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abstract

The objective of this paper is to experimentally investigate the mechanical behaviour of
different polyurethane expanding resins, which are widely used for ground improvement
and foundation remediation. This study is the first step towards the primary objective,
which is to define a design procedure for this type of intervention. This study encompasses
two goals: (1) develop a relationship between the density of the resin and the confinement
pressure in expansion conditions, and (2) measure the mechanical parameters from simple
compression tests on resin specimens. Experimental tests were performed on two different
types of resin, and the results reveal that the higher the confinement stress is during the
expansion phase, the greater the hardened resin density. Moreover, the resin density and
confinement stress are linked by a well-defined law. The laboratory tests show how the
stress–strain behaviour is strongly non-linear and that both the elastic and strength
parameters greatly depend on the boundary conditions during the expansion phase.

Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the field of geotechnical and structural engineering,
the settlement of shallow foundations, which subsequently
deforms existing buildings, is a widespread problem that
often requires rapid solutions with the lowest level of dis-
turbance. The necessity of reinforcing railway or motorway
embankments and airstrips to improve substructure per-
formance is also a frequent challenge for civil engineers.
At present, different systems based on innovative technol-
ogies can enhance the load capacity of a shallow founda-
tion or limit the compressibility of the subsoil, both in
the short and long term. A recently proposed method is
based on using polyurethane expanding resins, which are
injected into the subsoil beneath the base of a shallow
foundation (Buzzi et al., 2008, 2010). In most cases, this

type of remediation technique is performed without a pre-
liminary design procedure and only on the basis of experi-
ence, i.e., this technique is merely an empirical approach.
In fact, there is only a small amount of scientific knowledge
available regarding the combined behaviour of soil and
polyurethane resins. The experimental research described
in this paper contributes to the study of polyurethane res-
ins, which are specifically used for geotechnical works,
with the awareness that a deeper investigation is required
to define a standard design procedure for this type of
ground improvement technique.

Polyurethane resins belong to the category of foam
materials, whose common attributes are high porosity, a
light weight, high crushability, and a good deformation en-
ergy absorption capacity. These resins are essentially made
of interconnected networks of solid struts and cell walls
interspersed by voids with entrapped gas and are generally
classified as either ‘‘open’’ or ‘‘closed’’ cell foams (Tu et al.,
2001; Buzzi et al., 2008).
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It must be mentioned that there have been studies on
the mechanical properties of polyurethane resins that have
been extensively documented over the last two decades
(Hilyard and Cunningham, 1994; Gibson and Ashby,
1997). In most cases, the emphasis is on the compressive
behaviour and the energy absorption characteristics of
foams undergoing large dynamic deformations. In fact,
due to their high energy absorption capabilities, polyure-
thane foams have been widely used in packaging and cush-
ioning to protect sensitive objects.

Rigid polyurethane foams are also used as thermal insu-
lation or structural materials for various applications.

Thanks to the wide range of industrial applications, the
mechanical behaviour of polyurethane resins has been
investigated by many engineers and researchers. Gibson
and Ashby (1997) provided an extensive survey on differ-
ent types of cellular materials, which ranged from packag-
ing to lightweight structures, and discussed the complexity
of foam deformation and offered many insights into the
relationship between the microstructure geometry and
material properties. The authors also addressed two possi-
ble failure modes under compression and subsequently
developed models correlating the bulk properties and foam
microstructures for each failure mode.

Because the ability to predict failure of cellular materi-
als depends on the knowledge of the microstructural
mechanisms, which contribute to their macroscopic
behaviour, Ford and Gibson (1998) also developed micro-
structural models to examine the mechanisms responsible
for differences in tensile and compressive strength ob-
served in cellular materials.

In the framework of foam materials, Daniel and Cho
(2011) described a quasi-static, dynamic characterisation
of an anisotropic PVC foam used for composite sandwich
structures. The authors conducted uniaxial stress and uni-
axial strain experiments and proposed a simplified model
to predict the Young’s modulus.

Regarding large dynamic deformations, Zhang et al.
(1998) presented selected experimental results on low-
density polyurethane foams and developed a rate-depen-
dent hydrodynamic constitutive equation for rigid poly-
meric foams. Tu et al. (2001) experimentally examined
the mechanical response of rigid polyurethane foam to
compression in the rise and transverse directions. In fact,
the authors attributed the difference in deformation to
anisotropy in the internal cellular structure that arises
from the fabrication process. To describe deformation
localisation in the rise direction of the foam, the authors
proposed a simple theoretical analysis that used the con-
cept of deformation bands.

