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Abstract: The seismic protection of existing buildings is still a matter of great concern. In 
most historic towns of the Mediterranean area, where the seismic hazard is high, buildings 
are hundreds of years old. In these cases, although passive structural systems installed 
underneath the buildings can be an option, installation procedures are expensive and not 
always feasible. The idea of using ground improvement techniques to modify ground 
properties in the vicinity of the building in order to mitigate seismic shaking is therefore 
appealing. In this work the problem has been investigated through two centrifuge tests, to 
check the possibility of using novel grouts to create continuous soft isolating barriers,. The 
tests have been carried out at the Schofield Centre in Cambridge (UK). In the first test a 
horizontal continuous soft layer has been used, while in the second one a more realistic V-
shape configuration was created in the ground. The model ground layer was prepared as a 
30 cm dry sand, while the soft layer was made by using latex balloons filled with a water 
Super Absorbing Polymer (hydrogel). 
 
  
Introduction 
Passive structural systems installed at the foundation level of existing buildings are a 
common solution to protect them against earthquakes. However, installation procedures are 
expensive and not always feasible, as for instance in the case of important historic buildings. 
As an alternative, ground improvement techniques can be used to modify ground properties, 
in order to mitigate the intensity of shaking at ground level. 
The propagation of shear waves in the ground can be modified by introducing a layer of 
artificially modified material, having a dynamic impedance (defined as η=ρ*VS, where ρ is the 
material density and VS the velocity of shear waves) very different from that of the natural 
soil. In order to consider feasible mechanical properties of the soft barrier,numerical analyses 
were carried out considering for the grouted layer the mechanical properties inferred from the 
results of laboratory tests on real compounds (Lombardi & Flora, 2014; Flora et al. 
2015;Lombardi et al., 2015). It was found that the barrier can be effective as seismic isolation 
without inducing excessive static settlements, provided the soft layer is deep enough.Very 
low values of the dynamic impedance of the grouted soil can be effective in reducing the 
overall transmitted energy. The soft grouted layer tends to filter the high frequency 
components of the amplitude spectrum without modifying in a significant way the low 
frequency components. Centrifuge tests on physical models of similar barriers at reduced 
scale were usedto further support the evidence of their effectiveness. Therefore according to 
the results of the numerical analyses, two models have been tested in centrifuge. In the first 
model the soft layer was horizontal, while in the second one a V-shape configuration was 
created in the ground. Although very effective, the first configuration is not that feasible 
underneath an existing building. Instead the V-shape is a realistic case of barrier to be 
formed by assembling inclined and partially overlapped columns. 
 
Experimental Program 
 
Scaling laws 
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Centrifuge modelling has become popular among geotechnical researchers since the 1960s 
as aneffective way to test small scale geotechnical models while still being able to obtain 
quantifiable results applicable to full scale scenarios. Small scale soil models tested at 1-g 
will be at a stress state significantly lower than that present inthe prototype scenario being 
modelled. Hence, with soil having non-linear stress-strain behaviour,tests conducted at 1-g 
cannot provide quantifiable results relating to the prototype scenario. Full-scale testing in the 
field is often very expensive and sometimes even unfeasible.  
The basic scaling law for centrifuge modelling derives from the need to ensure the stress 
similarity between a model and the corresponding prototype. Therefore all the length 
dimensions of the prototype are scaled down by a factor N in the centrifuge model. The 
gravity is increased by the same geometric factor N relative to the normal earth’s gravity 
field. A number of scaling laws is needed to convert between prototype and model 
(Madabhushi, 2014). Those used for the tests are summarized in Table 1. It is worth noting 
that both the amplitude and the frequency of the ground motion applied at the base of the 
model must be N times larger than at the prototype scale.  

 
Table 1. Scaling laws 

Parameter Scaling law 
Model/Prototype Dimensions 

Length 1/N L 
Mass 1/N3 M 
Stress 1 ML-1T -2 
Strain 1 1 
Time (Dynamic) 1/N T 
Frequency N T -1 
Acceleration N LT -2 
Velocity 1 LT -1 
Displacement 1/N L 

 
 
Centrifuge 
The tests were carried out in the Turner Beam Centrifuge at the Schofield Centre (University 
of Cambridge). A beam centrifuge consists of horizontal structural beams that carry the 
payload at one end and a counterweight at the other end. 
The centrifuge at Cambridge was designed in the early 1970s. It has a nominal diameter of 
10m and payload capacity is 1 ton at an operational g level of 150 times earth’s gravity. A 
view of this centrifuge is presented in Figure 1. 
 

