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Regarding the injection process of polyurethane resins in clays with high plasticity, this 
paper presents the experimental results of the pressuremeter and cone penetration tests 
before and after injection. A very important increase in pressure limit or in soil resistance 
can be observed for all the studied depths close to the injection points. An analytical 
analysis for cylindrical pore cavity expansion in cohesive frictional soils obeying the Mohr–
Coulomb criterion was then used to reproduce the pressuremeter tests before and after 
injection. The model parameters were calibrated by maintaining constant the elasticity 
parameters as well as the friction angel before and after injection. A significant increase in 
cohesion was observed because of soil densification after resin expansion. The estimated 
undrained cohesions, derived from the parameters of the Mohr–Coulomb criterion, were 
also compared with the cone penetration tests. Globally, the model predictions show the 
efficiency of resin injection in clay soils with high plasticity.

Crown Copyright © 2016 Published by Elsevier Masson SAS on behalf of Académie des 
sciences. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the years, there has been considerable development in the stabilizing of cracking or jointed building structures. 
More and more engineers are being asked to address this often worrying problem. Some causes of this structural crack 
phenomenon are differential subsidence caused by the expansion or modification of building structures, and variations in 
the permanent weight distribution applied to that structure. In other circumstances, the cause of collapse can be ascribed 
to geotechnical property variations of the foundation soils: for instance, those caused by variations in the level of the water 
table in the area, by chemical degradation of some lithological compositions, or by leakage from buried pipes. Sometimes, 
mechanical improvement of foundation soils may also be required when changes in existing buildings have to be carried 
out by an elevation or variation in the supporting structure.

A recently proposed method is based on using polyurethane expanding resins, which are injected into the subsoil beneath 
the base of a shallow foundation [1–4]. In most cases, this type of remediation technique is performed without a preliminary 
design procedure and only on the basis of experience, i.e. this technique is merely an empirical approach.

Polyurethane resins belong to the category of foam materials, whose common attributes are high porosity, light weight, 
high crushability, and good deformation energy 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 [1,5]. 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 [6–8].
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Fig. 1. Experimental platform in Noailles (Oise, France) before and after injection.

To study the field effect of resin injection in soils, in situ tests such as pressuremeter tests [9] or cone penetration tests 
[10] are necessary to be performed before and after injection. The reported test results in sandy soils showed the positive 
effect of the resin injection [11,12], but further investigations are still necessary for clays, particularly for clays with high 
plasticity.

Furthermore, the analysis of a cylindrical or spherical cavity has been applied to practical problems such as the interpre-
tation of pressuremeter tests, the bearing capacity of deep foundations, and the installation of the driven piles [13–26].

In this context, this paper presents some in situ experimental results in a clay soil with high plasticity at different depths 
before and after injection. The pressuremeter results were modeled using an analytical analysis developed for cylindrical 
pore cavity expansion in Mohr–Coulomb cohesive frictional soils. The estimated undrained cohesions were also compared 
with cone penetration tests.

2. Experimental results

A series of experimental investigations on resin injection in plastic clays was performed in summer 2012 in Noailles, 
near Paris, France. The experimental platform is presented in Fig. 1. The identification tests showed the presence of more 
than 95% of clay till a depth of 4 m. The samples at the depth of 3 m show a liquidity limit (w l) between 70.5% and 86%, 
and a plasticity limit (wp) between 30% and 34%. The studied soils (till 4 m) were classified as clay with high plasticity 
(CH) based on the Unified Soil Classification System (USCS).

Three pressuremeter tests (symbolized by SPi in Fig. 1) at the right-hand side of the building and six cone penetration 
tests (symbolized by CPi in Fig. 1) at its left-hand side were performed before injection. The polyurethane resins were 
injected in eight points at the right-hand side of the building (symbolized by I in Fig. 1) and in seven points at its left-hand 
side (symbolized by I’ in Fig. 1). The injections were performed at three different depths: 1.5 m, 2.5 m, and 3.5 m, where 
the radius of the injection tube was about 10 cm. Table 1 summarizes the injected masses of resin for each core at the 
different depths. The average injected masses of resin are 27.3 kg at the depth of 1.5 m, 43.5 kg at the depth of 2.5 m, and 
19.3 kg at the depth of 3.5 m.

