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ABSTRACT: Nonlinear soil-foundation-structure interaction (SFSI) of shallow 
foundations may be beneficial during a strong seismic event. This paper details scaled 
experiments on the seismic response of shallow foundations, conducted onsite, at the 
University of Auckland. Prior to the experiments a geotechnical investigation was carried 
out to determine soil conditions. A test structure, made from structural steel, was 
designed and fabricated for this testing. Road construction plates were attached to the 
structure to create realistic vertical loads and achieve different static factors of safety in 
bearing. Three series of tests are presented in this paper. The static factors of safety of the 
tests were 47, 11, and 11 respectively. Nonlinear behaviour of the foundations and 
underlying soil was evident and comparison between the experimental results is 
encouraging. Static moment capacity equations are shown to capture the moment capacity 
of the tests satisfactorily, however, theoretical elastic rotational stiffness values differed 
from experimental results. The measured response of the foundations indicates good 
energy dissipation during the rocking cycles. 

1 INTRODUCTION 

Nonlinear soil-foundation-structure interaction (SFSI) of shallow foundations may be beneficial in a 
strong seismic event. Uplift reduces contact area between soil and foundation and induces nonlinearity 
from local bearing capacity failure at the edges. This may reduce forces exerted on the super-structure; 
protecting structural beams and columns. Permanent settlement and rotation of a foundation, however, 
may occur during the rocking motion.  

In New Zealand, some buildings do not have sufficient weight to resist the overturning moment (Kelly 
2009). To prevent rocking in these cases tension piles may be included, adding considerable cost to the 
structure. In the older version of the New Zealand design and loadings standard, NZS 4203, there was 
a provision for rocking foundations (Standards New Zealand 1992), this stated: 

“Where dissipation of energy is primarily through rocking of foundations, the structure shall be 
subject to a special study, provided that this need not apply if the structural ductility factor is equal 
to or less than 2.0.” 

The understanding of this clause was that engineers could design a foundation for the reduced forces 
from a ductility factor (µ) of 2 without any extra analysis. Thus the foundation could be sized such that 
at design forces for µ=2, the overturning moment is equal to the restoring moment and rocking occurs.  

The µ=2 part of this clause was removed in the newer New Zealand design and loadings standard, 
NZS 1170.5 (Standards New Zealand 2004), which stated: 

“Where energy dissipation is through rocking of structures or structural sub-assemblies… the 
actions on the structures and parts being supported by the structures shall be determined by special 
study.”   

In New Zealand a special study would require the development of a computer model with time history 
analysis being undertaken. Often design offices will not have the time or resources to carry out such an 
extensive study (Kelly 2009). 
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1.1 Background 

The rocking foundation concept was first researched by Housner (1963). In his paper Housner gave 
equations of motion of an inverted pendulum rocking on a rigid surface and calculated energy 
dissipation resulting from the impacts (radiation damping).  Since that time numerous studies on 
rocking foundations have been carried out both experimentally and numerically.  

Experimentally, there have been both centrifuge and 1g experiments. At the University of Auckland, 
slow cyclic tests of shallow foundations on clay and on sand were conducted (Taylor et al. 1981). 
From those experiments, it was suggested that spread footings may be intentionally designed to yield 
during high intensity earthquakes. Gajan et al. (2005) carried out centrifuge tests on rocking shear 
walls sitting on moderately dense sand and concluded that foundations produce a well defined moment 
capacity. 

Substantial research has also been undertaken numerically.  Several different types of numerical 
models are currently available. A spring bed model that uses springs to represent soil behaviour is 
perhaps the most common approach to modelling the soil-foundation-structure interaction. Pender et 
al. (2009) compare three such models to centrifuge tests conducted on clay (Rosebrook & Kutter 
2001). In the paper, they compare a contact interface macro-element model, developed by Gajan 
(2006), a spring bed model developed by Wotherspoon (2007) and a bearing strength surface macro-
element model developed by Toh (Toh & Pender 2008). They reached a satisfactory comparison of all 
three models with the centrifuge data. 

