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This paper reports the findings of experimental studies on a novel application of a closed cell expansive poly-
urethane resin injection into a sand mass, regarding some common engineering properties.

Previous papers on injecting expansive polyurethane resins into sand masses as mitigation measures of
different hazards, e.g., liquefaction, settlements and seismic displacements, deal with the open cell sub-class of
polyurethane resins. Seeking to make up for the shortcomings of open cell methods, the paper addresses a

prototype application of a closed cell polyurethane resin for ground improvement/control on sands.
A new system for the preparation of the sand-resin mixture (SRM), which mimics the field application con-
ditions, is introduced. It allows to inject the polyurethane resin into saturated sand with a prescribed mass

density.

The results of an extensive laboratory testing program are presented and discussed regarding some relevant
engineering properties, e.g., Young’s modulus, Poisson’s ratio, uniaxial compressive strength and peak and re-
sidual friction angles. Namely, it was concluded that the SRM may be studied as a soft rock and that it shows an
essentially plastic behaviour for large deformations, as well as a high shear strength and low permeability.

It is envisaged that these fundamental results may encourage and assist the execution of in situ tests under
controlled conditions, concerning the resin injection and its performance assessment, further promoting the
application of closed cell polyurethane resins in geotechnical practice in a near future.

Introduction

The relevance of ground improvement or control techniques in
geotechnical practice keeps being enlarged due to the scarcity of
geotechnical sites of good quality and to the growing tendency of the
dimensions and complexity of geotechnical construction projects.

In the field of geotechnical earthquake engineering, a significant use
of improvement techniques of granular soils is related mainly with soil
liquefaction hazard [21] and, with less relevance, with seismic isolation.

Large earthquakes such as the 1995 Kobe in Japan [50] or the 2010
Chilean earthquake [56] triggered serious damages due to the signifi-
cant extent and depth of the soil liquefaction phenomena. A recent
earthquake sequence with relatively low magnitude in the Emilia-
Romagna region [25] produced substantial damage to the buildings
due to bearing capacity loss of the saturated alluvial foundation soil.

The seismic isolation of the structures’ foundation may be obtained
through the judicious definition of target ground properties following its
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improvement, e.g., by grouting techniques [36] or polyurethane injec-
tion foam [16]. The conventional hazard mitigation methods include:

e densification of in-situ soils by, e.g., vibro-replacement [7], vibratory
compaction [52], stone columns [2], dynamic consolidation and
blasting dynamic compaction [18,34,37];

providing shorter drainage path for faster dissipation of excess pore
water pressure through, e.g., vertical gravel drains [8,10,46,48] or
prefabricated drains [41];

soil reinforcement by, e.g., micropiles [28,30], steel sheet piles
[1,19,42], discrete columns in general [43];

e soil improvement by, e.g., soil-cement columns [47], biotechno-
logical processes [35,58], deep soil mixing [1,44] and jet-grouting
[27];

grouting by, e.g., chemical grouting, passive site stabilization with
colloidal silica grouting [11,14,15], compaction grouting [9];
replacing liquefiable soils with non-liquefiable soils [33];
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e structural measures, e.g., deep foundations as piles [12].

According to Towhata [53], in 2004, amongst a total of 650 reported
cases of liquefaction mitigation measures, the relative importance of the
methods was the following: densification (62.6% of the reports),
grouting (24.6%), drainage (12.3%) and ground reinforcement (0.5%).
A growing relevance of grouting as compared to the situation in 1993, i.
e., 20 of a total of 275 reports (7%), may be noticed.

Recent developments by inducing partial saturation through air in-
jection [59] or biogas injection [20,38] are also to be mentioned.

Injection of expanding polyurethane resins [13,26,40,54] is another
advancement with recent progress achievement. Polyurethane polymers
are part of a vast family of polymers. Expansive polyurethane resins can
be open cell or closed cell. Open cell resins are less dense, having a more
porous structure. On the other hand, closed cell resins are denser and
more rigid. Its structure is composed of small, tightly packed cells.
Expansive polyurethane resins are produced from an exothermic reac-
tion, between a polyol and an isocyanate, during which a great quantity
of carbon dioxide is generated, determining the volumetric expansion of
the mixture. When the reactive resin is mixed with water there is
foaming. In a very short period the mixture hardens, passing from a
liquid state to a solid one. The reaction time, during which the reaction
between the components of the resin, and also with water, is still
occurring, depends on the properties and type of the resin and the cat-
alysts used, and is also controlled by the admixed components temper-
ature [45].

