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Abstract: This paper analyses the effect of polyurethane injections on the seismic surficial response
of cohesionless soils. For this purpose, dynamic finite element numerical analyses were performed
through GiD + OpenSees. Both the soil and the composite material, resulted after the expansion of
the injected polyurethane, are modelled with a nonlinear hysteretic constitutive model. Based on the
polyurethane percentage, a homogenisation of the characteristics was considered for the composite
material: linear for density and damping, and exponential (experimentally calibrated) for the stiffness.
An expansion coefficient quantifies how much the injected polyurethane expands: three expansion
coefficients were considered, each of them related to a different polyurethane density. For the
evaluation of the foam stiffness, a linear stiffness–density correlation was used, derived after impact
tests. Results showed that polyurethane reduces the surficial accelerations proportionally to the ratio
of its seismic impedance and volumetric percentage with respect to the soil seismic impedance and
total volume. This is a preliminary indication for the design of polyurethane injections in cohesionless
soils for seismic acceleration reduction.

Keywords: geotechnical seismic isolation; polyurethane; impact tests; numerical simulations; finite
element; OpenSees; seismic risk mitigation

1. Introduction

Every year, earthquakes are one of the natural events responsible for both life and
economic loss. In a certain time interval, the seismic risk quantifies the damage expected
after an earthquake, whereby it combines the effects of seismic hazard, vulnerability and
exposition. The effects of an earthquake depend on its energy and occurrence frequency
(seismic hazard); for a certain intensity, structures designed inadequately, built with poor
materials or subjected to poor maintenance over the years suffer the worst consequences
(vulnerability). Finally, damage to people and things are greater depending on their
exposition. Many seismic events have been responsible for extensive damage, and among
the most recent was the 2015 Gorkha earthquake, which occurred on 25 April 2015 in
Nepal [1]. Gautam and Rodrigues [2] report 8790 lives lost and $7 billion in damages, as
quantified by the National Planning Commission of Nepal.

The scientific interest in the seismic risk mitigation involves several areas: engineering,
as well as organisational and socio-economic, if you think about the risk management
plans, which include strategies related to the seismic risk evaluation itself [3–6]. Although
earthquakes cause deaths and disruption because of their secondary effects, such as land-
slides, tsunamis or fires, the greatest losses of both human life and property result when
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man-made structures collapse, due to ground motion. As a consequence, the most effective
way to reduce earthquake damage is through the design and the building of earthquake-
resistant structures.

From an engineering point of view, the main research attention is therefore paid to the
development of structural interventions, finalised to reduce the structural vulnerability
or intervening indirectly to the seismic hazard, so that a “modified” and reduced ground
motion would act on the structure [7–16]. In some cases, these techniques are difficult to
be applied to existing buildings or, if possible, they are invasive, and this aspect is quite
relevant for buildings of historical and artistic heritage.

In the last decade, the concept of “Geotechnical Seismic Isolation” (GSI) has been
introduced as an innovative base isolation method, where the use of devices such as
isolators underneath the foundations is replaced by modifying the surficial layers of the
foundation soil [17,18]. The object of the intervention for seismic risk mitigation is therefore
the soil, and this choice is logical in thinking that the structures are damaged according
to what the soil transmits [19]. Several materials have been studied for the geotechni-
cal seismic isolation: among others are rubber-soil mixtures [20–24], geofoams [25–27],
geosynthetics [28,29] or stone pebble layers [30]. As proposed, the GSI methods share the
limits of the structural base isolation techniques: they are not easily usable underneath
foundations of existing structures.

When the “original” seismic shaking, generated at the hypocentre, reaches the ground
surface, it has been affected and modified by the soil, according to its physical and me-
chanical properties [31]; thus, it appears advantageous (but complex) to intervene in the
soil to modify its characteristics, so that the seismic response is reduced. For existing
buildings, the modification of the foundation soil is a well-established practice, widespread
for the amelioration of the soil mechanical characteristics and the reduction of its settlement,
through the common grouting techniques.

The traditional techniques for soil amelioration, used for improving the mechanical
and hydraulic soil characteristics, are the permeation grouting and hydrofracturing, the
compaction grouting and the compensation grouting. Alongside these techniques, injec-
tions of expanding resins, such as polyurethane, are also widespread, and they share some
aspects with the traditional techniques, even if they do not fall into a single category. This
is due to the fact that polyurethane experiences a modification of its structure during the
injection, with a consequent change of its rheological characteristics, from the pre- to the
post-injection phase.

