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Abstract The aim of this research was to undertake laboratory testing to investigate the beneficial
effects of epoxy resin grouts on the physical and mechanical properties of sands with a wide range
of granulometric characteristics. Six sands, of different particle size and uniformity coefficients,
were grouted using epoxy resin solutions with three ratios of epoxy resin to water (3.0, 2.0 and 1.5).
A set of unconfined compressive strength tests were conducted on grouted samples at different
curing periods and a set of long-term unconfined compressive creep tests in dry and wet conditions
after 180 days of curing were also carried out, in order to evaluate the development of the
mechanical properties of the sands, as well as, the impact of water on them. The findings of the
investigation showed that epoxy resin resulted in appreciable strength values in the specimens,
especially those of fine sands, grouted with the different epoxy resin grouts. In general, the
compressive strength varied between 0.68 - 5.60 MPa and the modulus of elasticity between 75 - 480
MPa, after a curing period of 180 days. In terms of physical properties, the permeability and porosity
(before and after the grouting process) were estimated. Grouts with an epoxy resin to water ratio of
3 decreased permeability by up to four orders of magnitude. Using laboratory results and regression
analysis, three mathematical equations were developed that relate each of the dependent variables;
compressive strength, elastic modulus, and coefficient of permeability, with particular explanatory
variables.

Keywords: epoxy resin; grout; creep; strength; permeability; porosity; regression analysis

1. Introduction

In the permeation grouting method, the grouting material is injected into the voids of soil at a
constant rate, without changing the arrangement of soil particles, in order to improve its physical and
mechanical properties by binding soil particles together. In the case of clean sands and gravels with
a coefficient of permeability higher than 10 m/sec [1], injectable cement slurries are of great use in
many construction domains. They provide satisfactory solutions for improving “problematic” soils,
since they can effectively penetrate through a large area of the soil mass. However, in soils with very
low permeability, such as fine sands, the propagation of cementitious grouts is highly restricted, or
even impossible, if very fine cement is utilised. Because of this, permeation grouting in such soils
only requires the use of chemical solutions.

For the purpose of chemical grouting, a large number of researchers investigated the efficacy of
using different types of polymer grouts for soil strengthening, including polyurethane liquid [2],
water soluble latex [3], acrylic resin and methylmethacrylate [4], dilute colloidal silica [5], polyvinyl
acetate [6] and polyester [7]. More recently, some investigators have suggested two-component water
soluble epoxy resin emulsions, which are among the most widely applied polymeric compounds in
many construction and building restoration projects [8,9,10,11], as grouting agents that can
significantly improve the properties of weak soils. According to the previous research activity
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[12,13,14,15,16,17,18,19], these chemical substances enhance the mechanical properties (compressive
strength, elastic modulus, shear strength, toughness, creep strength and liquefaction resistance) and
reduce the permeability and compressibility of grouted soils. However, there is still a need for
broadening the research, in order to highlight the effect of some key factors (mainly the mean grain
size dso, the uniformity coefficient cu and the type of soil) on the properties of the grouted soil, as well
as, the impact of moisture condition on the mechanical behaviour of grouted soils under static
loading.

In order to gain knowledge about the effectiveness of epoxy resin (ER) grouts in the soil
improvement, an extensive laboratory study was performed to examine the relationships between
the aforementioned parameters and some physical (porosity, permeability) and mechanical
properties (compressive strength, elastic modulus, creep behaviour) of fine to medium grained sands,
grouted with epoxy resin. The grouts were produced using various epoxy resin to water (ER/W)
ratios.

2. Materials

The epoxy resin employed in this study is a two-component water soluble commercial product
widely distributed in Greece. Bisphenol A (epichlorhydrin) is the epoxy resin (part A), with an
average molecular weight of approximately 700, and aliphatic glycidylether (part B) is the reactant
agent for the polymerisation of the resin. According to the manufacturer, the optimal mixture ratio
(by weight) of the two parts is A: B=3.