1.2 Content of this paper 

This paper outlines scaled experiments conducted at the University of Auckland on shallow 
foundations. The experiments were done onsite; testing insitu conditions. A geotechnical investigation 
was conducted before the testing begun and is detailed in this paper. Reinforced concrete foundations 
were cast into the ground and a structure, made from structural steel, was constructed and fixed to 
them. This was excited with an eccentric mass shaker capable of delivering a sinusoidal forcing 
function. 

The paper details experimental design considerations; including moment capacity, structural design 
concept, vertical load, and excitation. It gives results from three tests conducted, including comparison 
to static moment equations and elastic rotational stiffness. Lastly it gives the practical implications and 
conclusions of this research. 

2 EXPERIMENTAL DESIGN CONSIDERATIONS 

2.1 Rocking moment capacity 

When a horizontal load caused from earthquake excitation is applied to a shear wall, overturning 
moments will develop – see Figure 1. There are three components to resist overturning moment: the 
vertical load (V), the length of the foundation (L), and the ultimate bearing capacity of the soil (qu). 
When a foundation uplifts, the contact area between the soil and foundation will reduce until, the 
ultimate bearing capacity is mobilised. This area cannot reduce anymore if the vertical load (V) 
remains constant and is defined as the critical area (Ac). Assuming the breadth of the foundation to be 
in full contact with the soil this critical area can be simplified to a critical length, Lc. This term, 
‘critical length’, was proposed by Gajan et al. (2005), with his research on centrifuge experiments of 
rocking shear walls. 

The right hand side of Figure 1 shows how this critical length, Lc, resists the vertical load, V, 
mobilising the ultimate bearing capacity, qu. Taking moments about the centre of the foundation, the 
moment capacity for a rocking footing can be defined by: 
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where Mult = ultimate moment capacity of a rocking foundation 

 
Figure 1. Concept of a rocking foundation – showing critical length (Lc) that is used in the static moment 
capacity equation 

The above equation is useful because it groups all the geotechnical uncertainty associated with 
foundation strength into one term – Lc. It is used in this paper to calculate static moment capacities of 
the foundations (with the inclusion of passive and active earth pressure and side wall effects), and 
compared to experimental results.  

2.2 Structural design 

The design of the test structure differed from the shear wall concept in Figure 1. It was too difficult to 
construct and test multiple concrete shear walls. A demountable and reusable steel frame was designed 
and fabricated. The concept of the shear wall was still maintained; because rocking foundations, in 
general, have an elastic super-structure, and therefore are undamaged. To maintain stability, two end 
frames (both representing shear walls) were constructed, and these were bridged by a top frame to 
make a box structure. Figure 2a shows the detail of the end frames and Figure 2b shows a 3D 
schematic of the total experiment including the foundations. 

 
Figure 2. The test structure as it was designed; a) detail of the end frame, b) 3D figure of structure (units in mm) 



4 

The structure was bolted to reinforced concrete foundations that were cast into the ground and 
embedded to the ground surface. Horizontal and diagonal bracing were included to stiffen the structure 
as much as possible. The frame was designed for a maximum horizontal load of 100 kN. 

2.3 Vertical load 

The structure by itself was relatively light; approximately 50 kN vertical load, and thus exerting 
minimal stress in the soil. Desiring to vary the static factor of safety in bearing for subsequent tests, 
additional vertical load was added. The extra vertical load was from steel road construction plates. 
These were lifted onto the structure and then ‘sandwiched’ into place using channel sections. Each 
plate was around 12 kN and there were 12 plates total, making the additional load around 145 kN and 
the total load around 195 kN. 

2.4 Excitation 

The dynamic excitation was from an eccentric mass shaker attached to the top of the structure. The 
shaker has two counter-rotating fly wheels, with various masses bolted to one half of each of them. As 
they rotate, the inertia force from the masses adds in one direction but cancel in the perpendicular 
direction; delivering a unidirectional sinusoidal forcing function. Figure 3 gives a detail of the top 
frame, depicting the foundations and shaking direction. 

