construction [7–9] and the design details of 
the superstructure and foundations [10–16]. 

There is a significant lack of knowledge regarding the time de
pendency of SSI in the literature, despite the fact that delayed settle
ments of foundations due to soil consolidation [17–19], creep [20,21], 
particle breakage [22–24] or their combinations can contribute greatly 
to the overall settlement. In early studies [25–27], the importance of 
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time-dependent SSI is evaluated indirectly by comparing the immediate 
and the long-term/stable states of superstructures, using the undrained 
and drained moduli of soils for studying the immediate and long-term 
behaviours, respectively. Implicit in the rationale of these works is an 
assumption that the most unfavourable loading condition would occur 
at either the immediate or the long-term state, and the intermediate 
states could be safely ignored. However, the validity of this assumption 
was questioned by a later finite element analysis of SSI conducted by 
Viladkar et al. [28], who showed that the peak values of differential 
settlements occurred at an intermediate state for a space frame on a 
viscoelastic soil. Ai et al. [29] developed a semi-analytical and 
semi-numerical method for time-dependent analysis of superstructures 
on a cross-anisotropic viscoelastic soil considering the combined effect 
of creep and consolidation. The study showed that whether the most 
unfavourable condition occurs at an intermediate state or not depends 
on the viscosity and anisotropy of the soil. In contrast, Nasri and Magnan 
[30] found that differential settlements reached a minimum at an in
termediate consolidation state in a framed structure supported by a raft. 
This phenomenon was attributed to the shorter drainage path of soils at 
the edge of the raft. 

Although the studies mentioned above have provided some insights 
into the characteristics of time-dependent SSI, the soil/foundation 
models used in these studies – viscoelastic models based on finite 
element method or analytical solutions – are too complex and require 
many model parameters, making them unsuitable for practical appli
cation. Moreover, almost all existing studies discussed above only 
involve numerical investigations which are not verified by measured 
responses of real-life structures or physical models. Therefore, these 
studies can lead to predictions that are not compatible with field ob
servations. For instance, most of the studies assume the existence of a 
final stable state, whereas field observations show that the settlement of 
structures on both sand [21,31,32] and clay [17,19,33] can continue to 
increase for decades with no tendency to stabilise. Additionally, the 
emphasis in most studies has been placed on the SSI induced by the 
consolidation settlement of foundations on clay, while the creep of 
foundations has received much less attention. 

This study focuses on the SSI induced by the creep behaviour of 
foundations and addresses the aforementioned issues by introducing a 
novel method for time-dependent SSI analysis. The proposed method 
utilises the one-dimensional (1D) elasto-viscoplastic macro-element 
model proposed by the authors [34] to simulate the creep behaviour of 
shallow foundations. The macro-element approach, initially proposed 
by Nova and Montrasio [35], directly simulates the load–displacement 
behaviour of foundations without explicitly considering the foundation 
soils. In this approach, a foundation is modelled as a single element 
where a constitutive relationship that encapsulates the foundation–soil 
interaction is established between the load and settlement of 
foundations. 

Compared to finite element or semi-analytical foundation models 
used in previous studies, the macro-element model is computationally 
efficient, yet still able to incorporate the nonlinear, loading history- and 
time-dependent behaviours of foundations into SSI analysis, provided an 
appropriate constitutive theory is employed. The 1D elasto-viscoplastic 
macro-element model proposed by the authors [34] is among the few 
macro-element models that consider the time-dependent behaviour of 
foundations and has been shown to be capable of satisfactorily pre
dicting the creep behaviours of shallow foundations on sand under 
typical working load conditions [36]. 

In the proposed method, the foundation responses are simulated 
using the macro-element foundation model, while the superstructure is 
simplified as a “condensed” structural stiffness matrix. Notably, the 
macro-element model has only three parameters, two of which are the 
bearing capacity and elastic footing stiffness which are routinely used in 
practice. The third parameter quantifies the tendency of a footing to 
creep and can be determined by in-situ plate load tests. These charac
teristics allow the method to be easily adopted in practical SSI analysis. 

The performance of the proposed method is for the first time examined 
using centrifuge tests on a 3D-printed model frame supported by isolated 
footings on sand [2]. Subsequently, parametric analyses are conducted 
to reveal the effect of factors such as the number of load increments, 
loading rate, load magnitude and creep tendency of soil on the long-term 
SSI. 

2. A coupled superstructure–foundation simulation method 

2.1. Model for superstructure–foundation interaction 

In this study, the superstructure is considered as a linear elastic 
system so that it can be conveniently simulated by a “condensed” 
structural stiffness matrix [5]. It is noted that the macro-element model 
can also be incorporated into other types of structural analysis, such as 
finite element analysis. Besides, the superstructure is subjected to ver
tical quasi-static loads, and the foundations are assumed to displace 
vertically only with no lateral/rotational movements. This is appro
priate for framed structures designed with the strong column–weak 
beam principle [37]. Sensitivity analysis conducted using the finite 
element model of the 3-storey framed structure (to be introduced in 
Section 3) reveals that considering the lateral and rotational degrees of 
freedom has a negligible effect of less than 2% on the calculated column 
forces and foundation settlements. As the time dependency of the system 
is dominated by that of the soil, the time-dependent behaviour of the 
superstructure is neglected in this study. 