When injected, polyurethane is indeed a Newtonian fluid, obtained by mixing two
components, the polyol (A-component) and the isocyanate (B-component). A few moments
after the end of mixing, depending on the specific resin characteristics, the material starts
to react, forming abundant carbon dioxide; the latter gets trapped in the polyurethane
structure, giving rise to the expansion process. At the end of the expansion, the material
hardens, showing good mechanical properties [32]. In the initial phase, polyurethane
injection is similar to permeation grouting and hydrofracturing techniques; thanks to its
low viscosity (150–300 mPa·s, depending on the temperature of the two components), the
injected material may permeate within the cohesionless soils, highly permeable, or fracture
cohesive soils or surficial layers of loose cohesionless soils, where the effective vertical
stress is low. With its expansion within the soil, the polyurethane injection technique has
common effects with both the compaction and the compensation grouting techniques, since
it compresses the surrounding soil and improves the soil mechanical properties. In the case
of polyurethane injection, ameliorations are due to the injection pressure (as the traditional
techniques), as well as the expansion pressure.

Taking into account its use inside the soil, the behaviour of polyurethane for geotech-
nical stress states has been studied using oedometric and triaxial tests [33,34]. According to
the soil type and the soil confining pressures, polyurethane expands differently and with a
different final density, in any case low if compared to the soil one; for this aspect, such a
material could be efficient for the seismic acceleration reduction. Polyurethane has received
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scientific attention from a seismic point of view for several years: it was characterised using
resonant column tests [35] and the effects on the seismic response of sand specimens due to
its insertion were studied, albeit on a volume element scale [36]. Gatto et al. [36] showed
through impact tests that accelerations of sand-polyurethane specimens are reduced, di-
rectly proportional to the polyurethane volumetric percentage.

The aim of this paper is to study the effects of polyurethane injections, realised fol-
lowing the grouting scheme, on the seismic response of cohesionless soils having different
relative densities. For this purpose, 3D finite element dynamic analyses are performed
through GiD + OpenSees [37–39]. The soil is modelled with a nonlinear constitutive model,
and the same model is used for the modelling of the surficial layers too, where the interven-
tions are realised and the soil is mixed with the polyurethane, with the stiffness parameters
calibrated on the basis of experimental results of resonant column tests [40,41] performed
on composite sand–polyurethane specimens [35]. The numerical analyses are preceded
by an experimental campaign for the dynamic characterisation of the polyurethane used
by Master Builders Solutions [42] for soil improvement, i.e., the MasterRoc 355 MP [43]
polyurethane, through specimens realised with different densities, so that the stiffness and
damping parameters for the numerical analyses are obtained.

2. Soil Improvement Using Polyurethane

This section first describes the soil improvement technologies developed by Master
Builders Solutions, based on the polyurethane injection. When injected inside the soil,
polyurethane expands differently according to the soil type, having different final densities.
Impact tests are therefore performed on polyurethane specimens realised with different
densities, to determine a function for the elastic modulus and the damping coefficient
varying with density.

2.1. Master Builders Solutions’ Technologies for Soil Improvement through Grouting

Among Master Builders Solutions’ technologies [42], injections of polyurethanes
belonging to the “MasterRoc MP 35X” group are widespread for the improvement of
foundation soils underneath existing buildings, and the group contemplates different
polyurethane types, each suitable to a specific application. One of the most popular is the
MasterRoc MP 355 [43], which is examined in our study.

There are different injection techniques, and among the most widespread is the tech-
nique related to resin injection to fill voids, cracks and cavities in soil/rock. The injection is
preceded by making perforations of a diameter between 90 and 127 millimetres, where the
injection pipes are inserted. The latter may be steel pipes of a small diameter (10–12 mm) or
high-density polyethylene pipes PN25, inserted at different depths, according to the injec-
tion levels. At each injection level, the injections are separated through an obturator bag or
mortar sheath. Pneumatic, electric or electro-hydraulic piston pumps are used (pressures
up to 150–200 bar). The A- and B-components, whose mixture creates the polyurethane
foam, have a high viscosity and need pressure to be pumped. The two components are
therefore pumped into high-pressure pipes of a small diameter (an internal diameter of
6–10 mm), connected to the injection gun, where they are mixed through a static mixer.
The pressure of the injection into the substrate is between 0 and 30 bar. Injections follow
different schemes, according to the types of foundation and soil; in any case, they are
realised in a bottom-up direction. In particular, this paper analyses the case of injections
under foundation slabs. They are commonly realised on a grid spaced 0.5–1.5 m, injecting
10–20 kg of polyurethane mass per level, at 1–3 injection levels (the first injection level is
usually immediately underneath the foundation surface, while the others are spaced 0.5
to 1 m in depth). Figure 1a shows an example of the application. Injected polyurethane
expands differently according to the soil confinement, and the polyurethane expansion is
quantified through a coefficient of expansion (CE), as shown in Equation (1).