In the presence of a confinement, the expansive capacity of the resin
produces some densification of the surrounding soil, as additional ma-
terial is introduced in it. Besides, other effects, such as improvement in
composite stiffness, grain bonding and horizontal stress increase, are
also present [40]. The combined effect provides a substantial improve-
ment of ground strength in the injection zone, which is paramount in
case of sand masses with liquefaction potential and also to stiffen the
ground and mitigate settlements. The injection pressure range in field
applications is from 300 kPa to 10 MPa, and it depends on the type of
resin being used, the specific ground improvement application, and the
equipment being used for injection.

Recently, open cell (elastomeric) polyurethane resins have been used
to improve the mechanical properties of the soil and to recover settle-
ments of shallow foundations [26]. In coarse-grained soils, with high
hydraulic conductivity, resin penetrates the pores and there is the for-
mation of a bulb of grouted soil, which expands until reaching equilib-
rium with confining stresses. Expansion volume can reach 15 times the
injected volume, depending on soil density, confining pressure and resin
type. The looser the soil, the greater the expansion for a given resin mix
[54].

Soil consolidation treatment with expansive resins has shown great
flexibility, low energy consumption and extremely reduced environ-
mental impacts. This method offers exceptional advantages over the
great majority of mitigation methods in urban environments, concerning
excessive noise or vibration generated during construction, and also
provides a relatively high level of effectiveness compared to possible
alternatives, namely for existing structures [13]. Regarding the
economical comparison with other ground improvement methods, it
would imply not only comparing the price of the resin but also other
factors, like the costs of operation, the type and specific characteristics
of the structure where it would be applied, the quantity ordered and the
manufacturer. Although the cost of the resin may be considerable, albeit
controllable by restraining the volume of resin injection, the costs of
operation of equipment are lower than most methods.

In a nutshell, Erdemgil et al. [13], Manassero et al. [26], Prabha-
karan et al. [40] and Traylen [54] demonstrated that expansive poly-
urethane resin injection is a viable ground improvement method for
liquefaction mitigation, as liquefaction susceptibility was either elimi-
nated or greatly reduced.

The injection of expanding polyurethane resins represents a new
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technique for mitigation of liquefaction hazard and large amplitude
vibration control. It is a promising novel technique whose application in
practice requires the demonstration of its effectiveness. This demon-
stration ought to be implemented, as a first step, through the valuation
of its relative merit when compared with the remaining mitigation
methods, regarding both advantages and drawbacks. A number of issues
may be considered for this purpose, e.g., quality control regarding di-
mensions and properties, durability, applicability to pre-existent struc-
tures, applicability to long linear infrastructures and environmental
issues, including energy consumption.

In contrast with the previous works, which used an open cell (elas-
tomeric) resin, a closed cell (duromeric) polyurethane resin, MC-Injekt
2700 L® [29], is studied for the first time for this type of application.
Notwithstanding being slightly less expansive, it has a much higher
compressive strength and flexural tensile strength (around 5 times
higher) and density (at least twice) than the Uretek® [55] open cell
(elastomeric) resin.

This paper reports the findings of experimental studies of a novel
material, obtained by injecting the MC-Injekt 2700 L® resin into sand in
laboratory conditions. These were aimed at reproducing the field pro-
cesses of injection and expansion of the resin in saturated sand masses,
using a convenient geometric scale. The Tagus River sand was chosen for
this purpose, due to its high liquefaction potential.

The laboratory testing is described, including the testing plan and the
specimen preparation techniques, which are thought specifically for this
new application of the resin. The sand-resin mixture (SRM) engineering
properties, e.g., Young’s modulus, Poisson’s ratio, uniaxial compressive
strength and peak and residual friction angles are determined and the
effect of the injections on the relative density of the Tagus River sand is
analysed.

Materials, test plan and preparation of specimens
Materials

Tagus River sand

The alluvial sand from Tagus riverbed was sampled from material
dredged nearby the river’s mouth, where the maximum river depth is 30
m, and the maximum thickness of the sand layer (a, in Fig. 1) is
approximately 50 m. This area is a potential location for an immersed
tunnel crossing of the Tagus River, presently under consideration.