 
Figure 3. A plan view of the test, showing the foundations, top frame, and shaking direction (units in mm) 

The force the shaker delivers is dependent on frequency and the number of masses. Figure 4 shows 
force vs. frequency plots for the shaker running at maximum and minimum, up to 12 Hz. At full 
capacity the shaker can deliver 98 kN dynamic force at a frequency of 7 Hz.  
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Figure 4. Force vs. frequency plots of the eccentric mass shaker running at maximum and minimum 

3 EXPERIMENTAL PROGRAM 

We will detail three tests; one test of around 50 kN vertical load, and two with around 195 kN. There 
were four different positions setup for testing, equating to 8 foundations. Each foundation had the 
same dimensions; 0.4 m by 0.4 m by 2 m. The tests discussed in this paper are from two different 
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positions. The variables in the tests are: mass, stiffness of the soil, and ultimate soil capacity. The 
latter two are determined by geotechnical investigation. Figure 5 gives a photo of the structure setup 
onsite with the road plates and mass shaker attached, prior to testing. 

 
Figure 5. A photo of the structure set up on site showing road plates and the eccentric mass shaker 

3.1 Soil conditions 

Previous to any construction, a geotechnical investigation was undertaken to determine the properties 
of the soil accurately. Because the experiments were on a residual soil it was necessary to develop a 
good understanding, or else anomalies in results may be difficult to describe.  

To determine the stiffness of the soil, seismic cone penetrations tests (SCPT’s), and wave activated 
stiffness tests (WAK tests) were conducted. A WAK test is a simple test to determine the small strain 
shear modulus (Gmax) at the ground surface and is described in the paper by Briaud & Lepert (1990). 
The SCPT readings were taken between 2-3 m below ground surface. 

The ultimate bearing capacity of the soil, at the depth of the foundation, was determined by hand shear 
vanes. In addition, laboratory tests are to be carried out at the University of Auckland to determine 
both stiffness and strength properties. 

Cone penetration tests (CPT’s) were conducted to give a full description of the soil. The failure 
surface for general bearing capacity failure of a shallow foundation reaches around 2/3L under the 
footing (1.3 m in this case). The CPT’s went to a target depth of 10 m; well below this failure surface. 
The upper layers, which are applicable to shallow foundations, were mostly very stiff and fine grained. 
The lower layers were clay to silty clay or clayey silt to silty clay. The CPT pore pressure response put 
the water table at 5.1 m below the ground surface, but the soil was saturated to near the surface 
because the tests were being conducted near the end of the wet season. Table 1 gives the parameters of 
each test; giving the configuration and geotechnical properties obtained from the investigation. 

Table 1. Summary of the configuration and geotechnical properties. 

Test No. Foundations* su 
(kPa) 

Vertical Load
(kN) FoS Gmax - SCPT 

(MPa) 
Gmax - WAK 

(MPa) 
1 1 & 3 180 50 46.9 37.8 38.0 
2 1 & 3 180 195 11.4 37.8 38.0 
3 2 & 4 170 195 10.7 36.0 35.0 

*Numbers in bold are the foundations that will be given in this paper. 
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4 EXPERIMENTAL RESULTS 

The Figure below (Fig. 6) gives the moment-rotation and settlement-rotation plots. For each, not all 
the time history is given as this tends to clutter the graph. 
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Figure 6. The moment-rotations and settlement-rotations from all three tests; row 1 = test 1, row 2 = test 2, and 
row 3 = test 3 

4.1 Moment capacities 

Nonlinear behaviour of the foundation is evident in test 1; shown by the maximum rotation increasing 
with each cycle while the maximum moment remains constant. The moment capacity of the test 
measured around 60 kN. This is consistent with the static moment capacity (Equation 1) of around 55 
kN, given as the two horizontal lines. 

The maximum moment reached in test 2 was around 110 kN. This was slightly less than the moment 
capacity amount of 118 kN, however, the loops on the graph indicate less yielding and therefore the 
difference between the experimental result and static prediction is acceptable. 