For the analysis of superstructure–foundation interaction, the state 
of the superstructure can be characterised by two vectors:  

1) the vector of displacements at the column bases, denoted as s, and  
2) the vector of reaction forces at the column bases (or the footing 

loads), denoted as N. 

These two vectors are related to each other through [5]: 

N = N0 + MSs (1)  

where N0 is the reaction force vector of the same superstructure with 
rigidly supported column bases (conventional design condition); MS is 
the condensed structural matrix. The component MS

ij of the condensed 
structure matrix represents the reaction force induced at the base of 
column i due to a unit displacement at the base of column j. For example, 
the component MS

31 indicates the reaction force induced at support 3 
(R3) by a unit displacement at footing 1 while keeping other footings 
fixed as shown in Fig. 1. The condensed structure matrix can be obtained 
using the substructure method [38,39] or by performing simulations 
where a unit displacement is applied to each column in turn, as shown in 

A unit settlement R2 R3

R4 R6
R9

R8
R5

R7

Mi1=Ri

Fig. 1. Physical significance of condensed structure matrix.  
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Fig. 1. 
In the general cases where each column base has six degrees of 

freedom, the size of the condensed matrix is 6 n × 6 n where n is the 
number of columns. Because the lateral/rotational displacements of 
foundations are neglected in this study, the superstructure can be 
modelled as an n × n condensed matrix. In this case, the force equilib
rium of the superstructure can be written as: 

∑n

i=1
MS

ij = 0 (2)  

Eq. (2) is used to obtain the diagonal components MS
ii. 

Besides, if the superstructure settles uniformly with no differential 
settlement, there will be no load redistribution among the superstruc
ture, i.e. N=N0. This dictates the following property of the condensed 
structure matrix: 

∑n

j=1
MS

ij = 0 

For the purpose of the SSI analysis, the foundation equation can be 
expressed as: 

s = MFN (3)  

where MF is the foundation flexibility matrix relating the vector of 
support reactions (N) to the vector of support displacements (s). The size 
of the foundation flexibility matrix is the same as the condensed struc
ture matrix. In cases such as the piled raft foundation considered by 
Leung et al. [12], the off-diagonal components of MF are non-zero, 
meaning that the displacement at one support may be affected by the 
reaction forces at other supports. 

For isolated footings with negligible interactions between each 
other, which is the case considered in this study, the foundation flexi
bility matrix is a diagonal matrix with all off-diagonal components being 
zero. Besides, when the nonlinear, loading history- and time-dependent 
behaviour of footings is concerned, MF will change with N, time and 
loading history. 

Combining Eqs. (1) and (3), an equation governing the performance 
of the superstructure–foundation system is obtained [4,8]: 
(
E − MSMF)N = N0 (4)  

where E is an identity matrix of the same order as MS. 

2.2. The 1D elasto-viscoplastic macro-element foundation model 

In this study, during the solution process of Eq. (4), the foundation 
flexibility matrix MF was obtained and updated using the 1D elasto- 
viscoplastic macro-element model proposed by the authors [34]. The 
model can capture several time effects seen in practice, such as the 
settlement increase during slow unloading, the post-creep stiffening 
effect and the settlement induced by unload–reload cycles. The model’s 
performance has been validated with a foundation database comprising 
more than 50 footing load tests on sand [36]. 

In this macro-element model, a time-dependent constitutive rela
tionship is established between the normalised bearing stress qn =q/qf 
(macro-stress) and the normalised foundation settlement Sn = s/B 
(macro-strain) where q is the bearing stress, qf the bearing capacity 
defined as the bearing stress at Sn = 0.1, s the foundation settlement and 
B the foundation width. The macro-element model is formulated based 
on the non-stationary flow surface theory [40,41], where the total 
macro-strain increment (dSn) is decomposed using Eq. (5) into an elastic 
part (dSe

n) and a viscoplastic part (dSvp
n ). 

dSn = dSe
n + dSvp

n (5)  

The elastic strain increment is related to the increment of the macro- 

stress increment (dqn) through Eq. (6). 

dSe
n =

dqn

K
(6)  

where K is the non-dimensional elastic stiffness of footing which can be 
calculated as K= ki/qf in which ki can be determined with the small- 
strain shear modulus (G0) of soil using [42]: 

ki =
8G0

π(1 − v)
(7)  

where Poisson’s ratio ν can be taken as 0.1 when only the elastic range of 
soil response is concerned [43,44]. Eq. (7), originally derived for cir
cular foundations, can be extended to rectangular foundations by uti
lizing shape factors derived from existing studies on the settlement of 
shallow foundations on elastic half-space, such as Gazetas et al. [45], 
Brothers et al. [46], and Baraldi and Tullini [47]. However, since the 
shape factor for square foundations derived from Gazetas et al. [45] is 
0.86 and elastic settlement constitutes only a small portion of the total 
settlement, Eq. (7) is directly applied to square foundations in this study. 

