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This paper deals with the field behaviour, under tension and compression, of an innovative kind of micropile made

from reinforced expanded polyurethane resin. Micropiles were installed in various sample sites characterised by the

presence of silty–clayey soils. In order to analyse the frictional resistance of a single micropile and to determine the

bearing capacity in different conditions, a series of field load tests was carried out. The method of construction of

the micropiles and the execution of field tests are briefly described. On the basis of the field tests, a method to

evaluate the ultimate load was defined. Moreover, the micropile–soil mechanical interaction was modelled by

applying a simplified analytical solution of the load–displacement behaviour. The obtained results provide a useful

support in the evaluation of both the serviceability and the ultimate design capacity of the investigated micropiles.

The most innovative aspect of this technology lies in using less costly equipment than required for other pile types,

with machines of reduced dimension, which can be very useful for underpinning works in restricted spaces under

existing buildings.

Notation
ADP steel cone area of dynamic probing (DP) test device

(cm2)
Ap cross-sectional area of micropile tip (m2)
ASPT steel cone area of standard penetration test (SPT)

device (cm2)
D equivalent diameter of micropile (mm)
DB diameter of micropile base (mm)
DS diameter of micropile shaft (mm)
d diameter of borehole (mm)
EB deformation secant modulus for soil beneath

micropile base (MPa)
EP Young’s modulus of micropile material (MPa)
HDP hammer falling height of DP (cm)
HSPT hammer falling height of SPT (cm)
IR injection ratio (kg m−3)
KE effective column length of shaft transferring friction,

divided by LF

kp earth pressure coefficient at tip
L total length of micropile (measured from base of

footing, when present) (m)
L0 length of micropile carrying no load or low loads by

friction (m)
LF length of micropile transferring load to the soil by

friction (m)

Lsi length of injected zone in soil layer i (m)
MDP hammer mass of DP (kg)
MS shaft flexibility factor
MSPT hammer mass of SPT (kg)
mres mass of injected resin (kg)
NDP number of blows of DP test
NSPT number of blows of SPT test
Plim limit micropile load capacity (kN)
Ps shaft limit load of micropile (kN)
PT load applied at micropile head (kN)
Pt base limit load of micropile (kN)
pa reference atmospheric pressure (kPa)
pl soil limit pressure measured by Menard

pressuremeter (kPa)
QDP specific energy per blow of DP
QSPT specific energy per blow of SPT
s unit shear resistance at soil–micropile interface (kPa)
UB ultimate base load (kN)
US ultimate shaft friction load (kN)
Vs initial volume of borehole (m3)
wlim limit settlement of 0·1D (mm)
α scaling factor for equivalent diameter
ΔE elastic deformation of micropile (mm)
ΔT settlement of rigid micropile (mm)
Δtot settlement at micropile top (mm)
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δDP cone penetration depth of DP (cm)
δSPT cone penetration depth of SPT (cm)
λ scaling factor for ultimate load

1. Introduction
Settlements of shallow foundations of existing buildings often
need to be solved quickly, with minimal effort and minimal
disturbance. Most remediation techniques aim at increasing
the load-bearing capacity of shallow foundations and limiting
their settlement, but the reliability of such methods is not
always investigated sufficiently.

Among the different underpinning technologies available, the
application of micropiles is the most commonly adopted (Bruce,
1989; Fross, 2006; Han and Ye, 2006a, 2006b) especially for
monuments and old buildings. The micropile technique is par-
ticularly popular in Italy, where it was introduced in the early
1950s by Lizzi (1980). Recently, some researchers have investi-
gated, both experimentally and theoretically, the field behaviour
of micropiles made using different technologies (Abd Elaziz and
El Naggar, 2014), and analyses aimed at defining analytical sol-
utions for micropile design under tension and compression have
also been provided (Babu et al., 2004; Juran et al., 1999; Misra
and Chen, 2004; Misra et al., 2004; Stuedlein et al., 2008).

Micropile design is commonly based on past experience and
analytical methods often refer to a specific technology. This
paper deals with the mechanical field behaviour of an innova-
tive kind of micropile, made using reinforced expanded poly-
urethane resin, which was previously investigated in some
preliminary tests (Valentino and Stevanoni, 2010; Valentino
et al., 2013). In this study, the field behaviour was analysed
through a series of load tests, both in compression and
tension. The field-measured load–displacement curves and
analysis of experimental results serve the following three aims.

& To determine the ultimate bearing capacity of micropiles
in sample sites characterised by the presence of
silty–clayey soils.