CE = Vf/Vi = ρi/ρf (1)



Geosciences 2021, 11, 201 4 of 21

with Vi and Vf respectively being the initial and final volume of the polyurethane. By
assuming a radial expansion of the material, the configuration of the injected layers is
shown in Figure 1b, where the diameter of the expanded polyurethane will depend on CE.
Thanks to the mass conservation, the volume ratio of Equation (1) corresponds to a density
ratio of initial ρi versus final ρf.
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3. Dynamic Characterisation of Polyurethane by Means of Laboratory Tests

Dynamic characterisation of a material means the determination of parameters that
describe the material behaviour in dynamic conditions, and it is related to the wave propa-
gation, affected by the wave propagation velocity and the damping coefficient. The wave
velocity depends on the elastic modulus and the density; while the latter is easy to evaluate,
the elastic modulus is determined with specific tests. In the following, an experimen-
tal program is performed for the evaluation of the stiffness and damping coefficient of
polyurethane at different densities, preceded by the description of polyurethane sample
preparation.

3.1. Sample Preparation

The main phases of polyurethane sample preparation are illustrated in Figure 2.
Components A (polyol, density 1000 kg/m3) and B (isocyanate, density 1250 kg/m3)
are mixed in a volumetric ratio of 1:1, as suggested by the Master Builders Solutions’
technical sheet [42], and 20 mL syringes are used for the volumetric control (Figure 2a). The
two components are withdrawn separately, injected into a plastic cup and mixed using a
propeller-equipped drill (Figure 2b) for an adequate mixing time to obtain a homogeneous
foam (about 40 s, compatible with the setting time, after which the foam is not workable
anymore). The mixture is then poured inside a cylindrical mould of height 0.10 m and
diameter 0.045 m (volume 1.59 × 10−4 m3).
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Figure 2. Sample preparation: (a) Sampling of the two components with syringes (Volume ratio 1:1), (b) injection of both
components into a plastic cup being mixed through a propeller-equipped drill, (c) outpour of the mixed foam inside a
mould, closed by a hand press, and (d) specimens for tests.

To study the dynamic properties of polyurethane at different densities, specimens are
prepared at three expansion coefficients, CE = 6, 8 and 9. In free expansion, the foam has
a CE equal to 9. It is possible to vary CE by forcing the foam to grow inside the mould’s
volume (in other words, fixing the final volume, Vf) and changing only the initial volume,
Vi (see Equation (1)). This is done thanks to the hand press shown in Figure 2c. Specifically,
Vi,A = Vi,B = 15 mL for CE = 6, Vi,A = Vi,B = 11.25 mL for CE = 8 and Vi,A = Vi,B = 10 mL
for CE = 9, with Vi,A and Vi,B being the initial volume of each component.

After having poured the mixture inside the mould, a few minutes are required for
the foam setting and hardening process. Twelve specimens are realised (Figure 2d), and
specimens are then weighted for the evaluation of the expansion coefficient in the aftermath.

The specimen weight, mA + B, depends on the densities and the initial volumes of A-
and B-components, which allow to compute the initial volume of the polyurethane as:

Vi = 2 mA + B/(ρA + ρB) (2)

from this relationship, Vi is computed for each specimen, and then the CEs are determined.
CE values are shown in Table 1, and the specimen density is also reported.

Table 1. Summary of the polyurethane specimens with related properties.

Specimen Initial CE Mass, mA + B
(g)

Vi
(mL) Final CE Density, ρPUR

(kg/m3)

A 6 25 22 7.16 157
B 6 26 23 6.88 164
C 6 24 21 7.45 151
D 6 25 22 7.16 157
E 8 21 19 8.52 132
F 8 19 17 9.41 120
G 8 22 20 8.13 138
H 8 22 20 8.13 138
I 9 20 18 8.94 126
L 9 19 17 9.41 120
M 9 18 16 9.94 113
N 9 19 17 9.41 120

3.2. Impact Tests

Cylindrical specimens with 4.5 cm in diameter and 10 cm in height are placed on the
support structure shown in Figure 3, where they are bound with a ring. The impact test
is performed by applying an impulsive force orthogonally to the bound base surface of
the specimen, using the dynamometric hammer PCB 086D20. The dynamic response is
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recorded by means of a triaxial accelerometer PCB 356A16, glued to the free end. The test
scheme is single input–single output (SISO). Tests are manually performed by an operator,
and force magnitude is controlled by the hammer’s load cell.
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Impact tests excite the specimens at frequency intervals, whose amplitude depends
on the tip hammer’s material; in the excited interval, the natural frequencies are detected
through the frequency response function, H1(f), computed by means of the Fourier trans-
form of the measured force and acceleration, respectively Sf (in N) and Sa (in m/s2):

H1(f) =
S f
∗·Sa

S f
∗·S f

(3)

with S f
∗ being the complex conjugate of Sf; and H1 is therefore expressed in m/s2/N.