Test 3 reached a maximum moment of 100 kN; comparable to test 2 of 110 kN. The only physical 
difference between the tests was the ground conditions; test 2 had an average su of 180 kPa and an 
average Gmax of 37.9 MPa, while test 3 had an average su of 170 kPa and an average Gmax of 35.5 MPa. 
Be that as it may there is only a small difference between the moment capacities of test 2 and 3. This is 

Elastic rotational stiffness 

Elastic rotational stiffness 

Elastic rotational stiffness 
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reinforced by the static moment capacities being the same, Mult = 118 kNm. In addition, the shapes of 
the moment-rotations are similar, conveying consistent behaviour across the experiments. 

4.2 Rotational stiffness 

The small strain rotational stiffness for each test was calculated using Gmax and the Gazetas equation 
for elastic rotational stiffness. The calculated values are different than the measured values in the tests. 
At the beginning of yielding for test 1, the experimental stiffness is around 20% of the elastic value 
and at maximum yielding the rotational stiffness is 6% of the calculated value; test 2 is around 40% of 
the elastic value at beginning of yielding and around 10% at maximum; and test 3 is around 27% at the 
beginning of yielding and around 8% at maximum. 

The moment capacity predictions use ultimate bearing strength, and are not dependent on stiffness. If 
one was, however, trying to make predictions of maximum or residual rotations, or trying to conduct a 
time history analysis, an altered value of Gmax would be necessary. This reduction of Gmax is important 
when considering rocking foundation design as it affects the rotations a footing will incur during the 
rocking motion. 

4.3 Settlement 

On all three tests, the settlement was minimal: the residual settlement of test 1 was 0.85 mm, test 2 
shows a settlement of 0.5 mm, however the end settlement was 2.5 mm and test 3 was 0.3 mm. These 
results show that settlement is not an issue for foundations resting on stiff soil.  

4.4 Practical implications 

The research we are undertaking, presented herein, has many positive aspects for rocking foundation 
design in New Zealand. The experiments show that rocking foundations have a well defined response 
for higher factors of safety (47 and 11), they have good energy dissipation, critical in protecting beams 
and columns, and they have minimal settlement, typically a common issue with rocking foundations. 

In addition, numerical models are being developed at the University of Auckland and are being 
validated by the results. These are useful tools for undertaking ‘special studies’ – required for rocking 
foundation design under NZS 1170.5. 

There is scope, in New Zealand, for specifying rocking foundations in retrofit designs. Earthquake 
energy dissipating within the soil protects beams and columns, and more expensive retrofits of 
structural elements may not be necessary. Excellent understanding of foundation and underlying soil, 
however, are essential for such a retrofit. We hope that the results presented in this paper encourage 
the rocking foundation concept as a retrofit as well as a new design solution. 

5 CONCLUSIONS 

Rocking foundations can be beneficial to a structure, by dissipating energy in the soil rather than in 
beams and columns. The results from the experiments (still in progress) show consistent moment-
rotation behaviour, and good energy dissipation.  

The static equation for predicting moment capacities is acceptable, although we do not believe the 
moment capacity was reached for test 2 and 3. The experimental data of test 1 gave a moment capacity 
of around 60 kN, and the static moment prediction was 55 kN, the experiment data of test 2 gave a 
moment capacity of around 110 kN, and the static moment prediction was 118 kN, and the experiment 
data of test 3 gave a moment capacity of around 100 kN, and the static moment prediction was 118 
kN. 

The rotation stiffness of the tests differs from theoretical elastic values using Gmax. An important 
aspect of future research will be to determine how to get from elastic rotational stiffness to accurate 
rotational stiffness. For modelling purposes, an altered or reduced value of Gmax may have to be used. 
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The settlement of all three tests was minimal; displayed in the settlement-rotation plots. Test 1 settled 
0.85 mm, test 2 shows a settlement of 0.5 mm on the plot, however the final settlement was 2.5 mm, 
and test 3 settled 0.3 mm. This is encouraging for rocking foundations on this type of soil, because 
settlement does not appear to be an issue. 
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