& To define a method for calculation of the load-bearing
capacity of micropiles.

& To model micropile–soil mechanical interaction using a
simplified analytical solution in order to determine the
settlement of a single pile (Fleming, 1992).

The methodology used to meet these objectives will be
described and discussed later in the paper. The main results
obtained provide useful support in the evaluation of both the
serviceability and the ultimate design capacity of this kind of
micropile.

2. Reinforced expanded resin micropiles
Various kinds of micropiles are used to underpin existing foun-
dations on problematic soils. In addition, some recent foun-
dation remediation techniques use polyurethane foams, which,
from a geotechnical perspective, can be considered a midway
between underpinning and grouting (Buzzi et al., 2008, 2010).
Reinforced resin micropiles take their place between more tra-
ditional micropile underpinning and polyurethane foam injec-
tion. The construction of a reinforced resin micropile allows
the creation of a structural element to transfer structural loads
to deeper, more competent, ground by forming a cylindrical
shape of expanding resins. Moreover, this innovative technology
requires less costly equipment than is required for other pile
types, with smaller machines and great flexibility of use.

The characteristics of reinforced resin micropiles are deeply
affected by the execution technique. In the first phase, a core of
85mm (or 100mm) diameter is made through the foundation
to be reinforced up to ground level (Figure 1(a)). The impact
moling technique is then used to drill a borehole in the soil
below, down to the desired depth (Figure 1(b)). In the second
phase, a hydraulic dilator device (a packer) is used to expand
the borehole in the soil below the foundation to a diameter
ranging between 100mm and 120mm (Figures 1(c)–1(f)).
The micropile reinforcement is then inserted into the empty
borehole (Figures 1(g) and 1(h)). The reinforcement consists of a
threaded steel hollow bar of external diameter 60mm and wall
thickness 8mm. Along the steel reinforcement are two or three

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)

Figure 1. Phases of the execution technique for a reinforced resin
micropile: (a) core in shallow footing; (b) impact moling; (c)–(f)
expansion of borehole by means of hydraulic packer; (g), (h)

insertion of steel bar into empty borehole; (i) resin injection; ( j)
final shape of the micropile
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different points (depending on the micropile length) through
which resin is injected (Figure 1(i)). The resin is injected from
inside the hollow bar using small pipes. During injection, the
resin spreads both inside the pile’s reinforcement and in the
hollow space between the steel bar and the surrounding soil
(Figure 1( j)). Both pressure and volume of the resin are con-
trolled by the injection pump machine.

A comparison can be made between a reinforced resin
micropile and a grout-injected micropile. In the latter, a high-
capacity steel component is used as the main resistant element,
while the surrounding grout serves to transfer, by friction, the
applied load between the soil and the steel (Juran et al., 1999).
The same principle forms the basis of the behaviour of a
reinforced resin micropile, where the resin takes the grout’s
place.

The injected expanding resin for the analysed micropiles
in the experiments described here is known as HDR200
(high density resin). HDR200 is a two-component mixture
of polyol and diphenylmethane diisocyanate in specified
quantities. The two chemical components are originally in the
liquid state, but a high-speed reaction ensues when the two are
combined. This chemical reaction causes rapid expansion
of the injected product of up to 15–20 times its original
volume.

Due to the water dosage in the mixture, it is possible to deter-
mine the speed of expansion, the time needed for the solid-
ification process and the final properties of the ‘set’ resin.
Further mechanical properties of this kind of resin can be
found in the literature (Buzzi et al., 2008, 2010; Valentino
et al., 2014), but the main features of the resin used for the
analysed micropiles are reported in Table 1. The micropiles
comprise a rigid core, represented by the steel bar, and two
resin parts – the first is located in the inner hollow of the bar
and is characterised by a higher density, and the second is
located in the hollow space between the bar and the surround-
ing soil. Figure 2 shows a horizontal cross-section of the
micropile and the shape of the micropile shaft after installa-
tion. The main characteristics of the interface between the soil
and the micropile were investigated and described in previous
work (Valentino et al., 2013).

Reinforced resin micropiles provide enhanced resistance to the
pile–soil interface both along the shaft and, for a small part, at
the base. In particular, resistance at the soil–micropile interface
is provided by the following features, which are linked to the
micropile installation technique.

& The impact moling boring technique in soil above
groundwater level provides some degree of soil
compaction.