Two types of soil, calcareous and siliceous sand were collected from river deposits and utilised
for the injection experiments. From calcareous sand, six different sand gradations were chosen with
particle sizes ranging from 1.19 to 0.42 mm (denoted as S1), 0.42 to 0.149 mm (Sz), 0.149 to 0.074 mm
(5s), 1.19 to 0.074 mm (S4), 2.38 to 0.074 mm (Ss5) and 2.38 to 1.19 mm (Ss). Their gradation curves are
depicted in Figure 1 and their index properties are summarised in Table 1. For the siliceous sand, a
particle size distribution in the same range as the Si: sand was chosen, as well as similar index

properties.
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Figure 1. Gradation curves of the used sands.
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Table 1. Index properties of the sands.

51 52 Ss S4 Ss Se
Deo (mm) 0.8 0.28 0.11 0.5 1.19 1.85

Dso (mm) 0.67 0.2 0.097 0.33 0.8 2
Dso (mm) 0.57 0.21 0.091 0.15 0.39 1.31
D10 (mm) 0.46 0.17 0.08 0.09 0.149 122
Coefficient of uniformity, Cu 1.74 1.65 1.37 5.55 7.98 1.52
Coefficient of curvature, Cc 0.88 0.92 0.94 0.5 0.86 0.76
Specific gravity, Gs 2.66 2.66 2.66 2.66 2.66 2.66
Maximum void ratio, emax 0.78 0.87 0.96 0.64 0.564 0.88

Minimum dry unit weight, Ydmin

(kN/m?) 14.9 14.2 13.5 16.25 17 14.15
Minimum void ratio, emin 0.62 0.61 0.64 0.47 0.364 0.576

Maximum dry unit weight, ydmax
(kN/m?)

16.4 16.5 16.2 18.1 19.5 16.87

3. Laboratory Procedure

Grouts with ER/W ratios of 1.5, 2.0 and 3.0 (by weight) were prepared for the grouting
experiments. The sand columns were grouted using an arrangement constructed according to the
laboratory system suggested in ASTM D 4320-09. A mixing tank with a high speed agitator, an air-
operated diaphragm pump, pressure regulator, pressure meters, flow meter and plastic cylindrical
moulds (with an internal diameter of 5.5 cm and 150 cm high), as well as the relevant connections,
constituted the experimental set-up for the laboratory assessment of chemical grouting operations
(Figure 2). In order to keep the grouted specimens intact upon removal from the moulds, after the
end of injection, the inner surface of the mould was lubricated before pouring the sand. Special
precautions were taken for the filling process of the columns with the gravel material, to ensure the
uniformity of the specimens and the desired relative density Dr of 50%. The exact weight of sand
required to fill the mould was calculated and this quantity was poured into the moulds. Throughout
the filling process, in order to achieve the appropriate unit weight, the material was lightly vibrated
and compacted with a rod in equal layers. After moulding the specimen at the targeted Dr, the upper
and bottom end plates were clamped on tie rods.