In the following, the experimental results’ elaboration is described, for the evaluation of
the elastic modulus and the damping coefficient of the specimens. In both cases, the first
natural frequency identified, f1 (fundamental frequency), is considered, depending on the
axial modal behaviour of the specimens for the test performed.

By schematising the one-degree-of-freedom system with a simple mass-spring-dashpot
model, the fundamental frequency, f1, is equal to 1/(2π)

√
k̂/m, with m the specimen mass

and k̂ a stiffness, taking into account not only the longitudinal stiffness of the sample (EA/L,
with E the elastic modulus, A the cross-section area and L the length of the specimen) but
also the ring binding the specimen; because of the impact, the boundary exerts an elastic
reaction depending on a stiffness kstr. k̂ is therefore evaluated as the difference, EA/L−kstr;
from f1 expression, the elastic modulus, E, is derived, simplified as:

E =
ρ(2π f L)2

C
(4)

where ρ is the material density (in kg/m3), f is the fundamental frequency (in Hz), while C
is a calibration factor including both kstr and the physical and geometrical characteristics
of the specimen in the examination (ρ, A and L). The length, L, is expressed in metres. To
define an expression for C and calibrate the procedure of experimental data elaboration,
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the impact tests are initially conducted on steel and aluminium specimens, i.e., materials of
known characteristics, of dimensions similar to those of polyurethane specimens.

From H1, it is possible to evaluate the damping coefficient associated to each system’s
mode of vibration through the half-power bandwidth method, whose validity is proven
for frequency response functions symmetric around the natural frequencies [36,44,45].
Specifically, for the evaluation of the damping coefficient associated to the first mode of
vibration, after having detected the fundamental frequency, f1, the method consists of
determining the two frequencies, fa and fb, where the value assumed by H1 is 1/

√
2H1(f1),

and the damping coefficient is:

ξ =
fb − fa

2 f1
(5)

where ξ refers to the system’s damping (support structure and specimen); even in this
case, the experimental results of tests performed on specimens made up of material of
known characteristics allow to calibrate the elaboration procedure, by reducing ξ for the
evaluation of ξ, i.e., the material damping.

4. The Finite Element Numerical Model

Finite element (FE) numerical modelling was performed to evaluate the effect of
polyurethane injections on the seismic response of cohesionless soils with different charac-
teristics. OpenSees [37] was used, using the GiD graphic interface [38], and both of them
are implemented in GiD + OpenSees [39]. A 30 m sand deposit with four relative densities,
DR, was considered:

• Loose sand (LS), with DR = 15–35%
• Medium sand (MS), with DR = 35–65%
• Medium-dense sand (MDS), with DR = 65–85%
• Dense sand (DS), with DR = 85–100%

Polyurethane injections are assumed following the intervention schemes shown
in Figure 1 for the improvement of soils under foundation slabs.

4.1. Model Description

The numerical analyses were performed on a soil column of base area Ab = 1 m2,
H = 30 m high, discretised with 3D 9-node Standard Brick elements, each of them with a
dimension 0.5× 0.5× 1 m3 (Figure 4a). The finite element dimensions respect the Lysmer’s
relationship [46], so that ∆z < vs/10 fmax (for the cases in exam, vs = 80 ÷ 250 m/s and
fmax = 10 Hz). Two analysis phases are considered: a gravity analysis first, followed by a
dynamic time-history analysis, in which a seismic event is simulated.

The ground motion was numerically introduced by applying a horizontal viscous force,
Finput(t) = c· .u(t), to a base end node. The force is proportional to the velocity time history,
.
u(t), of the ground motion, with the viscous coefficient c = ρR·vs,r·Ab [46,47]. ρR and vs,r
are the density and the shear wave velocity of the bedrock, respectively equal to 2500 t/m3

and 1000 m/s. A uniform shaking was simulated tying the force application node with the
remaining base nodes, with master-slave conditions for x- and y-translations (Figure 4b).
Periodic boundary conditions were also introduced by tying the nodes at the same vertical
coordinate for x- and y-translation.
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Ricker’s wavelet was chosen as ground motion [48]. This choice is common in the
dynamic numerical analysis, because its amplitude may be easily scaled and the frequency
controlled [49]. The displacement equation is:

uR= u0(2u∗− 1)e−u∗ (6a)

u∗ =
[

π(t − ts)

tp

]
(6b)

where tp is the fundamental wavelet period, and ts is the time of the wavelet’s peak
occurrence, corresponding to the maximum displacement u0; in our case, tp = 2 s, ts = 2 s
and u0 = 0.5 m. The velocity,

.
u(t), for the viscous input force is the first derivative of uR.