After injection, three pressuremeter tests (symbolized by SPc in Fig. 2) and six cone penetration tests (symbolized by CPc
in Fig. 1) were performed to investigate the efficiency of resin injection in clays with high plasticity.

2.1. Pressuremeter tests

Fig. 2a shows the pressuremeter results (the variation of volume change with the applied pressure) before injection 
(cores SP1i, SP2i and SP3i) at different depths: 1.5 m, 2.5 m, 3.3 m, and 4.2 m. These points were selected close to the future 
injection points 1.5 m, 2.5 m, and 3.5 m. The results show the increase in pressure limits at depth up to 2.5 m followed by 
a significant decrease in this value at the depth of 3.3 m before reaching its highest value at the depth of 4.2 m.

Fig. 2b also shows the pressuremeter results after injection (cores SP1c, SP2c and SP3c) at the same positions. The same 
variation of pressure limits with depth obtained before injection can be observed after injection.

The results show globally an important increase in pressure limits for the studied depths compared with those obtained 
before injection.
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Table 1
Mass of resin injected at three different depths in the studied cores.

Core Injected mass (kg) at 
a depth of 1.5 m

Injected mass (kg) at 
a depth of 2.5 m

Injected mass (kg) at 
a depth of 3.5 m

I1 30 44 17
I2 31 43 15
13 40 49 14
I4 27 46 25
I5 24 61 20
I6 29 33 14
I7 34 38 15
I8 33 36 16
I’1 15 3 40
I’2 42 57 25
I’3 10 74 25
I’4 2 54 2
I’5 34 43 15
I’6 22 57 19
I’7 36 14 28

Average mass (kg) 27.3 43.5 19.3

Fig. 2. Pressuremeter results a) before injection and b) after injection.

2.2. Cone penetration tests

Additionally, six cone penetration tests were performed before and after injection. Fig. 3 shows the experimental results 
(variation of soil resistance with depth) for CP1i, CP1c, CP4i and CP4c tests.

Fig. 3a shows that the soil resistance is the same in cores before injection, confirming the homogeneity of the studied 
clay in all cores. The remaining tests CP2i, CP3i, CP5i, and CP6i also evidence the same results.

After injection (Fig. 3b), resistance increases in both cores till the depth of 2.5 m. For the depths higher than 2 m, 
soil resistance reaches a very high value in CP1c after injection, probably because of a resin slice as an obstacle on the 
penetration path and, therefore, the penetration was not possible to be continued. The same results were observed for the 
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Fig. 3. Cone penetration results a) before injection and b) after injection.

CP2c, CP3c, CP5c, and CP6c tests. The only fulfilled cone penetration test till a depth of 4 m after injection was for CP4c, 
for which the volumes of injected resin were less important than the average ones in the adjacent cores (see the injected 
masses in cores I’4 and I’5 in Table 1).

These results show the direct effect of the resin quantity on the mechanical behavior of the soils. In this work, the whole 
analysis will be based on the average injected volume, since the distance between the injection cores was taken constant 
(0.75 m). The injected volume may modify the necessary distance between the injection cores.

3. Analysis of the cavity expansion for the pressuremeter tests

The expansion process of the pressuremeter test in the soil can be theoretically studied as a cylindrical cavity expanding 
in quasi-static conditions. In this context, we follow the analytical solution developed by Carter et al. [20] for a cylindrical 
cavity expansion in a cohesive frictional soil obeying the Mohr–Coulomb criterion.

The behavior of the cylindrical cavity is described in terms of cylindrical polar co-ordinates (r, θ, z). It can be assumed 
that σr , σθ and σz are the principal stress components in cylindrical coordinates. The expansion of the cylindrical cavity 
occurs under conditions of plane strain and, provided that σz remains the intermediate principal stress and that there is no 
component of plastic strain in the z direction, the increase in σz can be calculated from

�σz = v(�σr + �σθ) (1)

where v is Poisson’s ratio and all shear components of stress in the system are zero.
It will be assumed that the cavity is expanded in an infinite medium that is initially in a mean stress state p0 =

(1 + 2k0)σz0/3, i.e. σr0 = σθ0 = p0, where σz0 is the initial vertical stress and k0 is the coefficient of earth pressure at rest 
estimated by Jacky’s equation:

k0 = 1 − sinφ (2)

where φ is the friction angle.
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Fig. 4. Cavity expansion problem.