 
Figure 1. A view of the Turner beam centrifuge at Cambridge 

 
The soil model that constitutes the payload is placed on a swing platform at one end of the 
horizontal beam. The mass of the model was balanced by a counterweight that is placed on 
an identical swing platform on the other end of the beam. 
To induce earthquake motions in the models the Stored Angular Momentum (SAM) actuator 
was used. The SAM actuator works by spinning two flywheels up to the required speed. 
Aclutch mechanism then grabs hold of a reciprocating rod coming from the flywheels 
whichtransmits shaking into the model until the clutch releases. The duration, frequency and 
magnitude of the earthquake can be set independently while the centrifuge is spinning. A 
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special container was used for the model called the laminar box. The concept of the laminar 
model container is that it has zero lateral stiffness of its own and therefore its deformation is 
driven by soil deformation. The box is made by individual laminas that are separated by 
cylindrical bearings, so as to minimize the friction. The model container has nominal inside 
dimensions of 500mm x 250mm x 300mm. 
 
Materials 
The sand used in preparing the models tested was HN31 Hostun Sand (Flavigny,1990). 
Table 2 reports its properties as known in literature. 
 

Table 2.Physical properties of Hostun Sand  

Soil Gs emax emin γ (kN/m3) 
Hostun 
Sand 
HN31 

2.65 1.041 0.555 16.2	  

 
The sand layers were deposited at relative density equal to 85%. 
For the soft layer, the basic idea is to obtain a mixture with mechanical characteristics able to 
ensure a low dynamic impedance. The adopted material, is a super absorbent polymer 
(SAP), a polymer that can absorb and retain extremely large amounts of a liquid with respect 
to its own mass. The ability of the SAP to absorb water is due to the ionic concentration of 
the aqueous solution. In deionised and distilled water, a SAP may absorb 500 times its 
weight and can become up to 99.9% liquid, but when put into a 0.9% saline solution, the 
absorbency drops to maybe 50 times its weight.The SAP used in this research activity is a 
polyacrylic acid partial sodium salt (Flora et al., 2015). The characteristics of the Super 
Absorbent Polymers depend on the chemical formulation. These materials can be employed 
as softening grouts, thanks to their low shear stiffness due to the extremely high content of 
water mixable with the polymers. For the centrifuge test the soft layer was made by using 
latex balloons filled byhydrated SAP. The properties of the SAP material are summarized in 
Table 3. 
 

Table 3. Main properties of the SAP material  

Material γ (kN/m3) ρ (kg/m3) Vs(m/s) 

SAP 10 1020 30 

 
The reason of confining the SAP inside the balloons is of avoiding that the material would be 
squeezed during the spin up thus mixing up with the sand in uncontrolled way. 
 
Model preparation 
The two models tested in the centrifuge are sketched  in Figure 2.  
An automatic sand pourer was used for pluviating the sand in the laminar box. To achieve a 
specific relative density the sand needs to be poured from a particular height and at a 
particular flow rate. The sand is placed in a hopper suspended above the model container. A 
nozzle was placed at the bottom of the hopper to control the flow rate and the drop height 
was controlled through the program used to control the equipment. The sand pourer was 
stopped at desired locations to allow placement of instruments and balloons. In the first 
model the balloons were deployed between two thin layers of latex. A small hollow tube was 
placed on the superior layer of latex in order to allow placement of a LVDT as a means of 
control for the deformation of the soft layer during the spin up (Figure3). For the creation of 
the V-shape model (second model) the sand pouring was stopped every 10 mm in order to 
place the balloons (Figure 4). For this reason it was impossible to place the two thin layers of 
latex around the balloons in the second model. 
The instrumentation adopted in both models is the same. Two sets of accelerometers were 
installed to measure horizontal and vertical components of acceleration .Piezoelectric 
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accelerometers are the traditional kind of transducer used to measureacceleration in 
dynamic centrifuge experiments. When they are subjected to vibration, a crystal within the 
instrument is squeezed which in turns releases a charge. This charge output is converted 
into a voltage using a charge amplifier. These devices are calibrated before use in a 
centrifuge test using a specially designed calibrator. A calibration factor for the accelerometer 
is obtained in the units of g/V. The piezo-electric accelerometers measure acceleration in the 
longitudinal direction that aligns with the axis of the instrument. 