The bedrock (30 m below the surface) was introduced by bounding the z-translations
of the column’s base nodes. A dashpot was modelled to absorb the reflecting boundary
waves, taking into account the finite rigidity of the half-space below the bedrock [46]. For
this purpose, two nodes at the same coordinates of the seismic input node are connected by
a Zero-Length element of viscous uniaxial material, with damping coefficient c (Figure 4c).

The time step, ·t, of the dynamic analysis was assumed equal to 0.005 s, fulfilling the
Courant–Friedrich–Lewy relationship, vs ·t/·z ≤ 1.25, discussed by LeVeque [50], for a
more stable solution of the numerical analysis.

The Pressure-Dependent Multi-Yield (PDMY) model was used for the constitutive
modelling of both the soil and the soil–polyurethane layers; in Section 4.2, a detailed
description of the model is provided, to better explain how the composite material is
numerically introduced.

Soil viscous damping was considered through Rayleigh’s frequency-dependent
method [51] and the α and β coefficients; according to their values, the damping coefficient,
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ξ, can be varied with the frequency. In particular, α = (2ξω1ω2)/(ω1 + ω2) and β = (2ξ)/(ω1
+ ω2), with ω1 and ω2, two target frequencies evaluated as ω1 = πvs/2H and ω2 = 5πvs/2H,
i.e., the first and the third natural frequency of a theoretical amplification function for a
visco-elastic deposit [52].

Since soil damping is known to be hysteretic and not dependent on the frequency, α
and β are chosen so that ξ is constant in the frequency range of the soil modal response.

4.2. The Pressure-Dependent Multi-Yield Model (PDMY)

The PDMY is a hysteretic nonlinear model, based on the concept of multi-yield
plasticity surfaces; it is suitable for modelling cohesionless materials, whose shear response
depends on the confining pressure [53–56]. It is represented by a cone in the effective stress
space. The model introduces the cyclic mobility, with emphasis placed on an accurate
reproduction of accumulated shear strains in clean medium-dense cohesionless soils.

Some features of the model are summarised here, useful for our numerical application.
Soil nonlinearity is introduced through a hyperbolic function for the octahedral stress–
strain, τ − γ, relationship; at the reference pressure, p′ref , its expression is:

τ =
Gref ·γ

1 + γ
( Gref

τf ref
− 1

γmax

) (7)

where Gref and τf ref are respectively the shear modulus and the failure octahedral shear
stress, both of them in relation to p′ref and expressed in kPa, and γmax is an octahedral strain
where the hyperbole of Equation (7) becomes asymptotic. Note that Equation (7) implies a
modulus decay curve, since a secant modulus is evaluable as τ/γ at each strain level.

The outer surface of the cone is defined by τf ref , evaluated knowing the friction
angle, ϕ,′ and the reference pressure, p′ref , as:

τf ref =
2
√

2sin ϕ′

3 − sin ϕ′
p′ref (8)

A generic shear modulus, G, for the generic isotropic stress, p′, is evaluated through
an exponential distribution, of exponent d:

G = Gref

(
p′

p′ref

)d

(9)

The soil is modelled with the PDMY parameters suggested by the literature, experi-
mentally calibrated [55], and the main values are reported in Table 2.

Table 2. Density, ρ, elastic properties (shear and bulk moduli, Gref and Bref) at a reference confining
pressure (80 kPa) and friction angle, ϕ′ , for the PDMY material.

Cohesionless Material

LS MS MDS DS

P (t/m3) 1.7 1.9 2 2.1
Gref (MPa) 55 75 100 130
Bref (MPa) 150 200 300 390

ϕ′ (◦) 29 33 37 40

As described in Section 2.1, the polyurethane injections underneath the slab founda-
tions involve drilling a grid and injections at several levels, each of them at about every
metre of depth. For the case in examination, the grid spacing chosen is equal to 0.75 m, and
four injections are therefore contained in the column cross-section (area 1 × 1 m2), at a dis-
tance of 0.75 m from one another and 0.125 m from the edge. Both two and three injection
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levels were chosen, resulting in injected surficial depths, h, equal to 2 and 3 metres. The
polyurethane mass injected at each level, identified as mPUR, was set equal to 10 and 15 kg.