The resin grouts with ER/W ratios of 1.5, 2.0 and 3.0 had constant viscosity values (Newtonian
fluid) of 60, 75 and 85 cp, respectively, which were obtained using a capillary tube viscometer [20] at
shear strain rates of up to 8,000 s™. Despite the high viscosity values, all grouts easily penetrated the
sand columns, even the columns of the finer sand, when pressure was exerted in the range of 1 -2
bar. In order to achieve a more uniform grout flow and prevent any fingering effects that could result
from top-to-bottom flow, the grouts were injected from the bottom of the sand column. During the
injection experiments, the volume of grout that was passing through the specimen was unceasingly
measured using a digital flow meter. When excess grout, equivalent to 120 % of the sand pore volume,
had passed and collected from the outlet hose of the column, the grouting process was ceased. The
grouted specimens were allowed to cure in the moulds in laboratory conditions for a period of at
least 2 days, to develop adequate strength levels. Afterwards, they were demoulded and slashed into
smaller equal parts with a length of 11 cm. Thereafter, the samples were stored and cured in a moist
room at a temperature of 20 + 3 °C and relative humidity of 95 %, until the day of testing. These
specimens were employed in unconfined compressive strength tests after 3, 7, 30, 90 and 180 days of
curing, in order to evaluate the increase of compressive strength and elastic modulus with time, as
well as, unconfined creep strength tests after 180 days of curing. Although past research [14,16,19]
reported that, for curing periods higher than 90 days, the polymerisation rate dramatically drops,
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resulting in marginal strength improvement, it was decided to investigate the mechanical properties
of treated sands at curing ages of up to 180 days. This decision was made because the grouts utilised
in this study had higher ER/W ratios than those of the grouts referred to in past studies, a fact that
could influence the duration of the polymerisation reactions, resulting in the extension of the
hardening process of polymer films beyond 90 days. All the unconfined compression tests were
carried out under a constant axial strain rate of 0.1 %/min in accordance with the ASTM D 4219-02
standards. The test were carried out using a servohydraulic testing machine, incorporating a load cell
(accuracy 10° N) and a linear variable displacement transducer (accuracy 10° mm), connected to a
data logger/computer system for the recording of compressive stress-axial strain values during the
test (Figure 3). The slope of the initial linear part of the stress-strain curve was used to compute the
initial tangent modulus (elastic modulus).

Long-term unconfined compression creep tests were performed on specimens of the same size
and shape as the ones used for unconfined compression tests (also cured for 180 days). Creep tests
were carried out in lever-type loading equipment (modified consolidation apparatus) that were
capable of receiving a sample measuring 5.5 cm in diameter and 11.0 cm in height (Figure 4a). Each
specimen was subjected to a constant loading expressed as a percentage of the compressive strength.
After the start of the loading, the axial strain measurement was recorded at 1 min intervals for the
first hour, then every hour for the first day and then every day until the end of the test. The maximum
test time was three months. The axial deformation was measured with a 10° mm dial gauge. To study
the effect of moisture on the deformation behaviour of grouted sands under permanent loading, two
kinds of test were conducted: creep tests with different loading levels on dry specimens and then on
specimens immersed in water during the loading period (Figure 4b).

Porosity measurements of un-grouted sands were carried out according to the method proposed
by Neithalath et al. [21]. In this method, the dry mass (M) of a sand sample contained in a plastic
cylindrical tube (9.5 cm in diameter and 15.0 cm long) was weighed. Afterwards, water was added
on the top of the sample until it was full. The mass of the saturated system (M2) was then recorded.
The difference between Mz — Mi gave the mass of the water in the pores. By converting this mass into
a volume, and expressing it as a percentage of the total volume of the sample, an indication of the
total porosity was obtained.

The porosity of grouted specimens was determined according to the saturation method
suggested in ISRM with the use of a vacuum saturation device (Figure 5). Porosity was calculated
using the following Equation

n= Mat=Mylw 6, 1)
A%

where Ms is the dry mass of the specimen, Msat is the surface-dry saturated mass, V is the volume
of the specimen, and ow is the density of water.

For the evaluation of water permeability of ungrouted sands, the constant head method was
adopted, in accordance with ASTM D 5084-03. Figure 6 presents the set-up for the permeability tests.
The coefficient of permeability k is given by

_ QL
k (m/s) AAL ()
where Q is the water flow (m?%s), A is the cross section of a cylindrical specimen, Ah is the
hydraulic height difference (m) and L is the sample height.

In the case of grouted sands, the constant head method was also performed for the determination
of k. Specimens of the same size as the ones used for mechanical tests were placed in a triaxial cell.
Triaxial permeability tests were carried out with a back-pressure system, for ensuring the constant
head approach and the direction of water flow, a flow meter and a confining pressure of 1 bar. k was
calculated from the constant flow rate induced by the pressure difference across the specimen, using
Equation 2.
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Figure 2. Laboratory simulation of the grouting procedure.