& The action of the hydraulic packer leads to a radial expan-
sion of the borehole wall. It is possible to obtain a final

diameter of about 120mm, starting with an initial hole
diameter of about 85 mm.

& The expanding action of the resin causes an increase of
radial stress on the hole’s internal wall, which improves
adhesion of the pile to the soil.

& The capacity of the resin to permeate the surrounding soil
improves roughness at the micropile–soil interface.

3. Field tests

3.1 Geotechnical characterisation of sample sites
A series of load tests on reinforced resin micropiles was
carried out at six different sample sites (Table 2). Five sample
sites (Bosco Chiesanuova, Lucignano, San Leo, Bologna,
Senigallia) are located in northern Italy and one sample site
(Teramo) is in central Italy. All the sites are located on qua-
ternary plain sediments and in all cases the groundwater level
was beneath the micropile toe depth. Before the execution
of field load tests, useful data for the geotechnical charac-
terisation of the sample sites were collected. Field results from
both cone penetration tests (CPTs) and standard penetration
tests (SPTs) were available only for the site of Bosco
Chiesanuova (Valentino et al., 2013). To obtain the same data
for all sites, at least one dynamic probing (DP) test (30 kg drop
hammer, free fall height 200mm) was carried out at each site
by using the penetration system Pagani TG30-20 in order to
obtain further geotechnical characterisation of the soil over the
depth of the micropiles (SGI, 1989). In order to standardise all
field results to well-established investigation techniques, the
SPT test was assumed as the reference test and the equivalent
value of NSPT was chosen as the reference parameter.

To pass from DP to SPT, the required normalisation uses a
correlation factor (CF), namely the ratio between the specific

Property

Mass per unit volume in
free expansion: kg/m3

80–130

Temperature at mixing: °C 30–50
Mixing pressure: MPa 4–6
Injecting pressure: MPa 0·5–1·0
Time of reaction: s 6–10

Nucleus Hollow space
Density: kg/m3 1024a 130a

Compression strength: MPa 65a 3–15b

Young’s modulus: MPa 1600c 185–808b

aFrom Valentino et al. (2013)
bFor confining pressure of 0·1–1·0MPa (Valentino et al., 2014)
cFrom Valentino et al. (2014)

Table 1. Properties of the expanding polyurethane resin HDR200
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energy per blow of DP (QDP) and SPT (QSPT) (ISSMFE,
1988)

1: CF ¼ QDP

QSPT
¼ ðMDPHDP=ADPδDPÞ

ðMSPTHSPT=ASPTδSPTÞ

in which MDP and MSPT are the hammer masses (kg),
HDP and HSPT are the hammer falling heights (cm), ADP

and ASPT are the steel cone areas (cm2) and δDP and δSPT
are the cone penetration depths (cm) of DP and SPT tests
respectively.

The equivalent NSPT is calculated by the following equation
(ISSMFE, 1988)

2: NSPT ¼ CF �NDP

where NDP is the number of blows of the DP test. CF cal-
culated according to Equation 1 assumes the value of 0·761 for
the adopted DP penetrometer (ISSMFE, 1988).

For each investigated soil profile, the equivalent NSPT value
was represented as a function of the soil depth, with a discreti-
sation of 0·5 m, as reported in Figure 3. On the basis of the
results, homogeneous soil layers, each of thickness 0·5 m, were
defined and a mean equivalent NSPT value assigned for each
layer. Where available, data from drillings and laboratory
classification tests were used to define the soil profile (Table 2).
Fundamental geotechnical classification of collected disturbed
samples revealed the presence of clayey-silt at the Lucignano
and Bologna sites, silty-clay at San Leo and Senigallia sites,
clay in the site at Teramo and clayey–sandy silt at the Bosco
Chiesanuova site (Table 2).

3.2 Load tests
The reinforced resin micropiles were installed in two different
situations – with and without the presence of a shallow foun-
dation on the top.

Three compression tests were carried out without a shallow
foundation in the sample site of Bosco Chiesanuova and
ten compression tests were carried out with the presence of a
shallow foundation on the top at the five other sample sites
(Table 2). Furthermore, three tension tests were carried out
without a shallow foundation. In all cases, a transfer structure
appropriately anchored to the ground was used and three
digital displacement gauges were placed in proximity to the
micropile top to measure movements. The field load tests
are described in detail elsewhere (Valentino and Stevanoni,
2010).