According to the soil confinement, the injected mass expands differently, occupying
a volume quantified by the coefficient of expansion (CE). From Equation (1), assuming a
radial expansion (see Figure 1b), the diameter of the rigid expanded polyurethane, dPUR
(expressed in metres), is obtained, depending on the CE and mPUR (kg), through:

dPUR= 2·
√

CE·mPUR
π·ρi·1m

(10)

where ρi is the fluid density equal to 1200 kg/m3. Note that mPUR is considered as
the mass injected every metre of depth, which is why the final volume introduced in the
formula is 1 metre high. Since the relationship between CE and the soil confinement is not
known for the soil under examination, CE is varied parametrically assuming CE = 5, 8 and
10, corresponding to rigid foam density ρPUR = 240, 150 and 120 kg/m3 (see Equation (1)).

The values of dPUR calculated through Equation (10) are reported in Figure 5, together
with the area of the expanded polyurethane APUR contained in the 1 m2 column’s cross-
section area.
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The first metres of the soil column (h) represented in Figure 4a are therefore made
up of a composite sand–polyurethane material, with polyurethane in different ρPUR and
APUR. The PDMY model was also used for this material. To evaluate the parameters of the
composite material, a homogenisation procedure is introduced; specifically, for density
and damping, a linear homogenisation is considered, in the form:

ρSP= ρsoil(1− APUR/Ab)+ρPUR(APUR/Ab) (11a)

ξSP= ξsoil(1− APUR/Ab)+ξPUR(APUR/Ab) (11b)
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As regards the stiffness, an appropriate procedure is shown calibrated through the
results of resonant column tests performed on the composite material [35].

4.3. Calibration of the PDMY Constitutive Model for the Sand–Polyurethane Composite Material

Gatto et al. [35] performed resonant column tests on cylindrical specimens (diame-
ter 7 cm, height 14 cm) of pure sand, pure polyurethane (density 90 kg/m3) and sand–
polyurethane, with the polyurethane introduced at layers of 15, 25 and 45 mm thick, giving
rise to different volumetric percentages of the polyurethane in the specimen.

Figure 6 illustrates the comparison between the experimental and the numerical shear
modulus decay curves, G/G0-γ, the latter obtained from Equation (7) for the PDMY material.
The numerical curve is shown to well-interpret the experimental results.
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A homogenisation expression was therefore derived for the evaluation of the small-
strain stiffness of composite specimens, with the combination of the small-strain stiffness
for pure sand (G0,sand) and pure polyurethane (G0,PUR) according to the polyurethane
volumetric percentage (%PUR) in the specimen. This is necessary for the evaluation of the
Gref associated to each case of Figure 5.

From the experimental results, the ratio G0/G0,sand was computed for each confining
pressure (p’c = 100, 200 and 300 kPa), with G0 the small-strain shear modulus for the generic
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specimen. The experimental points G0/G0,sand-%PUR are plotted in Figure 7a, showing
an exponential trend. The equation of a negative exponential distribution was derived
for G0-%PUR, so that G0 is equal to G0,sand and G0,PUR respectively, for %PUR = 0 and
%PUR = 100.

G0= G0,sande
−(ln

G0,sand
G0,PUR

)·%PUR/100
(12)
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Equation (12) is therefore a homogenisation formula, where G0, G0,sand and G0,PUR are
expressed in MPa, and it is represented by the lines in Figure 7a, showing an acceptable
comparison with the experimental points.

Note that G0 depends on the confining pressure through G0,sand, since G0,PUR is quite
independent from the confining pressure [35]. For the numerical model, a homogenised
shear modulus will be computed at a reference pressure; then, it is updated according to
the specific model pressure through Equation (9).

The exponent d of Equation (9) is therefore derived for composite specimens, varying
with the %PUR. G0 values experimentally obtained for the generic confining pressure,
p’, were normalised with respect to the shear modulus evaluated at p’ref = 100 kPa, and
the results are shown in Figure 7b, together with curves derived from Equation (9), with
d values giving the best fit. d was observed to diminish by increasing the polyurethane
volumetric percentage, going towards d = 0 for pure polyurethane specimen, whose stiffness
is independent from the confining pressure. A linear expression describes the variation d
(dimensionless) with the polyurethane percentage:

d = 0.33 − 0.0033·(%PUR/100) (13)

Equations (12) and (13) were applied for the evaluation of the composite material
parameters, according to the configuration.