(b)

Figure 3. (a) Machine for compression strength tests; and (b) unconfined compression strength test.
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(a) (b)

Figure 4. Single lever consolidation apparatus for creep tests; (a) Dry conditions and (b) Wet
conditions.

Figure 5. Vacuum saturation device for porosity measurements of grouted sands.
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Figure 6. Set-up for determination of permeability coefficient of pure sands.

4. Results and Discussion

The results of the injection experiments demonstrated that all ER grouts, when applied at
relatively low pressure, could be easily propagated through the sand columns of the different grain
sizes, even those made with the finer gradations. These observations are in agreement with the
statements made in previous research [16,19], indicating that ER grouts have satisfactory
penetrability characteristics resulting in an isotropic strength development when injected into a soil
mass. Some of the above findings are illustrated in Figure 7, which presents the results from
compression tests that were performed on specimens extracted from different parts of the Ss grouted
sand columns, with grouts having an ER/W ratio of 3.0 and 1.5, and aged 180 days. In general,
laboratory strength tests evidenced that compressive strength and elastic modulus values were
almost equal and unaffected by the distance between the inlet and outlet point of the grouted column,
for all of the grouted sands with the different grouts.

The compressive strength and elastic modulus values of grouted sands with various ER/W
grouts, as a function of curing time, are depicted in Figures 8 and 9. It is clearly seen that strength
values increased over time and the largest part of the strength was developed at the time interval
between 7 and 90 days of curing. For higher curing periods, marginal increases in strength were
obtained. A typical case, conforming to the above conclusion, is that of Ss sand, with an ER/W grout
ratio of 3.0; it appeared to have a 90-day compressive strength and elastic modulus which was 720
and 555 % higher than those obtained at 7 days of curing, respectively. Irrespective of the distinct
upward trend of strength over time, culminating in a marked elevation of its values, the detrimental
effect of water in strength development at any curing age is obvious. This effect was heavily
contingent upon the water content. In general, the lower the water content, the higher the strength of
the grouted sands. For example, the 180-day compressive strength and elastic modulus of Sz sand,
grouted with an ER/W ratio of 3.0 were 175 and 140 % higher than those of Sz, when grouted with
grout of an ER/W ratio equal to 1.5. The harmful effect of water on the strength development of
grouted specimens may be due to the amount of water absorbed by the hydrophilic groups grafted
on the molecular chain of ER, since it prohibits, to some extent, the reaction of resin with amine
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hardener [22]. Another explanation is the permanent weakness of the polymeric network, due to a
partial hydrolysis of the ether linkages [11].

Figure 10 shows the stress-strain curves obtained from 180-day compression tests on specimens
of Ss sand, grouted with grouts of an ER/W ratio equal to 3.0, 2.0 and 1.5. These curves are typical of
the mechanical response exhibited by all grouted sands, with grouts of different ER/W ratios and at
all curing ages. For all of the grouted sands considered in this research, the shape of the stress-strain
curves demonstrated an initial elastic segment, followed by a large plastic zone extended in the pre
and post-failure region over a large range of strains. During the testing of all specimens, no sudden
fracture was observed, even when shear bands (fewer cases related mainly with the lower ER/W ratio
or the coarser sand) or excessive lateral bulging (in most cases) were visible. Specimens were
continuously deformed until the test procedure was terminated, up to a strain of at least 3 %. This
ductile response reveals the domination of the strain hardening behaviour of the ER through a strong
interfacial adhesion between the polymer membrane and sand grains on the deformation
characteristics of the whole composite material, suggesting its application in earthworks or other
geotechnical structures that may suffer significant deformations.