The magnitude of viscoplastic strain increment (dSvp
n ) is regulated by 

the consistency requirement that any viscoplastic state must lie on the 
flow surface f, which dictates df = 0. The flow function f is formulated 
based on field observations of footing responses as follows: 

f =
q2

n

K(1 − qn)
+ cq2

nln
(

Ṡvp,ref
n

Ṡvp
n

)

− Svp
n (8)  

where Ṡvp,ref
n is a reference strain rate which is assumed to be high 

enough to eliminate the occurrence of creep, set to 0.01 s-1 as a default; 
Ṡvp

n is the viscoplastic strain rate to be determined and c is a model 
parameter which measures the creep tendency of soils. The creep 
parameter can be related to the rate of creep settlement development 
through [48]: 

sc

B
= c

(
q
qf

)2

ln
(

t
tref

)

(9)  

where sc is the creep settlement, tref is a reference time, and t is the creep 
time. 

In this study, the increment of the reaction force vector (dN) corre
sponds to the increments of macro-stresses on footings. For each footing, 
the elastic increment of the macro-strain associated with the macro- 
stress increment can be calculated from Eq. (6) whereas the visco
plastic increment is determined by solving df = 0 with f defined in Eq. 
(8). In this study, df = 0 is solved using the Newton-Raphson method to 
determine Ṡvp

n , and dSvp
n is calculated as Ṡvp

n • dt where dt is the timestep. 
The Newton-Raphson method is used due to its simplicity, rapid 
convergency and robustness in solving a diverse range of nonlinear 
equations. Three parameters are involved in simulating the behaviour of 
footings on sand using the macro-element model: the elastic stiffness ki, 
the bearing capacity qf and the creep parameter c. The first two pa
rameters are routinely used in practice and can be estimated with good 
accuracy from a seismic cone penetration test conducted adjacent to the 
footing [49,50]. The creep parameter was originally proposed by Lehane 
et al. [48] based on the settlement observations of several field footings 
on sand. According to Eq. (9), this parameter quantifies the stress-level 
dependency of the slope of sc/B – ln(t) curve. Therefore, c can be 
determined from plate load tests with several creep stages at different 
stress levels [34]. Liu [36] showed that the typical values of c range from 
0.002 to 0.02 for siliceous sands and could be 0.03 or higher for 
calcareous sands. More details of the macro-element model can be found 
in [34]. 
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2.3. Implementation procedures 

In the numerical scheme, the loading process of the superstructure is 
divided into many small steps. At each of these steps, Eq. (4) is solved 
using the Gauss-Seidel method to obtain the reaction force vector (N) 
and the settlement vector (s). The foundation flexibility matrix (MS) is 
updated using the macro-element model during the iterations. The al
gorithm used in a timestep to obtain the reaction force vector N and the 
settlement vector s for a prescribed increment of loads on the super
structure is illustrated in Fig. 2. In this figure, UDL is the uniformly 
distributed load and Nd is the dead load. Note that even when the load 
on the superstructure remains constant (dUDL and dNd are zero), the 
reaction force and settlement will vary over time. This is attributed to 
the use of the elasto-viscoplastic model for simulating the foundations. 

The program was written in FISH language in FLAC3D. 

3. Validation of the proposed method 

This section examines the implementation and performance of the 
proposed method using two of the centrifuge tests (tests T3 and T4) 
conducted by the authors [2]. In the experiments, 3D-printed aluminium 
frames with isolated spread footings were placed on the surface of soil 
samples. The centrifuge models were tested under 100 g where g is 
Earth’s gravity. A flexible water tank was placed on top of the structure 
to apply a UDL by pumping water into the tank during centrifuge 
spinning. The water tank was constructed using steel mesh with 
6 × 6 mm2 openings, fabricated with 0.8 mm diameter steel wires. The 
model structure used in tests T3 and T4 was a 3-storey, 4 bay × 2 bay 

Fig. 2. Algorithm used in a timestep to obtain the reaction force vector and settlement vector (the trial foundation settlement vector above the main cycle takes the 
value of the settlement vector obtained at the last timestep). 
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frame, as shown in Fig. 3(a). The dimensions of the structure are indi
cated on the plan view in Fig. 3(b). The columns were made of 
5 mm × 5 mm square hollow sections with 1 mm wall thickness and the 
beams were solid sections with the width and height of 5 mm and 3 mm 
respectively. Each storey of the structure was 3D-printed separately, 
enabling them to be bolted together to form a three-storey structure. The 
bolted connections were designed at the mid-height of the columns 
where the bending moment is expected to be small. The properties of the 
3D-printed aluminium material are listed in Table 1. 

For this structure, the vector N0 representing the load distribution at 
the conventional design state can be obtained from the tributary areas of 
the columns, i.e. N0i=

1
4l1l2p + Nd, 1

2l1l2p + Nd and l1l2p + Nd for the 
corner, side and centre columns, respectively. In the equations, l1 
= 0.06 m and l2 = 0.07 m are the bay lengths in the length and width 
directions respectively; p is the UDL acting on the top floor; Nd is the 
dead load due to the self-weights of the superstructure and other ac
cessories, which is assumed to be constant in all columns as observed in 
the experiments. 