 
 

 
Figure2. Instrumentations and test layouts 

 
Furthermore, Micro-electro-mechanical System (MEMS) accelerometers were installed. 
These devices have a tiny inertial mass suspended on a spring and their displacements is 
used to determine the spring force and hence the acceleration of the device. MEMS 
accelerometers are very small and they were calibrated by just turning the device upside 
down and reversing the 1 g components due to the earth’s gravity. 
Displacements measurement was carried out traditionally by using linearly varying differential 
transformer (LVDTs). These devices have arelatively slow response time meaning they are 
ineffective at measuring high frequencydisplacements accurately. They do however provide 
an accurate indication of thecumulative settlement. Prior to use, the LVDTs were calibrated 
by applying know displacements from a screw gauge and its output was measured.  
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To allow a comparative numerical analysis to be conducted, knowledge about the stiffness of 
thesand within the models is required. A method of characterizing the soil models in the 
centrifuge is by measuring the shear wave velocity VS in the test. Shear wave velocity VSwas 
obtained by using a miniature air hammer which operated at strains around 0.03%. The small 
strain shear modulus G0was then obtained using the equation: 
 

                                                              

0
s

GV
ρ

=                                                             (1) 

 
 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3.Preparation of the first model a) Positioninghorizontal accelerometers, b) thin layers of latex, 
c) balloons filled with SAP and d) vertical and horizontal accelerometers and small tube for the 

placement of LVDT 
 

 
a) 

 
b) 

 
c) 

 
d) 



 
V. NAPPA, E. BILOTTA, A. FLORA and G. MADABHUSHI 

 

6 

Figure 4.Preparation of the second model a) Positioning horizontal accelerometers and some of the 
balloons, b)vertical and horizontal accelerometers, c) laminar box with LVDT d) V-shape after test 

 
To achieve this, an air hammer was installed at the bottom ofeach model. Through a set of 
valves, air is supplied to one end of the airhammer which pushes a metal pellet within the air 
hammer causing it to impact on the opposite end of it. This induces a shear wave in the 
model. Accelerometers placed at different but know elevation recorded the arrival times of 
the shear waves. Hence the shear wave velocity between adjacent accelerometers can be 
determined. 
 
Testing procedure and program 
After preparation, the models were loaded on the centrifuge basket, connecting the devices 
to the onboard acquisition system. All the data were acquired using the software CDAQS, a 
system that minimizes the noise derived by electrical interference of the SAM system. At 
each test start the centrifuge was spun up to 80g. In total two earthquakes were fired at 50g 
and six at 80g. The features of the tests are summarized in Table 3. 
 

Table 3.Model earthquakes 

Test 1 
Gravity 
level (g) 

Input 
signal 

Frequency (Hz) Amplitude (g) 
Model  Prototype Model  Prototype 

50g 
EQ1 50 1.00 4.63 0.09 
EQ2 30 0.60 0.60 0.01 

80g 

EQ3 50 0.63 2.61 0.05 
EQ4 50 0.63 9.82 0.12 
EQ5 30 0.38 1.89 0.75 
EQ6 60 0.75 0.68 0.01 
EQ7 60 0.75 16.61 0.33 
EQ8 30 0.38 4.49 0.06 

 
Test 2 

Gravity 
level (g) 

Input 
signal 

Frequency (Hz) Amplitude (g) 

Model  
Prototype Model  Prototype 

80g 

EQ1 50 0.63 7.22 0.09 
EQ2 50 0.63 13.50 0.17 
EQ3 30 0.38 1.34 0.02 
EQ4 60 0.75 13.20 0.17 
EQ5 60 0.75 19.10 0.24 
EQ6 30 0.38 4.85 0.06 