In this zone, the Tagus River sand overlays Miocene formations
], M3, M2, Mf‘,& b M3p 1 ) and Cretaceous units (C2), with
increasing stiffness and strength with depth, and a basalt bedrock (b).

The Tagus River sand is a siliceous, clean and poorly graded sand,
classified as SP according to the Unified Soil Classification System —
ASTM D2487-17 [6]. The dredged material contained a small fraction of
shells and small pebbles, which were removed by passing it through the
ASTM #10 sieve.

The sand physical characterization comprised: a grain size analysis,
determining the solid particles density, Gs, the minimum and maximum
dry unit weight y4,;, and y4 4, according to ASTM D4254-16 [5] and
ASTM D4253-16 [4] standards, respectively. The grain size distribution
is shown in Fig. 2, while the physical indexes are presented in Table 1.

The in-situ relative density, D,, of the Tagus River sand was esti-
mated from the blow counts of the SPT sampler, Ny, at different depths
of a number of boreholes, mainly at the north bank of the river [31].
Based on Skempton [49], an estimated value of D, of 70% was obtained
from the average value of Ngy of 17 and used as reference value for the
laboratory tests in Miranda et al. [32].

The coefficient of permeability of 6x10™* m/s was estimated from
constant head permeability tests on saturated specimens prepared with
D, of 70% [31].

From the results of triaxial compression tests [31] the critical friction
angle of the sand was determined to be 36°. The tangent Young’s
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Fig. 1. Geologic profile of the Tagus River bed in the dredging area.
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Fig. 2. Grain size distribution for Tagus River sand, after removing particles larger than 2 mm.

Table 1
Physical indexes of Tagus River sand.
Physical Value Physical Value Physical Value
index index index
Dy 0.20 Deg 0.40 Gs 2.70
mm mm
Dso 0.28 Cy 2.0 Yamin 14.32 kN/m®
mm
Dso 0.36 C. 1.0 Ydmax 17.12 kN/m?®
mm

Legend: Dy, D39, Dso and Dgo — 10™, 30™, 50™ and 60™ percentile diameter,
respectively; C, — uniformity coefficient; C. — curvature coefficient; Gs — solid
particles density; 74, — minimum dry unit weight; y4 ., — maximum dry unit
weight.

modulus, E, and the Poisson’s ratio, v, for an axial strain close to 0.25%,
were estimated to be 132 MPa and 0.3, respectively.

Expansive polyurethane resin MC-Injekt 2700 L®

The MC-Injekt 2700 L® resin is a brownish polyurethane-based resin
with low dynamic viscosity (approximately 200 + 50 mPa.s). It is a
closed cell resin with high compressive strength (>75 MPa), and a high
flexural tensile strength of around 65 MPa. Its reaction time of about 45
min may be considered as relatively long [29].

It consists of two components (a polyol and an isocyanate), which are
mixed with a ratio of 1:1 in the head of an injection pump, and, then,
injected with adequate values of pressure and delivery rate. The density
of the resin is approximately 1130 kg/m>. When in contact or mixed
with water the resin transforms into a solid and closed cell foam. The
reactivity can be controlled by the use of additives. Depending on the

confining pressure, the resin can increase its volume up to 10 times with
a corresponding reduction in mass density.

It has been applied in sealing and strengthening of cracks, joints and
cavities, in structural and underground works, either under dry, wet and
high water pressure conditions. Additionally, it has been applied in
sealing of sheet piles, diaphragm walls, and leakages in potable water
structures.

Test plan

The test plan was designed to characterize the physical, hydraulic
and mechanical properties of the SRM material and the densification
effect of the injection on the sand adjacent to the expanded SRM col-
umns. The quality and degree of control of the mixing process were also
assessed, through the analysis of the average values and dispersion of the
dry mass density of the SRM specimens and of their ultrasonic pulse
wave velocity.

In order to determine the physical properties of the SRM, the dry
mass density, the effective porosity and the maximum water content
were measured.

The deformability of the SRM was evaluated by the linear defor-
mation modulus and the Poisson’s ratio. The strength properties of the
SRM were depicted from the uniaxial compressive and tensile strengths
and from the cohesion and the shear strength angle of the Mohr-
Coulomb failure criterion in triaxial compression tests. The perme-
ability of the specimens in the triaxial test cell was measured prior to
shearing.