Each micropile was loaded according to the methodology
proposed by Mandolini (1995) and in compliance with the
recommendations of AGI (1984) and ASTM D1143M-07

(a)

(b)

Figure 2. Example of the tested micropiles: (a) horizontal
cross-section; (b) shape of micropile shaft after installation
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(ASTM, 2013). In particular, a load increase of 10 kN was
applied at each step and displacements were recorded with an
accuracy of 0·01 mm at fixed time intervals (after 1, 5, 10, 15
and 20min) starting from when a new load was applied. The
experimental load–displacement curves obtained for the
sample sites are reported below and compared with analytical
modelling.

3.3 Remarks on the results of field load tests
The load test results were analysed in order to determine both
the load–settlement behaviour and the limit load (Plim) under
compression (tests identified with the letter C) and under tension
(tests identified with the letter T) (Table 3). For the compression
tests, the value of Plim was determined by applying a simple clas-
sical method, as suggested by AGI (1984) and Mandolini
(1995). According to this method, Plim is the load when a settle-
ment of 0·1D (wlim) is measured, D being the equivalent pile
diameter to be defined later. A similar procedure was adopted to
determine the ultimate load under tension.

Table 3 summarises the data referring to the 13 micropiles
tested under compression (C) and the 3 micropiles tested under
tension (T) at different sample sites. For each tested micropile,
beside the geometrical features, the mass of injected resin
(mres) is also reported.

At the sample site of Teramo, two reinforced resin micropiles
of different lengths (TE-RR1 and TE-RR2) were tested under
tension in order to evaluate only the shaft resistance. By com-
paring the results of tests on micropiles TE-RR1 (tension)
and TE-RR3 (compression), which were of similar length
(Table 3), it is possible to confirm that the total resistance in
compression was about 43% higher than the total resistance
in tension. On the basis of field geotechnical investigations,
the increment of resistance under compression appears to be
due to the different quantity of injected resin rather than the
contact between the base and a stiff soil layer. The higher shaft
resistance measured under tension for micropile TE-RR2 is
due to its length, this micropile being longer than TE-RR1
and TE-RR3.

Site Soil type w: %a USCS class. Mean NSPT at
micropile base

EB: MPa Micropiles

Bosco Chiesanuova (VR) Clayey–sandy silt 63 ML 19 36·3 VR-D, VR-H, VR-N
Lucignano (AR) Clayey silt 38 ML 33 78·6 AR-RR1, AR-RR3
San Leo (PU) Silty clay 46 CL 20 38·8 PU-RR1, PU-RR2, PU-RR3
Teramo (TE) Clay 54 CH 13 21·3 TE-RR1, TE-RR2, TE-RR3
Bologna (BO) Clayey silt 48 MH 10 14·7 BO-RR1, BO-RR2, BO-RR3
Senigallia (AN) Silty clay 61 ML 12 19·1 AN-RR1, AN-RR2

aNatural water content

Table 2. Main soil characteristics of the sample sites
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Figure 3. Profiles of mean equivalent NSPT values assigned on the
basis of DP tests at the sample sites
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At the sample site of Senigallia, two reinforced resin micropiles
were tested under compression (AN-RR1) and under tension
(AN-RR2). In this case, it is difficult to differentiate between
the strength contribution from the shaft and the base. On
the basis of the experimental evidence, it is only possible to
state that the greater value of the ultimate tension resistance
(106 kN) with respect to that under compression (85 kN) is
mainly due to the following.

& Micropile AN-RR2, with a length of 5·58 m, was more
than 1m longer than AN-RR1 (4·43 m).

& The top of micropile AN-RR2 was at −0·10 m
from ground level, while the top of AN-RR1 was at
−0·84 m from ground level; the shallow soil had
higher mechanical characteristics than the deeper soil
layers, thus giving a greater contribution to tension
capacity.

Taking these factors into account, the mean shear strengths
of the two micropiles can be considered comparable.

The key differences are mainly due to variability in the
execution phases of the micropiles. In fact, two piles of the
same length at the same site can show different behaviour.
This is due not only to soil variability but also to the differ-
ent quantities of injected resin. For instance, micropiles
PU-RR1 and PU-RR2 had 58·3 kg and 68·6 kg of resin

injected respectively whereas, at the same site, micropile
PU-RR3 had only 30·3 kg of resin injected. Similarly, micro-
pile TE-RR1 was made with half the quantity of resin used for
TE-RR3.