50g 
EQ7 50 1.00 9.15 0.18 

EQ8 30 0.38 0.89 0.01 

 
It is worth noticing that for low frequencies of the input motion the technique may be 
ineffective (Lombardi & Flora, 2014). The maximum nominal frequency that it is possible to 
obtain with SAM actuator is equal to 60 Hz at model scale that correspond to 0.75Hz at 80g 
level. However, the generated signals always contain harmonics with frequency higher than 
the nominal one. These are helpful to better inspect the behaviour of the model at the high 
frequencies. 
All the earthquakes have a fixed duration equal to 0.4 s at model scale. The sequence of 
dynamic loads selected at 80g reproduces a range of frequency between 0.38Hz and 0.75Hz 
at prototype scale and the maximum value of the nominal frequency is reached at 50g level 
(1 Hz). 
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Results 
A series of earthquakes were fired and only a few relevant results are discussed here.From 
numerical analyses  it is know that the system is efficacy when the frequency of the signal is 
greater than the natural frequency of the soil. The natural frequency of the soil was obtained 
by  

                                                               
0 4

sVf
H

=                                                            (2) 

 
in which H is the soil layer thickness and Vs is shear wave velocity obtained from air hammer. 
All the frequencies of the earthquakes fired in the tests are lower than the natural frequency 
of the soil. Another factor that plays an important role for the efficacy of the system is the 
amplitude of the signal. Some of the results are plotted in figure 5 and figure 6 in terms of 
acceleration time histories recorded by horizontal accelerometers at the surface of the model. 
The figures referin both of the tests to the case of earthquakes having a dominant frequency 
equal to 60Hz butdifferent amplitude of the signal. For the model with a horizontal soft layer, 
the acceleration time histories show amplification of the input motion at surface for lower 
amplitude of the signal. The show significant de-amplifications for higher amplitude of the 
signal. 
 

 
                                                                                                                                                             a) 

 

 
b) 

Figure 5.Input signal and time histories recorded on the surface at model scale- a)EQ6 and b)EQ7 
 
It is worth noting that the benefits of the soft layer are evident during strong shaking, whereas 
for the weakest earthquakes considerable amount of shear waves is still being transmitted to 
the surface. 
Different results were obtained for the V-shape configuration. In fact in this case the 
treatment is apparently not such efficient. The acceleration time histories measured at 
surface, both within (AC1) and outside (AC7) the V-shape volume, are amplified compared to 
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the input signal. The former (AC1, within the isolated volume) is only slightly lower than the 
latter (AC7, outside the volume, that is in approximately free-field conditions). However, 
further investigation is needed to get a better insight on this issue. 
 

 
 

 
Figure 6.Input signal and time histories recorded on the surface at model scale- a)EQ4 and b)EQ5 

 
 
Conclusions  
The effect of the insertion of a soft grouted layer with a dynamic impedance that is much 
smaller than the surrounding soil was investigated. The soft grouting appears a valid 
alternative technology compared to more conventional and invasive solutions, such as the 
structural reinforcement and passive base isolation. It can result in a more sustainable 
solution for the historical constructions, the integrity of which has to be preserved. Dynamic 
centrifuge tests were used to validate the results obtained from numerical analyses. However 
there are some limits on the range of frequency and amplitude of the input motions that are 
possible to investigate. Two tests were carried out using different geometric configurations 
for the soft layer. The soft layer was made by using latex balloons filled with a water based 
Super Absorbing Polymer. It was shown that the  results from  the horizontal layer scheme 
are in agreement with the numerical analyses and details in the dynamic behaviour can be 
predicted in a global sense. The soft grouted layer tends to filter the high frequency 
components of the amplitude spectrum without modifying in a significant way the low 
frequency components.Furthermore the benefits of the soft layer are larger during strong 
shaking during which the SAP layer provides more isolation. Some of the discrepancies in 
the results obtained in the second model can be traced back to the methods used during the 
model preparation. To get further information on the problem, a comparison of the 
experimental results with specific numerical analyses is ongoing. 
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