Hence conditions of axial symmetry and plain strain hold for the expansion of a cylindrical cavity, which greatly sim-
plifies the analysis and allows a one-dimensional description of the problem because the displacements in the medium are 
everywhere radial. Since large deformations may occur, the radial co-ordinate of a typical particle may change significantly 
during the course of cavity expansion. The problem will involve both geometric and material nonlinearities, and so it is 
convenient to adopt a rate formulation.

Initially, at time t = 0, the cavity has a radius (a0) and an internal pressure (p0). At time t , later on, the cavity has 
enlarged and has a current radius (a), while the internal pressure has increased to p. A typical material point of the 
continuum has now a radial co-ordinate (r), having moved to this position from its original location (r0). In the absence of 
body forces, this requirement can be expressed as

∂σr

∂r
+ σr − σθ

r
= 0 (3)

σr = p at r = a (4)

σr = p0 at r = ∞ (5)

assuming that during cavity expansion, σr is the major principal stress, and σθ the minor principal stress.
Consider the situation shown schematically in Fig. 4, where the cavity has a radius a, an internal pressure p, and plastic 

yield is occurring throughout the region a ≤ r ≤ R . Beyond the elastoplastic interface r ≥ R , the material remains elastic 
with Young’s modulus E and Poisson’s coefficient ν as elasticity parameters.

The cohesive frictional material behavior obeys the Mohr–Coulomb criterion:

f = σr + c cotgϕ − N(σθ + c cotgϕ) = 0 (6)

where c is cohesion and

N = 1 + sinϕ

1 − sinϕ
(7)

The constitutive relation in the plastic zone reduces to the single differential equation:

∂(du)

∂r
+ 1

M

du

r
= −2εRχ

(
r

R

)β−1 dR

R
(8)

where

χ = (1 − v) − v(M + N) + (1 − v)MN

MN
(9)

M = 1 + sinψ

1 − sinψ
(10)

ψ is the dilatancy angle.
Finally, we will find at the elastic–plastic interface (r = R):

du(r = R) = 2εR dR (11)

where u is the radial displacement and εR = (σR − p0) · (1 + ν)/2E .
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Table 2
Necessary model parameters before and after injection.

Depth (m) E (kPa) ν (–) φ (◦) k0 (–) c (kPa) 
before injection

c (kPa) 
after injection

1.5 5000 0.3 30 0.5 70 260
2.5 5000 0.3 30 0.5 160 640
3.5 5000 0.3 30 0.5 40 210
4.0 12000 0.3 30 0.5 350 1100

Then, we obtain:

du =
{

T

(
R

r

)α

− Z

(
R

r

)−β}
εR dR (12)

where T = 2(1 + χ
α+β

) and Z = 2(
χ

α+β
).

If the cavity is created in a saturated porous medium, then the total stress should be replaced by the effective stress 
rate.

4. Model predictions for pressuremeter results

In this section, the proposed solution is applied to predict the pressuremeter results and to interpret the effect of resin 
injection on the soil behavior.

All the necessary parameters of the model for the soil characteristics before and after injection (Young’s modulus E , 
Poisson’s ratio v , friction angle φ, cohesion c, and coefficient of earth pressure at rest k0) are reported in Table 2.

In order to facilitate the analysis, only the cohesion parameter is modified before and after injection. The fiction angle 
(φ) as well as the elasticity parameters (E, v) are taken constant, and are independent of the injection process. For the 
different depths, cohesion after injection is between three and five times more than its initial value.

The initial radius a0 is taken at 1 cm, and is equal to the radius of the pressuremeter probe. A wet density of 20 kN/m3

is taken for all the studied soils. The water table is higher than 4 m, and therefore the total stress concept was used in this 
study.

To obtain the radial stress–expansion curve, it is necessary to calculate the volume change during the pressuremeter test. 
We propose the following equation for the volume change �V :

�V = π(a0 + u)2h − π(a0)
2h0 (13)

where u is the predicted model displacement varying with the applied radial stress, a0 is 1 cm, h0 and h are the initial and 
final height of the pressuremeter probe.