This behaviour is confirmed by the micropiles installed at the
sample site of Bologna. For micropiles BO-RR2 and
BO-RR3, respectively 120 kg and 137 kg of resin were injected;
for BO-RR1, only 15·3 kg of resin was injected and this
determined the lower ultimate load. Moreover, the lengths of
micropiles BO-RR1 (4·88 m), BO-RR2 (5·10 m) and BO-RR3
(4·50 m) differed by only a few centimetres. BO-RR1 was
installed beneath a shallow footing 0·6 m thick, thus reaching
the maximum depth of 5·48 m from ground level. Micropiles
BO-RR2 and BO-RR3 were installed beneath a shallow footing
1·6 m thick, thus reaching maximum depths of 6·7 m and
6·1 m respectively from ground level. From the SPTs reported
in Figure 3, it can be noted that the layer at 6 m was stiffer
than the shallow layers, thus increasing the base resistance of
both BO-RR2 and BO-RR3.

At the sample site of Lucignano, the amount of injected resin
for micropiles AR-RR1 and AR-RR3 was almost the same,
but again there was a stiffer soil layer near the tip of AR-RR3,
which produced approximately double capacity of AR-RR3
with respect to AR-RR1. Apart from the case of a stiff layer
intercepted by the micropile tip, which can be accounted for

Micropile Length:
m

Borehole diameter,
d: mm

D=αd:
mm

mres:
kg

Testa Plim,meas:
kN

Pt,calc:
kN

Ps,calc:
kN

Plim,calc:
kN

Deviation:
%

VR-D 4·20 100 110 50·0 C 110 24 81 105 −4·5
VR-H 5·10 100 140 76·4 C 138 18 145 163 +18·1
VR-N 3·50 100 180 103·0 C 130 27 90 117 −10·1
AR-RR1 2·90 85 119 33·1 C 72 8 56 64 −11·1
AR-RR3 2·30 85 119 30·8 C 125 26 112 138 +10·4
PU-RR1 3·10 85 119 58·3 C 122 12 97 109 +11·9
PU-RR2 3·10 85 153 68·6 C 166 47 118 165 −0·6
PU-RR3 3·20 85 119 30·3 C 97 7 79 86 −11·3
TE-RR1 2·98 85 119 31·7 T 38 0 39 39 +2·6
TE-RR2 4·70 85 119 51·7 T 75 0 88 88 +17·3
TE-RR3 3·05 85 153 61·1 C 70 10 57 67 −4·2
BO-RR1 4·88 85 85 15·3 C 26 2 23 25 −3·8
BO-RR2 5·10 85 153 120·0 C 223 42 163 205 −8·0
BO-RR3 4·50 85 153 137·0 C 215 42 154 196 −8·8
AN-RR1 4·43 85 119 76·4 C 85 16 91 107 +25·8
AN-RR2 5·58 85 119 53·0 T 106 0 120 120 +13·2

aC, compression; T, tension

Table 3. Data of the tested micropiles
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on the basis of preliminary penetration tests, the quantity of
injected resin must be considered for any design method of this
kind of micropile.

4. Method to evaluate the limit load
The results of load tests allowed the development of a sim-
plified method to calculate the limit design capacity of
this kind of micropile. During some preliminary field tests
(Valentino and Stevanoni, 2010), a substantial analogy
between the behaviour of reinforced resin micropiles and
grout-injected micropiles (described by Bustamante and Doix
(1985)) was observed. In agreement with the method of
Bustamante and Doix, which has been adopted by the
French code (METT, 1993) and by standard rules of other
European countries (Juran et al., 1999; Viggiani et al., 2012),
the following methodology was assumed for calculation of the
limit load capacity of reinforced resin micropiles in silty–clayey
soils

3: Plim ¼ Pt þ Ps

where Pt is the tip resistance and Ps is the shaft resistance. In
particular, Ps can be calculated from

4: Ps ¼
X

i
πDLsis

where D is the equivalent diameter of the micropile, Lsi is the
length of the injected zone in the ith soil layer and s is the unit
shear resistance at the soil–micropile interface.

In analogy with Bustamante and Doix’s method, the equival-
ent diameter of the micropile is assumed to be

5: D ¼ αd

where d is the diameter of the borehole (Table 3). The par-
ameter α was determined on the basis of the suggestions of
Bustamante and Doix (1985) and the experimental results,
taking into account the quantity of injected resin for each
tested micropile. In fact, the mass of injected resin (mres) was
considered in relation to the initial volume of the borehole
after moling (Vs), to define the following injection ratio

6: IR ¼ mres

Vs

After processing the experimental data and taking into
account the measured quantity of injected resin for each micro-
pile, different values of α were determined as a function of the
injection ratio, as reported in Tables 4 and 5.