The specimens were core drilled from SRM columns, from three sets
of samples, each prepared by injection and expansion of the resin in a
sand mass deposited by aerial pouring. From sample #1, a total of 17
specimens were prepared, 8 drilled horizontally (1-HB1 to 1-HB8) and 9
drilled vertically (1-VM1 to 1-VM3, 1-VT4 to 1-VT9). From each of the
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samples #2 (2-T, M and B) and #3 (3-T, M and B), three specimens were
drilled vertically. The tests performed to characterize the SRM material
and the estimated parameters on each of the SRM specimens are sum-
marized in Table 2.

Preparation of specimens

Sand samples

The SRM specimens were core drilled from columns of SRM, ob-
tained by injection of resin in saturated sand samples. These samples
were prepared by aerial deposition of dry sand from a shower into a
cubic container with a 0.5 m internal side, depicted in Fig. 3. Its di-
mensions were chosen to minimize the boundary effects at the central
volume of deposited sand, where the SRM columns would be produced
by resin injection. It was constructed in Perspex to allow visual inspec-
tion. Bolted connections were used to assemble the walls, and the bot-
tom and top plates [31].

Aiming at the homogenization of the saturation process by upward
flow of water, an intake lower chamber was installed underneath the
bottom plate of the container. For that purpose, a large number of holes
were bored in this plate. Two lateral intake valves at the lower chamber,
and four outflow valves at the top plate, were installed.

Fig. 4 shows the shower used to fill the container with sand with a
prescribed relative density, in a mechanized and repeatable way [39]. It
consists of a parallelepiped deposit with a volume of 0.375 m?, a drawer-
type valve for regulating the sand outflow, a motorized tilting hopper,
which spans the area of the container, a sustaining base to the container
and a transparent enclosure, with four doors, to limit the propagation of
sand dust.

The base of the sand shower deposit has a row of 0.01 m diameter
holes in its central zone that match with similar diameter holes of the
drawer-type valve in the open position. The pouring flow is prescribed
by adjusting this valve to a position previously calibrated as a function of
the anticipated dry unit weight. The quasi-translational motion of the
hopper is controlled by a hydro-pneumatic system, which enforces a
constant rate of swinging oscillation. In order to obtain a uniform
deposition of the sand grains, three squared mesh nets exist inside the
hopper to minimize the mutual disturbance of their descendent
trajectories.

Following the validation of the obtained D, in the container, its cover
was tightened in position and the saturation process was initiated by the

Table 2

Summary data of tests performed for characterizing the SRM properties.
Specimen Type of Parameters Specimen Type of Parameters

test test

1-vM1 uc, Hf qu.Ev 1-HB4 TC s
1-VM2 UG HfP  quEvk 1-HB5
1-VM3 uc, Hf quE,v 1-HB6 uc qu.Ev
1-VT4 uc quE,v 1-HB7 UT s
1-VT5 TC by Cps by 1-HBS TC bp Cp» by
1-VT6 2T TC, Hf bp s by
1-VT7 2-M
1-VT8 uT o1s 2B
1-VT9 uT 3T
1-HB1 UG, HE P  quEuvk 3-M
1-HB2 uc, Hf qu.Ev 3B
1-HB3

Legend: 1 to 3 —number of the sample; V/H — vertically/horizontally core drilled
specimen; T, M and B stand, respectively, for top, middle and bottom zones of
the SRM column from where each specimen was core drilled; UC - uniaxial
compression; UT — uniaxial extension; TC — triaxial compression; P — perme-
ability; Hf — High frequency ultrasonic pulse; g, - uniaxial compressive strength,
E _ Young’s modulus, v _ Poisson’s ratio; ¢, — peak friction angle; ¢, — peak
cohesion; ¢, — residual friction angle; o — uniaxial tensile strength; k _ perme-
ability coefficient,
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Fig. 3. Perspective drawing of the transparent container.

a) b)

Fig. 4. Quasi-translational sand shower: (a) view with the container in posi-
tion; and (b) side profile drawing with sand deposit (1), drawer-type valve (2),
motorized hopper (3), base (4) and transparent door (5) [39].

upward flow of carbon dioxide gas throughout a four-hour span. During
this period, each of the top valves were opened, one at a time, for one
hour. The upward percolation of de-aired water under a low hydraulic
head followed, as shown in Fig. 5. The intake lower chamber was filled
with de-aired water whose percolation through the sand mass pro-
gressed from the holes in the interface plate. Each of the four top valves
were again opened, one at a time, and the water flow was halted after
bubbles stopped exiting the container.