The condensed structure matrix (Ms) was obtained using structural 
simulations performed in FLAC3D. The numerical model for the 3-storey 
framed structure was constructed using a collection of linear elastic 
‘Beam’ elements, which is a two-node line-type finite element with 6 
degrees of freedom at each node. The numerical model has the same 
5 × 3 column scheme as the model structure (5 columns in the longi
tudinal direction spaced by 60 mm and 3 columns in the transversal 
direction spaced by 70 mm). The cross-section properties of the beams 
and columns are calculated according to the corresponding dimensions 
of the aluminium frame, and Young’s modulus and Poisson’s ratio of the 
aluminium are listed in Table 1. The structure elements and their con
nections are assumed to exhibit linear elastic behaviour with no failure 
point. The validity of this assumption has been confirmed through 
simulations of the centrifuge tests using the linear elastic model, which 
revealed that the maximum stress in the structural members remains 

below half of the yield strength [2]. 
In each simulation, all except one column base were rigidly fixed in 

all six directions, and the free column was forced to settle vertically by a 
small displacement. The induced vertical forces in the rigidly fixed 
columns were used to obtain the components of the condensed structure 
matrix, as demonstrated in Fig. 1. The structural simulations were 
conducted in the static, small-strain solution mode in FLAC3D. Typically, 
time-dependent structural analysis generally requires a fully dynamic 
mode with the allowance of geometric nonlinearity and energy dissi
pation through critical damping (e.g. [51–54]). However, in this study, 
these effects can be disregarded due to the small magnitude of de
formations involved in the simulations (because the strength mobi
lisation level is low, as discussed earlier) and the slow deformation rates 
associated with soil creep, which do not induce any dynamic effects. 

3.1. Validation of the proposed method with the structure model on linear 
elastic foundations 

The proposed method is firstly validated by comparing the simula
tion results of the proposed method with those simulated with FLAC3D, 
in which linear elastic foundation models with the same stiffness of k 
were considered in both methods. 

Fig. 3. Details of the 3D-printed aluminium model frame and test set-up; dimensions in mm.  

Table 1 
Properties of the 3D-printed aluminium.  

Property Value (s) 

Young’s modulus (GPa)  62 
Poisson’s ratio  0.33 
Density (g/cm3)  2.68 
Yield strength (MPa)  250 

Note: The yield strength corresponds to an axial tensile 
strain of 0.2%. 
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The foundation flexibility matrix (MF) becomes 1k E when the footings 
have the same stiffness value of k. In this scenario, Eq. (4) is simplified 
as: 
(

E −
1
k
MS
)

N = N0 (10)  

Eq. (10) is easier to solve numerically compared to Eq. (4) since it does 
not require determining the foundation flexibility matrix (MF) during 
iterations using the macro-element model. Therefore, Eq. (10) can be 
solved directly using the Gauss-Seidel method at any value of N0 without 
an incremental procedure. However, for validation purposes, the same 
solution procedure used for solving Eq. (4) was employed to solve Eq. 
(10). 

Fig. 4 compares reaction forces obtained from Eq. (10) and the 
FLAC3D model for the 3-storey framed structure under a UDL of 30 kPa 
and Nd = 0 with different foundation stiffnesses. The corresponding 
coefficient of variation (CoV) of the reaction forces is also shown in the 
figure. The CoV of the reaction forces defined in Eq. (11) demonstrates 
the variation of the forces between the footings. 

CoV =
sQ

Q
(11)  

where Q is the mean value of all measured reaction forces Qi (excluding 
the dead load Nd) and sQ is the standard deviation of the distribution of 
all the measured Qi: 

sQ =

[
∑N

i=1
(Qi − Q)

/

N

]0.5 

Fig. 4(a) shows that the reaction forces on gridlines A and B obtained 
from the FLAC3D simulation with k = 1 × 105 N/m are almost identical 
to those of the solution of Eq. (10). Besides, both methods predict almost 
the same CoV of the reaction forces for the foundation stiffness values 
spanning from 1 × 103 N/m to 1 × 108 N/m, as shown in Fig. 4(b), 
confirming the reliability of the proposed method. 

3.2. Validation of the proposed method with centrifuge tests 

The centrifuge tests T3 and T4 were simulated using the proposed 
method. In these two tests, the 3-storey framed structure was supported 
by 15 × 15 mm2 pad footings founded on dense and medium dense 
UWA (The University of Western Australia) sand with relative densities 
of 78% and 58% respectively. The sand is a siliceous sand consisting of 
sub-rounded to sub-angular grains with a mean particle size of 0.18 mm. 
The minimum and maximum void ratios of the sand are 0.49 and 0.78, 
respectively. After the centrifugal acceleration had reached 100 g, the 
structure was allowed to stabilise for ~1000 s before applying the load 

through pumping water into the water tank placed on top of the struc
ture. In the centrifuge tests, the water level in the flexible tank was 
raised in ~10 mm increments (corresponding to a UDL increment of 10 
kPa under 100 g), with a 16-min creep period between two successive 
increments. Under UDL = 10 kPa, the average distributed load on each 
floor is about 3.3 kPa, which is close to the typical floor loading for 
residential buildings. The duration of the creep period was selected to 
allow for a significant portion of creep to occur. The settlements of all 
footings and the axial forces in a quarter of the columns on the ground 
floor (F1, F2, F4, F5, F7 and F8; see Fig. 3(b) for locations of the col
umns) were monitored during the tests. More details of the tests are 
provided in [2]. 