Saha et al. (2005) discussed the compression behaviour
of two classes of polymer foams with different densities
(320 kg/m 3 and 240 kg/m 3, respectively) for an extremely
wide range of strain rates, with an emphasis on the peak
stress and energy absorption. The authors stated that both
foams showed a negligible effect of the strain rate on the
peak stress and energy absorption.

To support and enhance industrial processes, several
researchers have studied the production of polyurethane
foam with a complex geometry. As an example, a theoret-
ical model, which includes the chemical reactions, foaming

and mould filling, was developed by Seo and Youn (2005)
to analyse the foam reaction injection moulding. The
authors derived an energy balance equation by considering
a polyurethane reaction, a water–isocyanate reaction, and
the evaporation of physical blowing agents and proposed
a density and viscosity model for bubble suspension. Based
on the theoretical model, the authors performed a three-
dimensional numerical simulation for mould filling of a
polyurethane foam to predict the flow field, flow front
advancement, and density distribution during mould fill-
ing of a refrigerator cavity.

In this paper, two types of polyurethane resins that are
commonly used for geotechnical applications are exam-
ined. The first objective is to determine, for each analysed
resin type, the relationship between the confinement pres-
sure and density of the resin in the solid state; the second
objective is to study the mechanical behaviour of different
types of resins under compression loading. Quasi-static
compression tests were performed using a servo-hydraulic
material testing system (MTS). All resin specimens were
tested in the rise direction, and the stress–strain responses
were established to determine the peak stress, Young’s
modulus and fracture energy.

2. Materials and testing

2.1. Polyurethane resins

The tested expanding polyurethane resin that was used,
which is abbreviated HDR Ò (high-density resin, EU trade-
mark No. 3790862), is a two-component resin created
through a mixture of polyol and diphenylmethane diisocy-
anate in specified quantities. When the two components of
the mixture (originally in liquid state) combine with each
other, they induce a high-speed chemical reaction that
quickly determines the expansion of the injected product
that can increase its volume from 1.2 to 40 times its origi-
nal volume.

As a result of the water dosage in the mixture, it is pos-
sible to determine the final properties of the resin. Indeed,
water acts as a blowing agent in the chemical reaction,
speeding up the expansion and the solidification process.
Different confinement conditions determine different
expansion pressures and the ultimate density of the resin.
The characteristics of the resin analysed in this research
and used for the field injections are reported in Table 1.
The primary factors that affect the reaction are the follow-
ing: the mixing ratio of the two chemical components,
temperature, and surrounding pressure. The technique
adopted in the field applications allows the first two vari-
ables to be fixed (i.e., mixing ratio of the two chemical

Table 1
Properties of the expanding polyurethane resin.

Property Value

Mass per unit volume in free expansion (kg/m 3) 30–220
Temperature at mixing (°C) 30–50
Mixing pressure (bar) 40–60
Injecting pressure (bar) 5–10
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components and temperature); however, the surrounding
pressure depends on both the depth of the injection point
with respect to the ground level and the existing external
loads. During the chemical reaction, the volume of the
material considerably increases due to the reaction be-
tween excess diisocyanate and water, which subsequently
produces carbon dioxide. The presence of carbon dioxide
provides the final resin with the typical closed-cell struc-
ture (Valentino et al., 2013; Buzzi et al., 2008).

Two types of polyurethane resin, referred to as HDR-A
and HDR-B, were examined. Their specific characteristics
will be described in the section concerning the test pro-
gram. The HDR-A type is expected to be characterised by
a relatively high expansion power compared with that of
the HDR-B type. Fig. 1 shows three resin HDR-A samples
that were obtained at different confinement pressures,
which will be explained in the following section.

2.2. Experimental set-up

The first objective of the present study is to determine
the relationship between confinement pressure (pHDR)
and the density of each type of analysed resin at the solid
state ( qHDR) while maintaining both a constant tempera-
ture and mixing ratio of the components. The confinement
pressure is defined as the pressure incurred by the resin
during the injection and expansion phases. In geotechnical
applications, it is expected that this pressure will be pro-
portional to both the depth of the injection point and over-
loads at the foundation level. The second objective is to
study the mechanical behaviour of the types of resin at dif-
ferent confinement conditions using uniaxial compression
tests.