Figures 11 and 12 illustrate the relation between strength parameters of grouted sands with the
different resin grouts at a curing age of 180 days. It can be seen that there is a significant influence of
dso on the measured strength values. For example, the compressive strengths of Ss sand (the finer
sand) and Se sand (the coarser sand), grouted with grouts of ER/W ratios equal to 3.0, were 5.5 and
2.1 MPa, respectively. In the case of grouting with grouts having lower ER/W equal to 1.5, the effect
of dso on strength development is more pronounced; the compressive strength of Ss sand appeared to
be 3.9 times higher than that of S¢ sand. An explanation is that a decrease in the grain size of sands,
or an increase in their specific surfaces, leads to an increase in the number of inter-particle contacts
per unit volume and more surfaces for bonding are provided for the grouts. In general, for all ER/W
ratios, a reduction in the dso of the sands results in a considerable enhancement in strength properties
of the grouted sands. For the Ss, Sz, S1 and Se sands, having a similar coefficient of uniformity (cu)
value, the proportion among the two factors is accurately described by the power law as:

UCS or EM = a dsg® 3)

where UCS is the unconfined compressive strength (MPa) at 180 days of curing; EM is the elastic
modulus (MPa) at 180 days of curing; dso is the mean grain size of sand (mm), and a and b are
coefficients determined from regression analysis. Table 2 summarises the values of the fitting
parameters and R? for all ER/W ratios.

Table 2. Values of regression coefficients and R2.

. a b R2
ER/W ratio UCs EM UCcs EM UCs EM
3 2543 206.66 -0.324 20272 0.99 0.95
2 1.726 126.05 -0.304 -0.313 0.99 0.96
15 0.852 82.08 -0.432 -0.339 0.98 0.92

The curves in Figures 11 and 12 show a consistent relation between mechanical indices and dso.
However, in the case of S: and Ss sands, with cu values much higher than those for other sands, their
data in the graphs shifted upward with respect to the curves. This reveals the significant influence of
cu on the strength of the grouted sands. Obviously, the change in strength is directly related to the
distribution of grains of different sizes in the soil mass, interlocking with each other to form a more
unitary matrix and increased number of contacts, providing more surfaces for the grouts to develop
bond interfacial strength.

Table 3 summarises the experimental values of the porosity for all the untreated and treated
sands. For each of the six sands; the higher the ER/W ratio, the lower the porosity of the grouted sand.
However, a general trend relating the strength and porosity of all the grouted sands was not detected.
In Figure 13, the values of the compressive strength are plotted against the values of porosity. This
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comparison of porosity and strength test measurements for the different grouted sands reflects the
lack of any relation between the two factors. For instance, the porosity of the finer sand Ss (from which
the higher strength values were obtained) and the coarser sand Se (from which the lower strength
values were obtained) was 37.04 and 34.50 %, respectively, when injected with grouts having an
ER/W ratio of 3.0. These experimental results provide more evidence that the reinforcement efficacy
of ER grouts is strongly dependent on the number of grain to grain contact points, a fact that is related
to dso and cu, as referred to previously. From an economic point of view, it should be mentioned that,
although epoxy resin is slightly more expensive than other conventional grouting materials, the small
amount of resin required for improving the soil to be grouted implies that its share of the total cost
for the ground improvement operation is very low. Hence, it is worth utilising. Indeed, the current
results show that the reduction of porosity for all grouted sands was low and ranged from 6.9 to 29.0
%.

Based on the experimental data, a non-linear regression analysis was conducted using a statistic
software program. The analysis related the final strength indices of the grouted sands, UCS and EM
(both in MPa), to the descriptor variables, including dso (mm), ER/W ratio and cu. The performance of
the regression yielded the following equations:

UCS = (ds**) [-1 + (BR/W)P™] (3.74 +02),  R>=0.98 @

EM = 0.022 (dso%) [-0.411 + (ER/W)"175] (2.83 + ¢.>%), R2=10.95 ()

The relationships between the measured and predicted strength values from the regression
formulas are visualised in Figures 14 and 15.