In the proposed method, the responses of the footings were simulated 
using the macro-element model. To model the footings, the bearing 
capacities (qf) were determined as the bearing stresses observed at s/ 
B= 0.1 in isolated footing tests conducted adjacent to the framed 
structure in the centrifuge strongbox. The macro-element has been 
previously used by the authors [34] to simulate footings on UWA sand. 
The elastic stiffness (ki) was determined using Eq. (7) with G0 estimated 
from the empirical relationship with void ratio developed for UWA sand 
by Bagbag et al. [55]. The creep parameter (c) was calibrated using the 
proposed macro-element foundation model to replicate the centrifuge 
footing tests on UWA sand reported by Liu and Lehane [50]. The 
macro-element parameters determined accordingly are summarised in  
Table 2. 

In the centrifuge tests, the dead load (Nd) increases during the 
centrifuge ramp-up from normal gravity to the designated acceleration 
level of 100 g. In this process, the stresses in soils and the bearing ca
pacities of the footings increase. To simulate the footing behaviour using 
the macro-element model, the bearing capacity was taken as constant 
throughout the simulation for simplicity. In each centrifuge test, it has 
been observed that the dead load of the structure has been nearly evenly 
distributed to the footings. Therefore, the average measured dead load 
in the corresponding centrifuge test was used as the dead load (Nd) on 
the footings in the macro-element simulations, as listed in Table 2. Note 
that the value of Nd is higher in test T4 because of the additional rein
forcement of stiffer steel mesh incorporated on the water tank walls. 
This reinforcement was implemented to restrict the lateral bulging of the 
tank after water was added. 

In the numerical simulations, the dead load (Nd) was applied at a 

Fig. 4. Comparison between the solution of Eq. (10) and the results of numerical simulation using the FLAC3D model.  

Table 2 
Parameters used to simulate the footings in tests T3 and T4.  

Test ki 

(MPa) 
qf 

(kPa) 
c Nd 

(N) 

T3  83  2115  0.02  25 
T4  72  1175  0.02  32  
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constant rate to the footings in 100 s to simulate the ramp-up period of 
about 100 s and then maintained for another 1000 s to simulate the 
stabilisation period in the centrifuge tests. After that, the UDL was 
applied to the superstructure according to the estimated water level 
history of the centrifuge experiments (see more details in [2]). The 
histories of UDLs used in the simulations of tests T3 and T4 are presented 
in Fig. 5. 

Figs. 6 and 7 compare the coefficients of variation of the load dis
tribution and the maximum-to-minimum load ratio (Qmax/Qmin, where 
Qmax and Qmin are the maximum and minimum footing loads excluding 
Nd, respectively) of T3 and T4 obtained from the numerical and exper
imental simulations. When the UDLs are below about 5 kPa (about 5 mm 
water in the water tank), the variations of CoV and Qmax/Qmin obtained 
from the experiments are irregular because the water did not distribute 
uniformly in the flexible water tank but flocked at lower locations due to 
the unevenness of the water tank bottom. 

For test T3, the values of CoV and Qmax/Qmin predicted in the nu
merical simulation are greater than those obtained from the centrifuge 
tests. This is because the lateral bulging of the water tank during the test 
resulted in more loads being distributed to external columns than pre
dicted from their tributary areas. Consequently, this more evenly 
distributed load leads to reduced CoV and Qmax/Qmin in the experiment. 
In test T4 the water tank walls were reinforced to restrain the bulge 
deformation. Consequently, the CoV and Qmax/Qmin predicted with the 
proposed method compare favourably with the experimental results at 
UDL > 5 kPa for this test. 

Figs. 6(b) and 7(b) show that the values of CoV and Qmax/Qmin 
decrease during the creep stages in test T4 and increase initially when 
the UDL resumes after creep. As loading increases further, the values of 
these two load distribution factors (CoV and Qmax/Qmin) decrease again. 
These phenomena are better visualized in Fig. 8 which presents the 
variation of CoV and Qmax/Qmin with time for test T4. The initial increase 
and later decrease of CoV and Qmax/Qmin are related to the post-creep 
behaviour of footings, i.e., the behaviour of the footing during the 
loading stage following creep. During the creep stages, the centre foot
ings were under higher loads and therefore developed more creep set
tlements than the corner and side footings, leading to a higher post-creep 
stiffening effect, i.e. the stiffness of the footing increases after creep. 
When the UDL application resumes after a creep stage, the values of CoV 
and Qmax/Qmin first increase because a higher proportion of loads will be 
distributed to the centre footings whose post-creep stiffening effect is 
more significant, leading to more non-uniform load distribution. 
Because the post-creep stiffening effect diminishes as the foundation 
settlement increases (the phenomenon can be observed in reported field 
and laboratory footing load tests, e.g. [48,56]), the proportion of loads 
distributed to centre footings will reduce as load application proceeds, 
leading to the decrease of CoV and Qmax/Qmin that follows. Fig. 8 also 
demonstrates that the proposed method is capable of capturing these 

features. While this behaviour is less significant in later simulations 
where more realistic loading histories are considered (e.g. Fig. 10), the 
favourable match between the simulated and experimental results 
highlights the model’s effectiveness in realistically simulating 
time-dependent SSI. 