2.2.1.Apparatus for preparing the resin specimens
Pressures commonly encountered in field applications

were artificially reproduced in the laboratory. For this pur-
pose, an ad hoc instrument (HDR pressure device) was set
up (Fig. 2). The HDR pressure device allows resin samples
to be created at different confinement conditions during
injection and expansion at a well-defined, user-imposed
pressure level. Moreover, the device allows the same
boundary conditions to be replicated to verify the experi-
mental repeatability. It must be underlined that the HDR
pressure device does not reproduce actual site conditions

of ‘‘free injection’’ because radial expansion is blocked
and only vertical free expansion is allowed. Nevertheless,
the HDR pressure device allows resin samples to be pre-
pared under different surrounding conditions that can then
be characterised by different properties.

The HDR pressure device consists of a cylindrical steel
tube 1.2 m in length and 0.07 m in diameter. The edge of
the injection hose is seated at the bottom tip of the tube
(Fig. 2). The resin at the initial liquid state is injected in
the inner hollow of the tube through the bottom hose.
The inner hollow is closed on the top by a piston, which
can translate along the vertical axis of the cylinder.

The volume of the void space initially available for the
resin to expand is equal to 5.65 Â 10 À4 m3. The presence
of this initial quantity of air is required for the chemical
reaction. A small quantity of lubricating oil minimises the
friction when the piston is lifted. The piston head is rigidly
connected with a second external hollow tube, which has a
greater diameter and is coaxial with the first one. The
external hollow tube is able to translate vertically together
with the inner piston. At the base of the external cylinder, a

Fig. 1. Samples of resin HDR-A obtained at different confinement pressures (Table 2).

Fig. 2. Sketch of the HDR pressure device to produce resin samples at
different confinement conditions (dimensions are in cm).
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circular steel plate is rigidly connected. To obtain the de-
sired pressure on the piston, different weights can be posi-
tioned on the plate (Fig. 2).

The HDR pressure device has been used to make resin
samples that are characterised by different confinement
pressures (pHDR). In particular, by applying a fixed load at
the top of the piston, it was possible to evaluate the reac-
tion stress applied by the resin on the lifting piston. The
calculated applied stress also accounted for the weight of
the apparatus itself. The friction stress between the inner
piston and the external cylinder was also evaluated.

A second series of resin samples was prepared by inject-
ing the resin in an open box to obtain expansion at atmo-
spheric pressure (unconfined expansion). A total of 54
specimens of the two types of resins were obtained using
both the confined and unconfined expansion method
(Table 2).

2.2.2. Apparatus for UCS tests
The unconfined compression strength test (UCS) was

performed using an MTS closed-loop servo-hydraulic load-
ing system using a 250 kN load cell. Two HBM-Y series
strain gauges, which were arranged in a quarter Wheat-
stone bridge with a length of 8 mm, were mounted on
the central section of the specimen to measure the radial
deformations during testing. The experimental setup is
shown in Fig. 3.

The strain gauge signals were acquired by a National
Instrument SCXI Chassis, which can scan input channels
at rates up to 333 kS/s. A commercial software developed
in a LabView environment was used to calculate the strain
gauge parameters and acquire the output signals. Failure is
defined as the point on the stress–strain curve where the
load reaches its maximum during the elastic phase, i.e.,
the yielding point. The load at failure (P u) was recorded,
and the uniaxial compressive stress at failure ( r u) was
determined by dividing P u by the cross-sectional area of
the specimen.

From the test results, it was possible to evaluate the
behaviour of each resin in terms of its stress–axial strain
response, stress–radial strain behaviour and dissipated en-
ergy to failure according to the confinement pressure.

2.3. Testing program and conditions

The two different types of resin (HDR-A and HDR-B)
were tested in a laboratory by performing an UCS test.
For this purpose, 44 of the 54 resin specimens were tested.

Each resin specimen had a well-defined cylindrical shape.
The resin density, which ranged between 34 kg/m 3 and
1056 kg/m 3, was calculated for each specimen after being
weighed (Table 3). The primary characteristics of the
tested specimens are reported in Tables 2 and 3. All speci-
mens were divided into two categories on the basis of both
their density and microstructure. In particular, the struc-
ture was defined as ‘‘cellular’’ for a specimen whose den-
sity was less than 700 kg/m 3 and ‘‘rigid’’ for a density
greater than this value. The specimen classification was
also performed on the basis of the microstructure analysis
by considering the presence of a closed-cell (cellular)
structure or a dense (rigid) structure, which will be subse-
quently explained.