5. Results

This section first shows the results of the dynamic characterisation of polyurethane
specimens realised with different densities, followed by the results of the numerical analyses.
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5.1. Elastic Modulus and Damping Coefficient for Polyurethane MP355 at Different Densities,
Evaluated through Impact Tests

Figure 8a shows the frequency response functions, H1, evaluated through Equation (3)
from the impact tests performed on steel and aluminium specimens: the fundamental
frequencies are f1,s = 157.88 Hz and f1,al = 205.08 Hz. These results are used to define the

kstr value, by
[(

E
L− 4π2ρLf 2

)
A
]
. Knowing the elastic moduli for steel (Es = 210 GPa) and

aluminium (Eal = 70 GPa), values of kstr,s = 3.34 × 1010 N/m and kstr,a = 1.11 × 1010 N/m
were obtained. kstr is therefore not constant, by changing the material specimen, that which
is constant is the ratio kstr/E. An empirical expression was derived for C (see Equation
(4)), applicable knowing only the specimen geometry (area A and height L) and physical
characteristics (density ρ).

C =

(
1− L

A
kstr,s

Es

)(
2− ρ

ρs

)1.2
(14)

where ρs is the steel density. The elastic modulus predicted for the aluminium specimen is
69.9 MPa, comparable with its typical value.
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The H1 computed from the experimental results of impact tests conducted on the
polyurethane specimens are shown in Figure 8b; through Equations (4) and (14), the
fundamental frequency and the density of each specimen (Table 1) allow us to evaluate the
elastic modulus, EPUR.

For the damping coefficient evaluation, the half-power bandwidth method described
in Section 3.2 was applied, and the results of tests performed on steel and aluminium
specimens (Figure 8a) were used for the calibration. ξ evaluated through Equation (5) is
equal to 0.12 for the steel specimen: since the common value of steel damping coefficient is
0.02, a reduction factor of 6 was introduced. With this reduction, the value predicted for
aluminium is 0.03, considered acceptable. The method was therefore extended to all the
polyurethane specimens.
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Figure 9 illustrates the elastic modulus, EPUR (a), and the damping coefficient, ξPUR (b),
for polyurethane at different densities. The elastic modulus was observed to vary with the
density according to a linear equation.

EPUR = 1.25 ρPUR (15)

with EPUR in MPa and ρPUR in kg/m3. On the other hand, pairs ξPUR−ρPUR stay on a
horizontal line (ξPUR ∼= 0.05 ∀ρPUR).
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5.2. Seismic Response of Composite Material

The cases considered in the numerical analyses have been reported in Figure 5, and
each of them were used for both surficial injection depths, h = 2 and 3 m. The homogenised
shear and bulk modulus for the injected layer was evaluated through Equation (12), while
for density and damping, the linear homogenisation of Equation (11a,b) was used. For the
cohesionless soils, the parameters at p’ref = 80 kPa were used (Table 2).

According to the polyurethane density of each case, the elastic modulus, EPUR, is
evaluated through Equation (15), being EPUR = 300 MPa for CE = 5, EPUR = 187.5 MPa for
CE = 8 and EPUR = 150 MPa for CE = 10. G0,PUR is then derived through the elastic theory
(G0,PUR = EPUR/2/(1 + νPUR)), with νPUR equal to 0.38.

Values of G for composite layers are reported in Table 3.

Table 3. Values of G (MPa) for composite layers.

CE = 5 CE = 8 CE = 10

mPUR = 10 kg mPUR = 15 kg mPUR = 10 kg mPUR = 15 kg mPUR = 10 kg mPUR = 15 kg

LS 62 65 58 59 55 55
MS 80 82 73 73 69 67

MDS 101 102 91 88 84 80
DS 126 125 111 106 102 94

Figures 10 and 11 show the horizontal x-accelerations recorded at the top of the
model: the figures’ y-axes are restricted to the range that allows the appreciation of the
differences among the cases. Both figures show the effects of polyurethane injections on
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the ground accelerations, with the three expansions assumed, in the cohesionless soil at
four relative densities.
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Particularly, Figure 10 shows that injecting 15 kg of polyurethane at 2 and 3 m injected
depth gives rise to a reduction of maximum accelerations, growing with h. The best result
was observed for loose sand and CE = 10, where the maximum accelerations are 11.31,
11.04 and 10.95 m/s2 respectively, for pure soil, and the injected soil with h = 2 m and h = 3
m. Minor acceleration reductions were observed for dense sand and CE = 5 (maximum
accelerations are 8.71, 8.67 and 8.65 m/s2, for pure soil, h = 2 m and h = 3 m).

Figure 11 illustrates the accelerations of soils having h = 3 m, modified with 10 and 15
kg per injection level, together with accelerations of corresponding pure soils. Even in this
case, reductions were greater injecting the loose sand with CE = 5; specifically, maximum
accelerations were 11.15 and 11.09 m/s2 for mPUR = 10 kg and mPUR = 15 kg. It was observed
that injecting a greater amount of polyurethane per level provides bigger reductions.