The strength of grouted sands is affected by numerous factors, such as the proportions of water
and cement, types of grout and curing time, the specific surface of both sand and cement, fines
content, particle size, relative density and mineralogy of the sand [23,24,25]. The influence of
mineralogical composition on the strength of grouted soils has been the subject of several studies, as
shown by the research activity published in international scientific journals [26,27,28]. However, little
research has been undertaken to examine its effect on the mechanical properties of ER-treated soils.
Hamidi et al. [29] performed unconfined compression tests on soils containing various clay mineral
types. These tests showed that the efficiency of stabilisation with ER is strongly dependent on the
type and percentage of clay minerals. Consequently, injection tests were also carried out on siliceous
sand columns with grouts having ER/W ratio of 3.0, 2.0 and 1.5. The strength test results obtained for
grouted siliceous sand, at 180 days of curing, are compared with those of S calcareous sand (similar
gradation and index properties with the siliceous sand) in Table 4. The comparison reveals an
insignificant difference between the compressive strength and elastic modulus values of the two
sands for all grouts proportioned using different ER/W ratios. However, since one type of sand has
been utilised in this research effort, it is not possible to extend the current experimental results into a
general conclusion and so more work needs to be undertaken on a wide range of soils.

Table 3. Coefficient of permeability and porosity values of ungrouted and grouted sands.

Notation k(m/s) n (%)
S1 3.0410% 417
S1 + ER/W=3 4.7210%  29.62
S1 + ER/W=2 8.29 10 30

S1+ ER/W=1.5 1.0310° 36.14
Sz 289104 434
S + ER/W=3 2.610¢  31.68
S: + ER/W=2 6.1106 34

S2 + ER/W=1.5 7.3410° 36.7
Ss 4.94 105 45.4
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Ss + ER/W=3 8.76 107  37.04
Ss + ER/W=2 29710 3941
Ss + ER/W=1.5 8.7210°  41.72
S4 7.0410° 36.3
Ss+ ER/W=3 246 10°  30.56
Ss + ER/W=2 3.510° 31.6
Ss+ ER/W=1.5 52710°  33.79
Ss 3410+ 32.6
Ss + ER/W=3 9.68 107 23.4
Ss + ER/W=2 3.47 10¢ 26.3
Ss + ER/W=1.5 910¢ 28.4
Se 9.56 102 43.1
Se + ER/W=3 9.2 10° 34.5
Se + ER/W=2 1.210° 36.7

Se + ER/W=1.5 2.94 105 38.4

Table 4. Strength parameters of the two sands.

Compressive strength Elastic modulus
ER/W ratio (MPa) (MPa)
Calcareous Siliceous Calcareous Siliceous
3 2.8 2.66 225 230
2 1.98 1.88 135 128
1.5 1.05 1.1 88 92

Several authors have shown that the existence of a creep limit can be expressed as a stress level
[30,31,32,33]. Soils remain stable when subjected to loadings lower than the creep limit; whereas,
beyond this limit, soil exhibits large deformations and collapses over a short or long time period. The
creep limit Qr assessment is based on the determination of the slope a of the strain evolution over
time, for each loading. The slope variation with loading consists of two or three linear parts. The
creep limit is considered to be the stress value at which the transition between the two last parts
occurs [31]. The above methodology for the estimation of Qf was adopted in the current study, as
depicted in Figure 16. For instance, the measurements of creep tests for S1 sand grouted with grout
of an ER/W ratio equal to 3.0 are illustrated in Figure 17, which presents the variation of creep strain
in time for loading levels ranging from 70-90 % of compressive strength (qc), under dry conditions.
Figure 18 represents the estimation of the Qr from the a- qc curve. The curve was plotted using the
data for loading equal to 70, 75, 80 and 85 % of q.. For the estimation of (), the loadings equal to 87.5
and 90.0 % of qc were omitted because rupture of the specimens at early stages was observed. Table
5 summarises the creep limit under dry and wet conditions for all grouted sands with the grouts of
different proportions. Table 5 evidences that Q;, determined under dry or wet conditions, increased
slightly with the increase of ER/W ratio, for each of the six sands. However, a general trend for all
grouted sands is not identified, since their Qr values are very close and independent of the dso and cu.
An exception to this is the case of the coarser sand Se, the Qr values of which are much lower when
compared with the ones for the other sands. The comparison of these experimental results confirms
the detrimental influence of water on the creep behaviour of all grouted sands. However, this
negative impact of water resulted in a relatively small reduction of Qr values, which ranged from 5.0
to 7.5 % in total terms. For S¢ sand, this decrement of Qf was more significant and fluctuated from 10-
12 %.