Injection ratio: kg/m3 Quality of injection α

IR≤1150 Very poor 1·0
1150< IR≤1656 Poor 1·1
1656< IR≤3324 Good 1·4
IR>3324 Excessive 1·8

Table 4. Values of parameter α as function of the injection ratio

Micropile mres: kg IR α D=αd: mm λ US: kN UB: kN L0: m Lf: m MS

VR-D 50·0 1515 1·1 110 2·00 162 48 0·2 4·0 0·0013
VR-H 76·4 1907 1·4 140 1·06 153·7 19·08 0·2 4·9 0·0005
VR-N 103·0 3746 1·8 180 2·80 252 75·6 0·2 3·3 0·0020
AR-RR1 33·1 2011 1·4 119 2·30 128·8 18·4 0·2 2·7 0·0030
AR-RR3 30·8 2359 1·4 119 3·00 336 78 0·2 2·1 0·0032
PU-RR1 58·3 3314 1·4 119 2·90 281·3 34·8 0·2 2·9 0·0020
PU-RR2 68·6 3899 1·8 153 2·50 295 117·5 0·2 2·9 0·0013
PU-RR3 30·3 1668 1·4 119 2·90 229·1 20·3 0·2 3·0 0·0035
TE-RR1 31·7 1874 1·4 119 1·28 49·92 — 0·18 2·8 0·0030
TE-RR2 51·7 1938 1·4 119 2·12 82·68 — 0·2 4·5 0·0009
TE-RR3 61·1 3530 1·8 153 1·40 79·8 14 0·15 2·9 0·0013
BO-RR1 15·3 552 1·0 85 1·30 29·9 2·6 0·2 4·68 0·0030
BO-RR2 120·0 4146 1·8 153 4·00 652 168 0·2 4·9 0·0020
BO-RR3 137·0 5365 1·8 153 4·00 616 168 0·2 4·3 0·0020
AN-RR1 76·4 3059 1·4 119 1·00 91 16 0·2 4·2 0·0008
AN-RR2 53·0 1667 1·4 119 3·00 360 — 0·2 5·4 0·0050

Table 5. Input parameters for the Fleming model
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It is clear that the injection ratio can be extremely variable, but
an optimum standard of execution can be defined in terms of
the best compromise between use of the minimum quantity
of resin (which can be checked during micropile injection)
and the expected limit capacity of the micropile, on the basis
of soil characteristics. By considering the load test results
and field evidence regarding the shape and size of exhumed
piles, a value of α=1·4 is recommended for a good standard
of resin injection. During the design process, once the volume
of the borehole (Vs) is known, the mass of resin (mres) to
be injected can be evaluated in order to obtain a value of
IR corresponding to a good-quality injection. Then, after
micropile construction, the mass of resin actually injected
is known and the equivalent diameter of the micropile can
be calculated as D=1·4d, where d is the diameter of the
borehole.

The base resistance (Pt) can be evaluated according to the
method of Bustamante and Doix (1985) using the expression

7: Pt ¼ Apkppl

where Ap is the area of the cross-section of the micropile
base, pl is the soil limit pressure measured by a Menard
pressuremeter in proximity to the tip and kp is the earth
pressure coefficient at the tip, which is equal to 1·2 for sand
and gravel, 1·6 for clay, 1·8 for clay and marl, and 1·5 for frac-
tured rocks.

In this study, instead of using the soil limit pressure pl, a corre-
sponding value of NSPT was considered preferable, on the
basis of the correlation (Gonin et al., 1992)

8:
pl
10

¼ NSPT

20
pa

in which pa is the reference atmospheric pressure.

The unit shear resistance at the soil–micropile interface (s)
can be evaluated through a method very similar to that pro-
posed by Bustamante and Doix (1985). In particular, with
regard to geotechnical characterisation of the soil, the method
refers to a direct correlation with the results of a SPT. In this
study, a specific s–NSPT curve was obtained on the basis of
field tests and relative to silty–clayey soils. As previously
explained, for each investigated soil profile it was possible to
define a corresponding stratigraphy, starting from the SPT
results. Then, by comparing the measured values of Plim with
those calculated through Equations 3–8, it was possible to
obtain a direct correlation between s, relative to each soil
layer, and the corresponding value of NSPT. Figure 4 shows
the experimental results of field tests in terms of unit
shear strength at interface (s) with respect to the mean value
of NSPT determined for each soil layer. The correlation was

obtained in a straightforward manner for the micropiles
tested under tension. For the micropiles tested under com-
pression, the shaft resistance was obtained as the difference
between total and base resistance, by calculating the base
resistance through Equation 7. In particular, the interpolating
curve reported in Figure 4 was obtained after the two-step
procedure of

& minimising the standard deviation between the
calculated and measured total resistance of the tested
micropiles

& minimising the standard deviation between the analytical
equation of the interpolating curve and the corresponding
curve proposed by Bustamante and Doix (1985) for clayey
and silty soils.