It was expected that the two resins would exhibit dif-
ferent strength levels. In particular, the HDR-A type was
expected to be characterised by a lower strength level than
that of the HDR-B type at the same confinement pressure.

Because the structure of the obtained samples can be di-
vided in two main types (cellular and rigid), two different
standard test methods were performed to determine the
compressive properties: the ASTM 1621-04a standard was
used for the cellular resin, and the ASTM D 695-08 standard
was used for the rigid resin. Following the standards, two
different dimensions were adopted for the mechanical tests
on the cylindrical specimens. In particular, the cellular resin
specimens had a diameter of 60 mm and a height 60 mm (in
agreement with ASTM 1621-04a); the rigid resin specimens
had a diameter of 30 mm and a height of 60 mm (in agree-
ment with ASTM D 695-08). The load transmission was
controlled by a displacement control system, where the
top plate of the MTS dropped at a speed of 5.4 mm/min
(ASTM 1621-04a) or at a speed of 1.3 mm/min (ASTM D
695-08). The number of replicates of the tested resins var-
ied according to the available number of specimens.

3. Results

3.1. Expansion process

In the first stage of this study, two reference states of
the resin were considered for the analyses. First, the resin

Table 2
Details of the tested specimens and conditions.

Expansion Resin type Structure N. specimens pHDR
* (kPa)

Unconfined HDR-A Cellular 13 0
HDR-B Cellular 7 0

Confined HDR-A-1 Cellular 5 100
HDR-A-3 Cellular 3 300
HDR-A-5 Cellular 5 465
HDR-A-10 Cellular 3 935
HDR-B-1 Rigid 10 100
HDR-B-3 Rigid 8 300

* Relative pressure with respect to the atmospheric pressure.

Fig. 3. UCS experimental set-up.
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was at a liquid state before the chemical reaction when the
two components were mixed. After the expansion reaction,
the resin was at a solid state. For each state, the following
physical quantities can be determined: the mass of the in-
jected mixture (m L) and the mass of the produced resin
(mS); the volume occupied by the resin before (V L) and
after (V S) the reaction; and the density of the liquid mix-
ture ( qL) and of the solid resin ( qS). On the basis of these
quantities and by assuming as a first approximation that
both the chemical and thermal energy are negligible, it is
possible to calculate the mechanical energy used by the
system during expansion. The mechanical work (L) done
by a fixed quantity of the resin with a certain liquid mass
(mL), which expands at a confinement pressure (p), by
passing from an initial liquid density ( qL) to a final solid
density ( qS) and solid mass (m S), can be calculated using
the following equation:

L ¼Àp i VS;i À VL;i
ÀÁ

¼Àp iVS;i þ p iVL;i ¼ pimL

qL;i
À pimS

qS;i
ð1Þ

where the subscript ‘‘i’’ represents every single reference
state.

Because the density and the mixing ratio of the two
chemical components are known, the density of the liquid
mixture ( qL) can be easily calculated. The mass of the resin
at a liquid state (m L) can be reasonably considered equal to
the mass of the resin at solid state (m S), where the small
mass of gas produced during the reaction is negligible.
Then, by assuming m S= mL = m, the mechanical work is
equal to the following:

L ¼pim
qL;i

À pim
qS;i

¼ pim
1

qL;i
À 1

qS;i

 !
¼ pim

qS;i À qL;i

qL;i ÁqS;i
ð2Þ

Under the hypothesis that for the same type of resin,
the mechanical work is constant, it is possible to represent
the locus of points at the same mechanical work obtained
through Eq. (2). From Eq. (2), the density of the resin at so-
lid state ( qs,i) can be obtained as follows:

qS;i ¼
pi Á m ÁqL;i

pi Á m À L ÁqL;i
ð3Þ

where the density qL and the mechanical work (L) for a
representative unit mass of a resin are known.