4. Parametric analyses 

A recent study by Liu [36] has demonstrated that the rate at which 
load is applied on a footing has a significant influence on the subsequent 
development of creep settlement. Specifically, a faster loading rate re
sults in less time for creep during the loading stage and correspondingly 
more after-loading creep settlement. In the centrifuge experiments, the 
durations allowed for footings to creep were quite short (~1000 s) and 
the rates of load application were much faster than those in practice. 
Therefore, it is inferred that the time effects observed in the centrifuge 
tests are not directly representative of those in real-life structures. To 
understand the effect of time-dependent foundation behaviour on SSI in 
more realistic settings, long-term SSI analyses were conducted using the 
proposed method. 

The following parameters were considered in the parametric ana
lyses: the loading history, the duration of the construction/load appli
cation, the creep behaviour of the soil and the mobilised strength ratio. 
In these simulations, the same superstructure and foundations used in 
centrifuge test T4 were considered because the average footing settle
ment at the end of the second loading stage (UDL≈12.5 kPa) in this test 
was about 0.16 mm (16 mm at prototype scale), corresponding to about 
1% foundation width; this is a typical foundation settlement at the 
serviceability limit state. 

The load history used in the simulations is illustrated in Fig. 9. For 
simplicity, the self-weight (dead load), Nd, is not considered in the 
parametric analyses. The UDL was applied in equal increments to the 
designated value in a period of T0. The period T0 to apply the UDL 
represents the duration from the start of construction to the full opera
tion of the building. The number of UDL increments is denoted as NS. 
For simplicity, the duration for each UDL increment was set equal to the 
duration of the creep pauses between the UDL increments, as shown in 
Fig. 9. T0 varies from 1 week to 5 years in the parametric analysis. After 
the UDL is applied, the building load is maintained for another 50 years. 

Omitting the dead load, the total load on the structure can be 
calculated as Gtotal=UDL·A where A = 24 × 14 m2 is the area occupied 
by the building at prototype scale. The overall mobilised strength ratio 
(Rmob) of the considered structure with 15 footings can be defined as: 

Rmob =
Gtotal

15qfB2 

In the numerical simulations, the value of Rmob was varied from 0.05 
to 0.4 to study the effect of load level on time-dependent SSI. The 
selected range of Rmob corresponds to UDL values ranging from 5.9 to 
47.2 kPa. 

In addition to the loading conditions, the effect of the creep of the 
sand on SSI was also studied. The macro-element model parameter c, 
which characterises the creeping tendency of sand, was varied within 
the typical range from 0.002 to 0.05, as discussed earlier. 

A total of 16 simulations were conducted. The simulation parameters 
used in the parametric analyses are summarised in Table 3. Note that the 
default Rmob= 0.25 is close to the level of strength mobilisation of the 3- 
storey framed structure in the centrifuge test T4 at UDL= 12.5 kPa. 

In the following analyses, four load distribution indicators are 
employed to study the SSI. They are the maximum-to-minimum load 
ratio (Qmax/Qmin), the coefficient of variation of the load distribution 
(CoV), the differential settlement between footings F7 and F1, denoted 
as s7-s1, and the differential settlement between footings F8 and F7, 
denoted as s8-s7. For the linear elastic superstructure considered in this 
study, the two differential settlements are proportionally related to the 
magnitude of load redistribution among the superstructure. Fig. 5. Variations of UDLs estimated from tests T3 and T4.  
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4.1. Effect of the number of UDL increments (NS) 

Fig. 10 presents the variation of the load redistribution indicators 
with time for the simulations with the same parameters except for NS 
which varies from 1 to 4. Overall, it is observed from Fig. 10 that 
although some differences exist within the duration of UDL application 
(T0 =1 year), the load distributions among the superstructure at t > T0 
are almost identical for the simulations with different NS. This is the 
basis for using NS= 1 as the default. 

Besides, in Figs. 10(a) and 10(b), both the CoV and Qmax/Qmin 
decreased during the creep stages, indicating that the load redistribution 
became more uniform. This behaviour is consistent with the centrifuge 

Fig. 6. Comparison of the experimentally and numerically obtained coefficients of variation obtained for (a) test T3 and (b) test T4.  

Fig. 7. Comparison of the experimentally and numerically obtained maximum-to-minimum load ratios for (a) test T3 and (b) test T4.  

Fig. 8. Variation of (a) the coefficient of variation and (b) maximum-to-minimum ratio of the load distribution with time in test T4.  

Fig. 9. The load histories used in the simulations.  
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test results presented in Fig. 8 and suggests that the creep of footings 
facilitates load transfer from the centre footings to the corner and side 
footings. This phenomenon occurs because the creep rate of footing 
increases with the level of strength mobilisation, as indicated by Eq. (9). 