Table 3 summarises the values of Plim obtained through both
field tests and calculations. Comparison of the obtained results
reveals that the deviation is lower than 12% for 75% of the
analysed tests.

5. Analytical interpretation of the
load–displacement behaviour

To interpret the experimental load–displacement curves
of the tested micropiles, the simplified model of pile–soil
mechanical interaction introduced by Fleming (1992) for tra-
ditional medium-to-large-diameter concrete piles was used. It
is assumed that, as the micropile is subjected to loading, a
soil–resin shear boundary layer is formed that exhibits non-
linear behaviour, both in drained and undrained conditions,
even at very low applied loads. Moreover, the reinforced resin
micropile itself can be assumed to behave elastically through-
out, considering that the load required to reach the soil–
resin shear boundary layer yield strength is much smaller
than that required to yield the inner micropile steel
reinforcement.

0
0 10 20 30 40

0·05

0·10

0·15

0·20

s:
 M

Pa

NSPT

Experimental data

Figure 4. Unit shear strength at shaft interface (s) with respect to
the mean value of number of blows of the SPT test (NSPT)
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It is worth noting that the load–displacement curves of both
compression and tension tests can be interpreted according to
the hyperbolic method. Since the Fleming model is based on
this method, it is possible to fit the results of both compression
and tension tests using the same model (Bellato et al., 2013).
In the case of tension tests, the base resistance of the micro-
piles is disregarded.

A detailed derivation of the model was presented by Fleming
(1992) and further discussion is given in the paper by Fleming
(1993). However, for completeness, the necessary relations
required are provided here. The settlement at the micropile top
(Δtot) can be considered as the sum of two components – the
first is due to the micropile–soil interaction under the hypoth-
esis that the pile is rigid (ΔT) and the second is due to elastic
deformation of the micropile (ΔE)

9: Δtot ¼ ΔT þ ΔE

The value of ΔT can be determined on the basis of the hyper-
bolic relationship between the soil and micropile using the
equation

10: ΔT ¼ �g+ ðg2 � 4fhÞ1=2
2f

in which

g ¼ 0�6UBPT þD2
BEBMSPT �US0�6UB �D2

BEBUBMS

f ¼ DBEBPT �USDBEB �DBEBUB

h ¼ MSDB0�6UBPT

where PT is the load applied at the micropile head. Remarks
on the other symbols, which are defined in the notation list,
follow.

The value of elastic shortening ΔE is calculated as

11: ΔE ¼ 4
π

PTðL0 þ KELFÞ
D2

SEP

for loads PT up to the ultimate shaft load US, as is the case for
all the analysed tests.
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Figure 5. Tension tests at sample sites in Teramo (TE) and
Senigallia (AN)
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Then, micropile settlement is a function of both geometrical
and mechanical parameters. In particular, the following geo-
metrical parameters have been defined

& diameter of the micropile base, DB

& diameter of the shaft, DS

& length of the micropile transferring load to the soil by
friction, LF

& upper length of the micropile carrying no load or low
loads by friction, L0.

Due to the geometry of the tested micropiles, the model was
applied by assuming DB=DS=D=αd (i.e. the equivalent dia-
meter). Moreover, it is assumed that each micropile does not
transfer load by friction for a length of 0·2 m (L0) starting
from the head, while the remaining length is considered
entirely reactive (LF) (Table 5).
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Figure 6. Compression tests at sample sites in Bosco Chiesanuova
(VR), Lucignano (AR) and San Leo (PU)
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With regard to the mechanical parameters, a fundamental
role is played by the ultimate micropile shaft friction load
(US) and the ultimate base load (UB). Since the model
asymptotic axial load, given by the sum of US and UB,
does not correspond to the limit load capacity (Plim), from
back-analysis of the tested micropiles it appears that US and

UB can be evaluated from

12:
US ¼ λPs;calc

UB ¼ λPt;calc

(
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Figure 7. Compression tests at sample sites in San Leo (PU),
Teramo (TE) and Bologna (BO)
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where Ps,calc and Pt,calc are evaluated through Equation 4 and
Equation 7 respectively (Table 3). λ is the only new parameter
introduced in this work as a dimensionless amplification
factor, whose mean value is 2·35 (Table 5).