Under these simplified hypotheses, the confinement
pressure (p i) and the final resin density ( qS) are linked to
each other through the mechanical work (L). It has been as-
sumed that the relationship can be represented on the
(p; q) plane by a locus, which is given by the points at
which the mechanical work is constant. This hypothesis
will be validated by experimental results, which will be ex-
plained in the following section. By considering constant
the mechanical work used during expansion at different
confinement pressures and by considering two physical
states labelled as state-1 and state-2, respectively, it is sim-
ple to demonstrate how the relationship is independent of
mass:

L1 ¼ p1m qS;1ÀqL
qLÁqS;1

L2 ¼ p2m qS;2ÀqL
qLÁqS;2

L1 ¼ L2

8
>><

>>:
ð4Þ

p1m
qS;1 À qL

qL ÁqS;1
¼ p2m

qS;2 À qL

qL ÁqS;2
ð5Þ

and then it follows:

qS;2 ¼
p2ÁqS;1 ÁqL

p1 ÁqL þ p 2 ÁqS;1 À p1 ÁqS;1
ð6Þ

Eq. (6) explains the link between the points represent-
ing two physical states of the locus on the (p; q) plane.

The results of the experimental tests on all the 54 spec-
imens will be used to validate the model. The resin speci-
mens were obtained through expansion at two different
conditions: confined conditions, given by the surrounding
stress in the HDR pressure device, and the unconfined con-
ditions at atmospheric pressure.

Table 3
Mechanical performance of specimens in the HDR pressure device.

Resin type N. specimens pHDR
* (kPa) qHDR (mean) (kg/m 3) L (kJ) Lmean (kJ) St. dev. (L) St. dev. (Lmean)

HDR-A 13 0 34 2.942 2.942 0.320 0.320
HDR-B 7 0 215 0.385 0.385 0.016 0.016
HDR-A-1 5 100 243 0.658 0.693 0.064 0.088
HDR-A-3 3 300 368 0.763 0.142
HDR-A-5 5 465 483 0.690 0.097
HDR-A-10 3 935 656 0.687 0.029
HDR-B-1 10 100 995 0.029 0.031 0.007 0.0067
HDR-B-3 8 300 1056 0.034 0.006

* Relative pressure with respect to the atmospheric pressure.

Table 4
Material parameters.

Resin type Expansion xw (%) xCO2 (%) Mno
* (g/mol) MCO2

* (g/mol) MH2O (g/mol) qw (kg/m 3) qL(kg/m 3)T *(K) Rg(J/molÁK)

HDR-A Confined 0.1 12 615 44 18.015 1000 1159.4 398.15 8.314
HDR-B Confined 0.1 0.7 615 44 18.015 1000 1159.4 398.15 8.314

* Baser and Khakhar (1994a) (T = 125 °C at the end of blown foam dynamics).
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For each specimen, the density ( qHDR) was measured,
and the mechanical work was calculated using Eq. (2).
The calculated work is equal to the expansion work, which
is given by the product between the confinement pressure,
the horizontal section of the tube, and the piston rising.
The results are summarised in Table 3. Due to the different
number of replicates, the standard deviation of the calcu-
lated mechanical work, both for each type of specimen
and for the mean work value, is also reported in Table 3.
It can be observed that, in the confined conditions, the
mechanical work is essentially the same for resin speci-
mens of the same type at different confinement pressures.
Fig. 4 reports the experimental measurements (dots) ob-
tained for the two types of tested resins, HDR-A and
HDR-B. Fig. 4 also shows the curves (solid lines) obtained
from Eq. (3) by considering a constant value of the
mechanical work (L) in confined conditions.

The experimental points that represent the resin speci-
mens obtained in the unconfined conditions for the two
types of resin are also plotted in Fig. 4. Indeed, for both res-
ins, the unconfined conditions are represented by one
experimental point, which does not fall on the model for
the confined conditions. This gap suggests two remarks:
firstly, it appears that the behaviour of the resins in the
unconfined conditions is substantially different from that
exhibited in confined conditions; secondly, the simplified
assumptions do not allow the model to capture unconfined
conditions, unless chemical and thermal work are included
in addition to the mechanical work.

It can be observed that the curves have a horizontal
asymptote that correspond to the liquid density of the
mixture, qL = 1159 kg/m 3. By comparing the curves at con-
stant work with the experimental results, it can be ob-
served that the simplified model appears appropriate for
samples obtained under confinement pressures but is
inappropriate for samples obtained under unconfined
conditions.