Both figures highlight that the injection interventions are more advantageous when soil
is looser; with the same soil’s relative density, the reduction is greater when polyurethane
expands more and its density is lower.

Results of Figures 10 and 11 are summarised in Figure 12, by considering the ratio
of the maximum accelerations of composite specimens to the maximum acceleration of
the same soil type without intervention. Surficial acceleration reductions vary between
0.4% and 3.2%. In particular, better results are obtained by injecting, at a greater number of
levels, much more polyurethane mass and causing polyurethane to expand more.
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Amplification functions, Af, were also evaluated, to analyse the effects of polyurethane
injection on the frequency response of the deposit; particularly, Af is computed by dividing
the Fourier spectrum of surficial and base accelerations. Figure 13 shows Af of the models
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having h = 3 m, with mPUR equal to 10 and 15 kg. A slight increase of the fundamental
frequency was observed in the composite models.
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6. Discussion

The elastic modulus of polyurethane was shown to vary linearly with the polyurethane
density, and this is in line with other literature results [32,57–59]. In particular, comparing
with Horak et al.’s results [59], who derived the elastic moduli after compression tests,
our results appear to overestimate the elastic modulus; however, dealing with a dynamic
modulus, the overestimation is in agreement with the evidence in the literature regarding
the ratio between the static and dynamic moduli [60].

The numerical results provide evidence that the accelerations are reduced in relation
to the polyurethane volumetric percentage, and this is in agreement with previous find-
ings [35]. In terms of reduction, better results were found when polyurethane expands more
and it results in a less dense foam; moreover, the looser the soil is where the polyurethane is
injected, the more the accelerations were reduced. Other examples of geotechnical seismic
isolation methods have shown that low-density materials have good effects in accelera-
tion reductions [20,22]. Our results confirmed this evidence, adding that the reduction is
proportional to the shear moduli ratio of polyurethane–soil, more in general.

With a view to summarise the results of Figure 12, a factor is introduced, taking into
account the polyurethane shear modulus and volumetric percentage, as well as the shear
modulus of the soil (Gsoil). For the polyurethane, both the modulus and its percentage
depend on the injected mass, mPUR, the number of injections, ninj, and the expansion, CE.
We named this factor the injection factor, IF, and it is equal to:

IF =
GPUR ·APUR·h

Gsoil ·A·H
·CE = Fk

ninj·mPUR·h
Gsoil ·A·H

·CE (16)
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where Fk is a factor taking into account the polyurethane elastic modulus–density relation,
h is the injected soil depth (expressed in metre), H (in m) and A (in m2) are the total height
and the cross area of the homogeneous soil deposit and mPUR is expressed in kg. Each case
numerically analysed can be described by a value of IF. By representing the acceleration
reduction with the injection factor, Figure 14 was obtained.
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number of injections, mass of injected polyurethane, depth of injected soil, as well as the soil stiffness.

Results are interpreted by a linear function, showing the direct proportionality be-
tween the acceleration reduction, the injected mass and its expansion, inverse propor-
tionality with the soil shear modulus, meaning that better results are expected in less
stiff soil.

Equation (16) can be used for the preliminary design of an intervention of polyurethane
injection; according to the desired acceleration reduction, necessary for the structure’s
protection, the number of injections in the intervention area, the number of injection levels
(i.e., the injected depth) and the injected mass per level can be chosen.

However, the expansion coefficient is not a variable that can be set arbitrarily by the
user, it depends on the soil itself (in terms of type and confinement). A relationship CE–Gsoil
needs to be derived.

Note that numerical analyses for the investigation about the use of this technique on a
generic soil must be preceded by an experimental campaign on pure soil, pure polyurethane
and composite soil–polyurethane in order to define the appropriate homogenisation ex-
pression for the soil to be treated.

7. Conclusions

The effect of polyurethane injections on the surficial seismic response of cohesionless
soils, having different relative densities, has been investigated through FE numerical analy-
ses. Such interventions through polyurethane injection are in use for soil improvement and
are widely applied under the foundations of existing buildings. By considering the fact that
polyurethane expands differently according to the soil confinement, different expansion
coefficients have been considered. Results have shown that the surficial accelerations were
reduced proportionally to the shear moduli ratio of polyurethane and soil, as well as the
polyurethane percentage in the volume intervention. The injection factor was introduced
for a preliminary quantification of the acceleration reduction, depending on soil stiffness,
number of injections, number of injection levels and mass injected per level, as well as
the expansion coefficient of the polyurethane. However, the expansion coefficient is de-
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pendent on the soil and a correlation with the soil confinement should be found. Further
investigation will be conducted in this direction, together with the method application of
a real case, preceded by experimental tests for the homogenisation characteristics of the
soil–polyurethane composite material.
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