The top plate was, then, removed and a rigid plate was placed so as to
cover entirely the sample. The sand was compacted statically under a
vertical average stress of 10 kPa imposed by a 2.5 kN weight load on the
plate (Fig. 6). This contact stress was kept in position during the injec-
tion process in order to enhance the SRM mechanical properties, in



L. Miranda et al.

Fig. 5. Carbon dioxide percolation and upward seepage of de-aired water.

Fig. 6. Compaction load configuration (left); injection rod at the central posi-
tion (right).

agreement with the findings of Traylen [54].

A target value of D, up to 75% was specified for the poured sand. The
relative density D, of the Tagus River sand was calculated for the three
samples along the setup stages, to allow isolating the effect of each stage
on D, (see Table 3). The compaction settlements were measured
following the load application and at the end of saturation. The average,
8, of the settlements recorded at the corners and middle points of the
edges of the top plate (a total of eight values per reading) was chosen as

Table 3

Data regarding the deposition, saturation and compaction stages of each sample.
Sample #1 #2 #3
Deposition
M;s(kg) 207.7 208.2 207.8
74(kN/m%) 16.28 16.32 16.29
D, (%) 73.9 75.0 74.0
Saturation
6(mm) 1.88 2.66 2.87
yd(kN/m3) 16.35 16.41 16.39
D, (%) 75.9 77.9 77.1
Compaction
$(mm) 2.55 3.70 3.71
yd(kN/mS) 16.37 16.45 16.41
Dy (%) 76.6 79.0 78.0

Legend: Ms - sand mass; y,4 — dry unit weight; D, —relative density; § — settlement.
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the representative value of settlement.

The deposition process proved to be quite repeatable with small
dependency to the influence of the operator, given the maximum rela-
tive error of 0.4% in the deposited mass and the 0.06 kN/m® difference
in terms of unit weight.

A total increase of 3-4 % of D, was obtained, with a major contri-
bution of the collapse due to wetting and particle rearrangement during
the saturation phase. The saturation phase settlement represented more
than 70% of the total settlement. The small stress of 10 kPa caused a
densification expressed by a <1% increase of D,. Samples #2 and #3
exhibited similar densification response during the saturation and
compaction stages while sample #1 was less sensitive to saturation and
compaction, due to its slightly more humid initial condition.

Sand-MC-Injekt 2700 L resin mixture samples

Eleven SRM columns (one from sand sample #1 and 5 from each of
the sand samples #2 and #3) were prepared with an injection rod, with
continuous upward withdrawal. The rod was pushed into the sand to
contact the base plate in sample #1 and to a position 3 cm above the
base plate in samples #2 and #3. The control variables of the injection
were the withdrawal rate of the rod and the injection pressure of the
resin. The latter was fixed to the approximate value of 100 kPa, a min-
imum operational value of the injector nozzle. The withdrawal rate
values were selected following trial experiments on the injected column
diameter.

In sample #1, a single injection at a central position was achieved to
produce enough SRM material for characterization tests. Therefore, a
withdrawal rate of 0.11 mm/s was adopted to favour the lateral
enlargement of the SRM mass. A SRM column with an enlarged base and
with conical shape at the upper and intermediate zones was obtained, as
shown in Fig. 7a).

As illustrated in Fig. 8, eight SRM specimens (1-HB1 to 1-HB8, with
0.073 m diameter) were cored drilled in the horizontal direction from
the bottom of this column. Three specimens (1-VM1 to 1-VM3, with
0.073 m diameter), from the intermediate zone of the column, and six
specimens (1-VT4 to 1-VT9, with 0.050 m diameter), from its upper
zone, were core drilled in the vertical direction.

In sample #2, five injection columns were executed in sequence with
a withdrawal rate of 1 mm/s, one at the centre of the container and the
other four at mid diagonal positions between the centre and each inside
corner of the container, with an approximate average diameter of 0.11 m
(Fig. 7b)).

Finally, sample #3 was injected with a similar configuration, but
with a withdrawal rate of 0.67 mm/s, in order to investigate its effect on
the diameter of the columns, and on the densification of the sand exte-
rior to the SRM, i.e., the outlying sand. It is interesting to note that in this
case a lower withdrawal rate corresponded to a slightly larger diameter
of the columns (average value of 0.12 m), but did not influence the
quality of the mixture.