The experimental data were also compared with the re-
sults of a well-established model, which represents the

link between density and the confinement pressure, pro-
posed by Baser and Khakhar (1994a,b). With the assump-
tion of an ideal gas, this model takes into account not
only the ambient pressure but also the temperature, mass
fraction, and mole fraction of the blowing agent. The den-
sity of the free rising foam is given by

qS;i ¼ð1 þ r w;0Þ rCO2 1000RgT
pMCO2

þ rw

qw
þ 1

qL

 ! À1

ð7Þ

with

rw ¼ xw

ð1 À xwÞÁMH2O

Mno
ð8Þ

and

rCO2 ¼ xCO2

ð1 À xCO2 ÞÁMCO2

Mno
ð9Þ

where p is the ambient pressure, rw is the weight fraction
of the water used as a blowing agent in the liquid phase,
xw is the mole fraction of the blowing agent (water),
MH2O is the molecular weight of the blowing agent (water),
rCO2 is the weight fraction of the carbon dioxide, x CO2 is the
mole fraction of the carbon dioxide, MH2O is the molecular
weight of the carbon dioxide, Mno is the initial number
average molecular weight of the polymerising mixture, Rg
is the gas law constant, T is the temperature, and qw and
qL are the densities of water and resin at liquid state,
respectively. In the HDR resin, the only blowing agent is
water. Baser and Khakhar (1994a,b) used this model to de-
scribe the dynamics of polyurethane foam formation. The
same model was used in this paper to describe the final
state of the polyurethane foam formation process to deter-
mine a relationship between these states and different
ambient pressures. By using the parameters reported in Ta-
ble 4, Eq. (7) was plotted for the two types of resins
(dashed lines in Fig. 4). In particular, the mole fraction of
carbon dioxide (Table 5) is the only parameter that was
estimated by considering that the quantity of carbon diox-

ρ

Fig. 4. Experimental measurements and relationship between qHDR and pHDR for the resins HDR-A and HDR-B. Solid lines are obtained from Eq. (3),by
considering constant the value of the mechanical work (L); dashed lines are obtained from Eq. (7).
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ide produced by the reaction for HDR-A is greater than that
produced for HDR-B given their different expanding power.
The mole fraction of the carbon dioxide for HDR-B is nearly
6% of that of HDR-A. On the contrary, the mole fraction of
water was considered constant; however, it was negligible
with respect to the carbon dioxide.

3.2. Microstructure

The microstructure of the two types of resin was ana-
lysed from images acquired through a scanning electron
microscope (SEM). Figs. 5 and 6 show the microstructure
of the two resins HDR-A and HDR-B, respectively, from
specimens obtained under unconfined conditions. Both
resins show the typical closed-cell structure, which has al-
ready been observed by Saha et al. (2005) and Buzzi et al.
(2010). The primary difference is that the gas bubbles from
the HDR-B specimens (Fig. 6) were smaller than those from
the HDR-A specimens (Fig. 5). For specimens obtained un-
der the unconfined conditions, the microstructure of both
resins did not change with different directions (along sec-
tions O–O and V–V). In this case, the resin samples were
characterised by a closed-cell structure, which appears

homogeneous and isotropic. On the contrary, the micro-
structure of the resins exhibited extremely different char-
acteristics for the specimens obtained in confined
conditions. The resin samples obtained at low confinement
pressures are again characterised by a closed-cell struc-
ture, which, in several cases, was anisotropic because the
vertical direction is the only preferential direction of
expansion. Moreover, the dimensions of the cells were dif-
ferent for different confinement pressures and different
types of resin, which will be explained in the following sec-
tion. Figs. 7 and 8 show specimens of the two types of resin
(HDR-A-3 and HDR-B-3, respectively), both obtained at a
confinement pressure of 300 kPa. In this case, the micro-
structure shows a certain anisotropy due to the method
used to prepare the specimens in the HDR pressure device,
where the expansion in the rise direction of the cylinder
(V–V) is extremely different from that in the horizontal
direction (O–O). In particular, Fig. 7a shows the micro-
structure of HDR-A-3 in the horizontal direction, which is
not that different from that of Fig. 6a. Fig. 7b shows the
microstructure of the same specimen of HDR-A-3 in the
vertical direction: it is clearly evident how the gas bubble
shape follows the rise direction (V–V). Fig. 8a and b show

Fig. 5. SEM images of HDR-A resin samples obtained under unconfined
conditions: (a) horizontal section (O–O in Fig. 1a); (b) vertical section (V–
VinFig. 1a).