The values of k for ungrouted and grouted sands, obtained from permeability tests, are also
included in Table 3. As for the mechanical properties, the reduction of water permeability was
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directly related to the ER/W ratio, dso and cu. In the case of grouting with the thicker grouts,
permeability test results verify the accretion of a dense polymer membrane on the particle surface,
which fills or seals a large number of pores, resulting in the significant reduction of k values. The
most appreciable decrease of k was obtained for Ss sand, grouted with grouts of an ER/W ratio equal
to 3.0, by four orders of magnitude; whereas, the decrease in the values of k for the other grouted
sands ranged from one to three orders of magnitude.

On the basis of the experimental results, a regression analysis was carried out to correlate the k
(m/s) of grouted sands to the descriptor variables, including ER/W ratio, dso and cu. The model that
gives the best correlation is:

k =3.26 10 (dsg5%) [0.06 + (ER/W)*¥] (0.135 + ¢,*%), R2=0.96 (6)

The relationship between the measured and predicted k values from the regression equation is
illustrated in Figure 19.
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Figure 7. Compressive strength vs. distance from injection point for Ss sand treated with grouts of
ER/W ratio equal to 3.0 and 1.5.
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Table 5. Creep limit of grouted sands.

Qs
Notation
Dry condition Wet condition
S1+ ER/W=3 80 72.5
S1 + ER/W=2 77.5 70
S1 + ER/W=1.5 75 70
Sz + ER/W=3 82 75
Sz + ER/W=2 80 75
S2 + ER/W=1.5 78 72.5
Ss + ER/W=3 85 77.5
Ss + ER/W=2 82.5 75
Ss + ER/W=1.5 80 75
S+ + ER/W=3 82 75
Ss+ + ER/W=2 80 72.5
Ss+ + ER/W=1.5 80 72.5
Ss + ER/W=3 80 75
Ss + ER/W=2 78.5 72.5
Ss + ER/W=1.5 77.5 70
Se + ER/W=3 72.5 62.5
Se + ER/W=2 70 60
Se + ER/W=1.5 67.5 55.5
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5. Conclusions

Thorough experimental research was conducted to assess improvements to some physical and
mechanical properties of a wide range of grouted sands with three different ER grouts. The effect of
several factors on the outcome was investigated and the conclusions can be summarised as follows:

1) ER grouts, despite their high viscosity, penetrate easily into the voids between sand particles,
resulting in the development of a uniform strength with distance from the injection point.

2) The compressive strength and elastic modulus of grouted sands depend directly on ER/W
ratio, dso, cu and curing time.

3) All grouted sands with the different grouts gain their final strength after 90 days of curing.

4) The higher the ER/W ratio, the greater the strength development, at all curing ages.

5) The finer the sand is, the higher the strength achieved with the different grouts.

6) Coefficient of uniformity significantly affects the strength improvement.

7) The mineralogical composition of sand does not seem to influence the strength development.

8) All grouted sands have stable long-term creep behaviour with high values of Qt. Even under
wet conditions, the adverse influence of water, in most of the cases, is very low.

9) Permeability of grouted sands decreases significantly, especially with the thicker grouts
(ER/W =3).

10) The models derived from non-linear regression analysis relate the UCS, EM and k of grouted
sands to ER/W ratio, dso and cu. The predictive accuracy of the regression equations was found to be
remarkably high.
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