In Fig. 10, it is observed that the differential settlements increase and 
the load distribution factors (Qmax/Qmin and CoV) decrease during the 
50-year creep period. The associated load transfers are shown in Fig. 11. 
It is observed that between t = T0 and t = T0 + 50 years, the loads on the 
corner footings (F1 and F11) increased and those on centre footings (F5, 
F8 and F11) reduced. Besides, Fig. 10 also suggests that most of the load 
redistribution and differential settlements occurred during the applica
tion of UDL and the post-construction load redistribution is insignificant. 

This is because the redistribution of loads between footings is controlled 
by the differential creep rather than the absolute magnitudes of creep 
settlements. In addition, in the considered structure, loads transfer from 
the heavily loaded centre footings to the comparatively lightly loaded 
corner footings. Therefore, as the load redistribution occurs, the differ
ence between the loads on the centre and corner footings reduces, which 
will in return reduce the rate of differential creep. 

4.2. Effect of creep parameter c 

Fig. 12 presents the variation of the load distribution factors and 
differential settlements with time for the simulations with c ranging 
from 0.002 to 0.05 while keeping the other parameters constant. It is 
observed from the figure that a more uniform load distribution is ob
tained when a greater value of c is used, suggesting that more load 

Table 3 
Summary of the simulation parameters used in the parametric analyses.  

Simulation 
group 

Simulation parameters or conditions 

ki 

(MPa) 
qf 

(kPa) 
NS c T0 

(year) 
Rmob 

Default  72  1175  1  0.02 1  0.25 
Effect of NS  72  1175  2  0.02 1  0.25 

4 
Effect of creep 

parameter c  
72  1175  1  0.002 1  0.25 

0.005 
0.01 
0.05 

Effect of T0  72  1175  1  0.02 0.019 (1 
week)  

0.25 

0.083 (1 
month) 
0.5 
5 

Effect of Rmob  72  1175  1  0.02 1  0.05  
0.1  
0.2  
0.3  
0.4  

Fig. 10. Effect of the number of loading stages on the load distribution factors and differential settlements: (a) Qmax/Qmin, (b) CoV, (c) s7-s1 and (d) s8-s7.  

Fig. 11. The distribution of footing loads along gridlines A and B at t = T0 and 
t = T0 + 50 years. 
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redistribution is induced when the foundation soils are more prone to 
creep. At t = T0, the values of Qmax/Qmin for c = 0.002 and c = 0.05 are 
2.59 and 1.35, respectively. This indicates that the maximum footing 
loads (Qmax) can differ by 2 times for two identical structures on sands 
with very different creep tendencies. This highlights the need to eval
uate the creep tendency of sands in the design of structures. 

Fig. 13(a) presents the increases of differential settlements during the 
creep period of 50 years between footings F7 and F1, denoted as Δ(s7-s1), 
and between footing F8 and F7, denoted as Δ(s8-s7). For the linear elastic 
structure considered in the simulations, these two values reflect the 
magnitude of the load redistribution resulting from 50-year creep. In 
Fig. 13(a), the differential settlements developed during the creep 
period increase with c for c values smaller than 0.01. For c greater than 

0.02, the post-construction load redistribution reduces with the increase 
of c. 

The load redistribution during the creep period depends on differ
ential creep between the footings which is affected by two factors. One is 
the creep tendency of sand as it controls the significance of creep effects. 
The other is the uniformity of load distribution because a more uniform 
load distribution will generate less differential creep. With the increase 
of c, the creep tendency of sand increases but the load distribution at 
t = T0 becomes more uniform (Figs. 12a and 12b). Therefore, when the 
effect of the uniformity of load distribution at t = T0 overweights that of 
the creep tendency of sand, load redistribution during the creep period 
will reduce with the increase of c. 

The relative significance of post-construction load redistribution is 

Fig. 12. Effect of creep parameter c on the load distribution factors and differential settlements: (a) Qmax/Qmin, (b) CoV, (c) s7-s1 and (d) s8-s7.  

Fig. 13. Effect of the creep parameter c on (a) the increment of differential settlements during the 50-year creep and (b) the ratio of final differential settlement to 
that at t = T0. 
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quantified using the ratio of the final differential settlement observed at 
t = T0 + 50 year, (s8 – s7)f or (s7 – s1)f, to the corresponding immediate 
differential settlement at t = T0, (s8 – s7)0 or (s7 – s1)0. Fig. 13(b) in
dicates that the differential settlement ratios vary with c similarly to 
Δ(s7-s1) and Δ(s8-s7), with peak ratios occurring at c values between 
0.005 and 0.01, which are typical of several siliceous sands [36]. 
Although c values significantly affect the absolute magnitude of differ
ential settlements, as observed in Figs. 12(c) and 12(d), the relative 
magnitude of post-construction differential settlements is only moder
ately sensitive to c. 

4.3. Effect of construction duration T0 

Fig. 14 presents the variation of the load distribution factors and 
differential settlements with time for the simulations where T0 was 
varied from 1 week to 5 years while other parameters were kept con
stant. At t = T0, greater values of Qmax/Qmin and CoV are observed in the 
simulations with lower T0. This is because a faster loading application 
involves less creep settlement of footings during the loading stage. 
However, the figure also shows that the load distribution factors and 
differential settlements at the end of the simulations are almost the same 
irrespective of T0. Therefore, T0 actually controls the relative magni
tudes of immediate and post-construction differential settlements but 
has little influence on the absolute magnitude of differential settlements 
in the long term. 