Fig. 6. SEM images of HDR-B resin samples obtained under unconfined
conditions: (a) horizontal section (O–O in Fig. 1a); (b) vertical section (V–
VinFig. 1a).
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the microstructure of HDR-B-3 in the horizontal and verti-
cal directions, respectively. In this case, the microstructure
is extremely different from that of HDR-A-3: gas bubbles
are completely closed, and the resin structure appears
dense and compact. The only sign of anisotropy is the long,
narrow shape of the macro-voids in the vertical direction
(Fig. 8b), which must be considered structure defects. At
higher confinement pressures, the microstructure of
HDR-A tends to exhibit the same characteristics of HDR-
B, as shown by the SEM images in Fig. 9. Figs. Fig. Fig. 9a
and b show the microstructure of HDR-A-10 in the hori-
zontal and vertical directions, respectively. It can be ob-

served that under this condition, the microstructure of
HDR-A-10 is isotropic and extremely similar to that of
HDR-B-3 (Fig. 8b).

3.3. Compression tests results

Among the 54 specimens tested in the first stage of the
study, a series of 44 specimens were subjected to UCS tests.
Figs. 10 and 11 show the stress–strain response of the
HDR-A and HDR-B resins, respectively, on specimens ob-
tained under confined expansion. The different curves are

Fig. 7. SEM images of resin sample HDR-A-3: (a) section O–O (Fig. 1a); (b)
section V–V (Fig. 1a).

Fig. 8. SEM images of resin sample HDR-B-3: (a) section O–O (Fig. 1a); (b)
section V–V (Fig. 1a).

Table 5
Mechanical performance of specimens from UCS tests.

Resin type N. specimens r u (MPa) E (MPa) St. dev. (r u) St. dev. (E)

HDR-A 6 0.13 4.94 0.07 1.2
HDR-B 7 1.85 112.8 0.02 9.1
HDR-A-1 5 3.0 185 0.06 6.2
HDR-A-3 3 4.0 299 0.01 8.4
HDR-A-5 5 9.9 665 0.02 7.5
HDR-A-10 2 15.0 808 0.01 4.5
HDR-B-1 8 23.8 1423 1.2 25.3
HDR-B-3 7 32.5 1675 3.2 36.4
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associated with the different confinement pressures ap-
plied during specimen preparation. It can be observed that
both failure stress and Young’s modulus increase with the
applied confinement pressure and thus, with density, as
shown in Table 5. This result indicates that the elastic re-
gion and initial stiffness are strongly influenced by the re-
sin density. The test results obtained for the two types of
resin in unconfined expansion are reported in Table 5 in
terms of the Young’s modulus (E) and failure stress ( r u).
Due to the different number of replicates, the standard
deviations of both the failure stress and Young’s modulus,
for each type of specimen, are also reported in Table 5.

It is worth noting that resin HDR-A-10, which had been
prepared under the higher confinement pressure (935 kPa)
and thus, had a greater density, exhibited a more pro-
nounced kink due to a higher initial modulus (Fig. 10).
Conversely, HDR-B-1 and HDR-B-3 showed extremely sim-
ilar behaviour, except for the stress level at failure (Fig. 11).
From Fig. 12, it can be observed that the radial strains at
failure may be influenced by the confinement pressure
and density of the specimens. Indeed, specimens exhibit-
ing lower values of confinement pressure and density are
capable of deforming much more before the damage be-
comes great enough to initiate unrecoverable damage.

The mechanical properties of all the tested resins were
correlated to the density of the single type of specimen.
Figs. 13 and 14 show the relationships between the failure
stress (r u) against density and Young’s modulus (E) against
density, respectively. It can be observed that these proper-
ties are strongly correlated to the density of the material
and that this dependence is extremely similar to a simple
exponential law. The yield radial strain ( er,y) and density
(q) are also well correlated with each other, as shown in
Fig. 15, according to the law, er,y = a ÁqÀb (with
a = 2.468 Â 103 and b = 1.11), irrespective of the type of re-
sin. These results are consistent with those reported by

Fig. 9. SEM images of resin sample HDR-A-10: (a) section O–O (Fig. 1a);
(b) section V–V (Fig. 1a).