We take a coefficient of 8 for the ratio of the height on the radius of probe (h/a). If we rewrite Eq. (24), the volume 
change can be calculated by:

�V = 8
(
π(a0 + u)3 − π(a0)

3) (14)

Fig. 5 compares the model prediction with the experimental results. Generally, the results show the good capacity of the 
analytical solution to reproduce the pressuremeter results before and after injection.

The modeling predictions confirm that the initial elastic part of the curve is not be influenced by the injection process 
and, therefore, that the same elasticity parameters can be used to describe the elastic behavior of the soil.

5. Model predictions for the cone penetration results

The undrained cohesion value is theoretically given by:

Cu = (σr max − p0)

2
(15)

where p0 is the initial mean stress, σr max is the radial stress at the rapture point of the Mohr–Coulomb criterion.
By using Eq. (6), we have:

σr max =
(

1 + sinϕ

1 − sinϕ

)
p0 +

(
2 cosϕ

1 − sinϕ

)
c (16)

And then Eq. (15) becomes:

Cu =
(

sinϕ
)

p0 +
(

cosϕ
)

c (17)

1 − sinϕ 1 − sinϕ
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Fig. 5. Model prediction compared with pressuremeter results before and after injection: a) between 1.5 m and 1.8 m, b) between 2.3 m and 2.5 m, 
c) between 3.1 m and 3.3 m and d) between 4.0 m and 4.2 m.

There are many theoretical solutions for the relation between the soil resistance of the cone penetration test (Rd) with its 
undrained cohesion such as its bearing capacity theory [27,28], cavity expansion theory [29,30], analytical and numerical 
approaches [31], or strain path theory [32]. A detailed summary of these methods is given in Lunne et al. [33]. The following 
simplified relation was used in this study:

Rd = 22 Cu (18)

Fig. 6 compares the model estimation for the soil resistance of CP1 and CP4 before and after injection compared with the 
experimental results. It can be observed that the estimated values are globally comparable with the experimental results 
before injection; however, the experimental values are overestimated for depths less than 3 m and underestimated for 
depths higher than 3 m. After injection, the model prediction is higher than the experimental values of the CP4 test (Fig. 6b) 
because the injected volume of resin for the adjacent points is less than the average values. The model can predict correctly 
the significant increase in soil resistance for the CP1 test at a depth of 2 m (Fig. 6a), although the predicted value is still 
less than the measured value because of the simplified analytical solution assayed in this part. Generally, it can be stated 
that the model predicts correctly the increase in the undrained cohesion of plastic clays after injection.
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Fig. 5. (continued)

Additional experimental tests such as direct shear tests, triaxial test, and oedometer compression tests permit to estimate 
properly the mechanical characteristics and to improve qualitatively and quantitatively, respectively, the model’s predictions.

6. Conclusion

This paper presents the experimental results for pressuremeter and cone penetration tests before and after resin injection 
in clays with high plasticity. It can be globally observed a very important increase in the pressure limit or in the soil 
resistance for all the depths studied close to the injection points.

To interpret the experimental results, an analytical analysis for cylindrical pore cavity expansion in cohesive frictional 
soils with the Mohr–Coulomb criterion was then used. The model parameters were calibrated where the cohesion values 
before and after injection were modified and the elasticity parameters as well as the friction angle were taken constant. The 
calibrated parameters reproduce well the pressuremeter results before and after injection at the different depths. A signifi-
cant increase in cohesion was observed because of soil densification after resin expansion for all the studied depths. A factor 
between 4 and 5 can be proposed for the cohesion increase after injection.

The estimated undrained cohesions of the model were also used to estimate the cone penetration tests before and after 
injection. Globally, the model predictions show the efficiency of resin injection in clay soils. However, a better analytical 
solution as well as additional laboratory tests may improve the quality of the predicted results.
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Fig. 6. Model estimation compared with cone penetration results before and after injection a) for the CP1 test and b) for the CP4 test.

This work is a preliminary attempt at studying the field effect of resin injection on the behavior of clay soils. Further 
points such as the optimum injection volume and its propagation in clays, the unsaturated state of clay soils before injection 
or the modification in the structure of the clay after injection are still necessary to be considered to complete this study.
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