The conclusion is consistent with Fig. 15 which shows that both the 
post-construction differential settlement and the differential settlement 
ratios decrease with the increase of T0. Fig. 15 suggests that the post- 
construction load redistribution is more significant in structures with 
lower T0, implying that for quickly constructed structures, it is impor
tant to consider the time-dependent behaviour of footings as the loads 
on lightly loaded footings may increase considerably due to the post- 
construction load redistribution. 

4.4. Effect of mobilised strength ratio (Rmob) 

Fig. 16 presents the variation of the load distribution factors and 
differential settlements with time for the simulations where Rmob was 
varied from 0.05 to 0.4 while other parameters were kept unchanged. 
The highest Rmob= 0.4 corresponds to a global safety factor of the 
structure of 2.5 and the safety factor of centre footings should be even 
smaller. This means that the considered range of Rmob is wide enough to 
reflect the strength mobilisation state of most real-life structures. 

Figs. 16(a) and 16(b) suggest that the distribution of footing loads is 
more uniform at higher levels of strength mobilisation. This is because 
functional footing stiffness decreases as the mobilised bearing capacity 
ratio increases, and load distribution becomes more uniform as relative 
structure–soil stiffness decreases, as implied in Fig. 4(b). The effect of 
Rmob is more significant than that of the number of loading stages (NS) 
and the construction duration (T0), but is of a similar order to the effect 
of the creep parameter (c). 

Fig. 17(a) shows the effect of the mobilised strength ratio on the 
increase of differential settlements between t = T0 and t = T0 + 50 
years. With the increase of Rmob, both Δ(s7-s1) and Δ(s8-s7) increase, 
suggesting that the post-construction load redistribution is greater in 
structures at higher levels of strength mobilisation. However, in Fig. 17 
(b), it is observed that the relative magnitude of post-construction dif
ferential settlements generally decreases as Rmob increases. This suggests 
that immediate differential settlement increases faster with Rmob than 
post-construction differential settlement. This phenomenon occurs 
because the foundation settlements simulated by the macro-element 
model include a purely plastic part and a time-dependent part. Most 
purely plastic settlements occur during load application, adding to the 
sensitivity of immediate settlement to Rmob. Besides, although structures 
with low Rmob values are expected to have large differential settlement 
ratios, long-term differential settlement and load redistribution should 
not be a concern for such structures as overall differential settlements 
are small, as demonstrated in Figs. 16(c) and 16(d). 

Based on Figs. 13(b), 15(b), and 17(b), it is concluded that a 5% to 

Fig. 14. Effect of T0 on the load distribution factors and differential settlements: (a) Qmax/Qmin, (b) CoV, (c) s7-s1 and (d) s8-s7.  
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35% increase of differential settlement can be expected during the 50- 
year creep stage for a structure on sand subjected to relatively stable 
working loads. Furthermore, post-construction load redistribution due 
to foundation creep can be significant for structures that are quickly 
constructed/loaded (Fig. 15(b)) or at high levels of strength mobilisation 
(Fig. 17(a)). However, it is worth noting that factors such as the presence 
of dynamic loads [57,58], non-uniformly distributed loads, variation of 
groundwater level [59] and soil variability [3] may increase differential 
settlement, leading to additional long-term load redistribution. The in
fluence of these factors on time-dependent SSI should be studied further. 

5. Conclusions 

A numerical method was developed to integrate a 1D elasto- 
viscoplastic macro-element footing model with the structural analysis 

to simulate the time-dependent soil–structure interaction (SSI) in 
framed structures on sand. The effectiveness of the proposed method 
was validated through numerical models and centrifuge tests performed 
by the authors, demonstrating its applicability to routine SSI analysis. 
Parametric analyses were performed to study the factors affecting the 
time-dependent SSI, which leads to the following conclusions:  

(1) The extent of creep-induced load redistribution in a structure 
increases significantly with the increase of the strength mobi
lisation levels of the foundations. The creep behaviour of footings 
on sand facilitates the load redistribution from footings with 
higher strength mobilisation levels to those with lower strength 
mobilisation levels.  

(2) The rate of load application on a structure does not affect the load 
distribution between footings in the long term. However, a slower 

Fig. 15. Effect of T0 on (a) the increment of differential settlements during the 50-year creep and (b) the ratio of final differential settlement to that at t = T0.  

Fig. 16. Effect of mobilised strength ratio (Rmob) on the load distribution factors and differential settlements: (a) Qmax/Qmin, (b) CoV, (c) s7-s1 and (d) s8-s7.  
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loading application results in more creep-induced load redistri
bution during loading and consequently less load redistribution 
after loading.  

(3) The long-term SSI should be considered for structures that are 
quickly constructed or at high levels of strength mobilisation (low 
factor of safety).  

(4) In general, the differential settlement of a structure on sand under 
relatively constant working loads is expected to increase by 5% to 
35% after 50 years of creep. 
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