Fig. 10. Mechanical response of HDR-A in Unconfined Compression Strength Tests (UCS): stress–axial strain and stress–radial strain behaviours (pHDR in
kPa).
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Fig. 11. Mechanical response of HDR-B in Unconfined Compression Strength Tests (UCS): stress–axial strain and stress–radial strain behaviours (pHDR in
kPa).

Fig. 12. Ultimate radial strain of the different resin specimens.

Fig. 13. Relationship between ultimate strength and density of the tested specimens.
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Saha et al. (2005), who investigated the effect of the den-
sity, microstructure and strain rate on the compression
behaviour of polymeric foams. The researchers determined
that the peak stress and energy absorption are strongly
dependent on the density of the material and that this rela-
tionship can be easily described using a power law.

A further fundamental property, called the fracture en-
ergy density (FE), was evaluated from the UCS test results.
FE is an energy threshold that defines the development of
macro-cracks at any time during either crack initiation or
propagation at any point in the material. Thus, the fracture
energy density corresponds to the energy required to frac-

ture the specimen, and it is easily determined as the area
under the stress–strain curve at the failure point (Zhang
et al., 2001). A comparison between the fracture energy
densities obtained from the resin specimens at different
confinement conditions are shown in Fig. 16.

It can be observed that the energy required to incur fail-
ure in the resins is material dependent with a minor influ-
ence from both confinement and density. In fact, FE values
of the HDR-A resins are extremely similar (from 9 kJ/m 3 to
11 kJ/m3). The same trend can be observed among the
HDR-B resins, which had FE values ranging from 23 kJ/m 3

to 26 kJ/m 3. A larger difference can be observed by com-

Fig. 14. Relationship between Young modulus and density of the tested specimens.

Fig. 15. Relationship between yield strain and density of the tested confined specimens.
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paring the fracture energy densities of the two types of res-
ins: HDR-B FE is twice that of the HDR-A FE.

It must be noted that even if the HDR-B resins exhibit
significantly higher fracture energies, these resins exhibit
extremely low ultimate radial strains compared with that
of the HDR-A resins. This result is attributable to the differ-
ent overall behaviour of the two types of resins: HDR-B
exhibits a better resistance to failure but a lower ability
to deform, whereas HDR-A has the ability to deform much
more before the damage becomes great enough to cause
failure.

4. Conclusions

The experimental research described in this paper rep-
resents a contribution towards defining a standard design
procedure to use polyurethane expanding resins for geo-
technical problems.

Two types of resins commonly used for geotechnical
applications were analysed: HDR-A, which is characterised
by a relatively high expanding power and a lower strength
level, and HDR-B, which is characterised by a lower
expanding power with respect to HDR-A and a higher
strength level at the same confinement pressure.

The first objective of the study was to determine the
relationship between the confinement pressure (p HDR) dur-
ing expansion and the density of the analysed resins at so-
lid state. For this purpose, a laboratory pressure device was
set up to prepare the resin specimens under different con-
finement conditions. The experimental measurements
show how the resin density and confinement pressure
are linked by a well-defined law, in which, for the same
type of resin under confined conditions, the mechanical
work is constant.

The microstructural characteristics of different resin
specimens were analysed using scanning electron micro-
scope images to understand the mechanical aspects inves-
tigated in the second stage of the study.

The second objective of the study was to investigate the
mechanical behaviour of the different types of resins under

quasi-static unconfined compression tests. A series of 44
resin specimens were tested in the thickness (rise) direc-
tion, and the stress–strain responses were established to
determine the peak stress, Young’s modulus, and fracture
energy densities. Both the peak stress and Young’s modu-
lus were found to be dependent on the resin density,
whereas the fracture energy density seemed to depend
only on the type of resin. In particular, an exponential rela-
tionship between the peak stress and resin density and be-
tween Young’s modulus and resin density were found.

However, several specimens showed a certain level of
structural anisotropy, and the mean mechanical behaviour
of the different types of resin was found to be not affected
by their microstructure.

The results obtained from this study will be useful for
engineers that design polyurethane resin applications with
the goal to improve the substructure performance of shal-
low foundations, railway or motorway embankments, and
airstrips.

In further studies, it is desirable that both laboratory
experiments on the material itself and field tests in actual
setup conditions may lead to defining an appropriate de-
sign methodology for the use of polyurethane resins as a
ground improvement technique.
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