The resin spread in the bottom of each column following the opening
of the nozzle, as portrayed in Fig. 7, because of the time delay of the
upward movement, at the beginning of the injection process. This situ-
ation was more significant in sample #1, since the injection rod was
initially placed in contact with the base plate of the container and the
withdrawal rate was lower. The conical shape of the columns can be
explained as a joint effect of gravity action and viscosity of the resin.
Additionally, the columns have a perfectly defined shape, suggesting
that the resin was contained at the limits of that shape.

Densification of the outlying sand caused by the resin expansion

The final vertical displacement of the top plate was measured three
hours after the injection, following the end of the resin reaction time,
deemed to occur 45 min after the injection. The outlying sand was easily
excavated with a small shovel, dried and weighed. Visually, it was
possible to confirm that the resin was not present among the excavated
material. The volume and weight of the SRM material were also
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Fig. 7. Configuration of the SRM column(s) in sample: (a) #1; (b) #2; and
(c) #3.
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Fig. 8. Scheme of the SRM column core-drilling in sample #1.
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measured. By using the dry unit weight of the sand, y4, the relative
density of the outlying sand could be calculated (Table 4). It was
assumed that the sand was completely saturated and that the hydrated
resin totally replaced the water in the sand pores. The variation of Dy,
expressed as percentage points, is presented in Table 4 for the three
samples.

The injection and expansion of the resin in samples #1 and #3
caused 4 mm to 5 mm heave, large enough to invert the settlement at the
end of the static compaction. The corresponding increase of D, of the
outlying sand is quite significant (6.1% and 12.1%). In sample #2,
however, the injection and expansion were not so effective since the unit
weight variation was only 0.01 kN/m?, ie., a practically insignificant
increase of D,. The lower withdrawal rate at sample #3 as compared to
that of sample #2 caused a major increase in the volume of SRM (only
11.5 L in sample #2 and 18 L in sample #3). Even if the larger volume of
the lower zone of the SRM in sample #1 is disregarded, the withdrawal
rate of sample #2 was definitely excessive, as the similarity of the
replacement ratios of samples #1 and #2 suggests.

Based on estimates of the volume of injected resin and of the volume
of hydrated resin mixed with the sand, an estimate was obtained of the
expanded volume of resin. Sample #3 not only received the larger vol-
ume of injected resin but showed the larger volume expansion ratio of
the resin (Table 5). The greater final volume of SRM in sample #3 is
cumulatively explained by having received the largest volume of resin
and by showing the highest expansion ratio.

The expansion ratio of a given volume of injected resin is a direct
consequence of the water availability. Further, the larger contact surface
area between the injected volume and the saturated sand favours the
expansion outcome. Sample #3 has lower withdrawal rate than sample
#2 and a higher contact surface area than sample #1. Therefore, the
experimental conditions of sample #3 were the most adequate con-
cerning the densification of the outlying sand.

Had a larger volume of SRM been used, the columns would have
overlapped, and their expansion would have been limited by the walls of
the container as well. Consequently, D, would be affected by the
boundary conditions, precluding the usage of this container.

Quality control of the injection/mixing process

The quality of the injection/mixing process was assessed by the final
conditions of the SRM specimens, namely their dry mass density, p4, and
their ultrasonic pulse travel velocity.

Some observations about the homogeneity of the specimens from
sample #1 may be formulated from the dry mass density data shown in
Table 6. The overall dispersion of p; (V + H = 4%) of the specimens is
relatively small considering the physical process involved in the resin
expansion. The dry mass density of the horizontal specimens, from the
lower zone of the SRM column, is up to 6% less than that of the vertical
ones with the same diameter, core drilled from the top of the column.
This might be explained by the horizontal specimens having been core

Table 4

Data regarding the injection and expansion phase of each sample.
Sample #1 #2 #3
Injection and expansion
Withdrawal rate (mm/s) 0.11 1 0.67
54 (mm) -1.53 3.19 -0.99
A& (mm) —4.08 -0.51 —-4.70
Total V (dm®) 125.51 124.32 125.37
SRM V (dm®) 30.18 30.04 42.14
Sand V (dm®) 95.325 94.286 83.236
R/ (%) 24 24 34
Y4 (kN/m?%) 16.56 16.46 16.80
D (%) 82.7 79.6 90.1
ADr(%) 6.1 0.6 12.1

Legend: 7 Total increment from deposition condition; “” Due solely to resin
expansion; Rr - replacement ratio, i.e., ratio of the volume of the SRM to the net
volume of the container.
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Table 5
Variables of the resin expansion.