Other parameters of the Fleming model were determined as
follows.

& As stated by Fleming (1992), the deformation modulus for
soil beneath the micropile base (EB) is related to the intrin-
sic soil properties, but it also depends on the construction
method. In the present work, for each sample site, the
mean NSPT at the micropile base was determined and the
value of EB calculated on the basis of empirical corre-
lations as suggested by Stroud (1989) and Burland and
Burbidge (1985). The assumed values of EB are reported in
Table 2.

& The shaft flexibility factor (MS) was found to vary between
0·0005 and 0·0050 (Table 5), which is the same range
reported by Fleming (1992).

To compute the elastic shortening (ΔE), two further mechan-
ical parameters are considered – Young’s modulus of the
micropile material (EP) and the effective column length of
shaft transferring friction, divided by LF (KE).

& EP may be obtained as the sum of the axial stiffness of the
micropile reinforcement and the axial stiffness of the inner
resin nucleus on the homogenised section, considering that
the axial stiffness of the external resin is relatively negli-
gible. By considering the section area occupied by the steel
bar (with Young’s modulus of 2·1�106MPa) and the
section area occupied by the inner resin nucleus (with
Young’s modulus of 1·6�103MPa) the equivalent Young’s

modulus of the micropile EP=9·71�105MPa was assumed
for computation.

& KE was assumed equal to 0·45, as suggested by Fleming
(1992) for stiff overconsolidated clays. It is worth noting
that KE was kept constant for all the tested micropiles,
although some differences had been observed from field
investigations.

Figures 5–8 show comparisons of the measured load–
displacement relationships for the tested micropiles (depicted
by symbols) and the curves obtained from the simplified
model (solid curves). The input parameters of the model,
determined on the basis of both field investigations and best
fitting, are reported in Tables 2 and 5. Obviously, the value of
UB was not considered for the analysis of micropiles tested
under tension.

It can be observed that, notwithstanding the simplifications
introduced, the adopted model seems able to reproduce the
field mechanical behaviour of reinforced resin micropiles. In
some cases, especially when the micropile shows linear behav-
iour (AN-RR2, AR-RR3 and BO-RR2), the model underesti-
mates settlements in the first load steps and overestimates
settlements in the last load steps. It is worth noting that the
MS values were rather spread and do not seem to be correlated
with the injection ratio (IR) or with the soil characteristics. It
can thus be deemed that MS is strictly related to other aspects
of the construction technique or to micropile straightness, as
observed by Fleming (1992) for medium-to-large-diameter
concrete piles.

6. Conclusions
The field behaviour of innovative micropiles made with
reinforced polyurethane resin was evaluated. The construction
method of the micropile and the execution of field load tests
have been described.

The reinforced resin micropiles, installed at various sample
sites generally characterised by the presence of silty–clayey
soils, were tested both under compression and tension. On the
basis of the test results, the calculation method proposed by
Bustamante and Doix (1985) was shown to be a suitable refer-
ence for determination of the bearing capacity of the
micropiles.

Notwithstanding the variation of some empirical factors, the
proposed method allows rather reliable values of total bearing
capacity to be obtained for the behaviour of the micropile–soil
system in limit conditions. A comparison of the experimental
results and theoretical analysis was provided.

To evaluate the design settlements of a single micropile,
the simplified model of micropile–soil mechanical inter-
action, previously developed by Fleming (1992) for
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medium-to-large-diameter cement grout piles, was adopted.
Field data processing and application of the model led to an
analytical solution of the load–displacement behaviour
observed during field load tests. The model seems to be able to
interpret the mechanical field behaviour of the studied
micropiles.

To improve the evaluation of both bearing capacity and dis-
placements, more results from experimental tests in different
soils are needed. Further investigations on the durability of
both steel and resin and on the effect of ageing on micropile
bearing capacity will be carried out in order to better gauge
whether this type of micropile can be considered a suitable
alternative to cement grout or steel piles, at least for specific
purposes, at similar cost. The most innovative aspect of this
technology is the use of less costly equipment than is required
for other pile types, with smaller machines and great flexibility
of use, which can be very useful for underpinning works in
restricted spaces under existing buildings.
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