Sample  Volume of injected resin ~ Volume of expanded resin ~ Expansion

@ (L) ratio

#1 9.0 12.8 1.42

#2 5.0 11.5 2.33

#3 7.5 18.0 2.39
Table 6

Dry mass density of the SRM specimens from sample #1: average value and
coefficient of variation.

1-HB1 1-HB4 1-HB 1-VM1 1-VT4, 1- 1-v
to 1- to 1- (all) to 1- 1-VTe6, vM/ + 1-H
HB3 HB6, 1- VM3 1-VT7 T (all)
HB8 (all)
Diameter 0.073 0.05 0.073 0.05
(m)
Average p, 1727 1788 1761 1843 1833 1838 1797
(kg/m>)
CoV (%) 7.0 2.2 4.6 3.1 2.1 2.4 4.2

drilled farther from the injection axis, therefore with a larger SRM vol-
ume per solid angle of the injection front, thus resulting in a lower p,
value. The non-uniform expansion of the resin, influenced by the dis-
tance from the injection axis, can also explain the higher coefficient of
variation in the lower zone of the column, where the SRM occupied a
larger volume.

The ultrasonic pulse velocity of P and S sine waves may be used as a
comparative measure of the specimens’ quality. Two transducers at the
tops of the cylindrical specimens were used to transform the electric
signal into a mechanical impulse or vice versa. To better identify the
shear wave arrival, a sufficient distance between transmitter and
receiver was pursued by implementing a minimum value of 2 for the
height/diameter ratio of the specimens.

In Table 7, the values of the P and S waves velocities, v, and v;, and
the derived values' of the small strain shear and Young moduli and of
the Poisson’s ratio, G, E and v, are displayed for specimens from samples
#1 to #3. The estimated values of the wave velocity for sample #1
suggest a small dispersion, i.e., a CoV up to 4.4%. Concerning samples
#2 and #3 the dispersion is a little higher, although still small, up to 8%
and 11%, respectively. A relative difference of 5% between the hori-
zontal and vertical drilling directions, with larger values of the latter is
consistent with the interpretation based on the distance of the specimen
to the central axis of the box. It is also interesting to note that the

Table 7
Ultrasonic sine wave pulse velocities and estimated parameters of linear elastic
deformability.

Specimen pa(kg/s m%) v,(m/s) vs(m/s) G(GPa) E(GPa) v

1-VM1 1907 2423 1470 4.12 9.96 0.21
1-VM2 1827 2579 1494 4.08 10.17 0.25
1-vM3 1796 2544 1387 3.45 8.90 0.29
1-HB1 1844 2645 1524 4.28 10.72 0.25
1-HB2 1733 2739 1556 4.20 10.59 0.26
1-HB3 1604 2509 1462 3.43 8.52 0.24
2-T 1908 2985 1750 5.84 14.46 0.24
2-M 1938 3299 1827 6.47 16.55 0.28
2-B 1863 2835 1575 4.62 11.80 0.28
3-T 1971 2845 1634 5.26 13.19 0.25
3-M 1965 2332 1345 3.55 8.89 0.25
3-B 1819 2510 1357 3.35 8.66 0.29

1 g2 g — 2 4¢n fp — 9KG ., _ 3K-2G
G =pvs; K = pvp 3G E = 3¢5V = gxyag
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ultrasonic wave velocities, and estimated parameters of linear elastic
deformability, are of the same order of magnitude for all the specimens
in Table 7, even if core-drilled from columns with different withdrawal
rates, which led to a different densification of the sand.

Experimental results and analysis

At least seven days after the resin injections, the cylindrical speci-
mens for laboratory testing were core drilled from the SRM columns.
Before testing, the specimens were left curing, submerged in water, in-
side a saturated chamber, for at least another 7 days, as a proxy for the
riverbed conditions.

The dimensions, mass density, porosity and maximum water content
at the beginning of tests of specimens from samples #1, #2 and #3 are
shown in Table 8. The types of tests for each specimen are summarized
in Table 2.

Permeability

Regarding the SRM permeability, specimens 1-HB1 and 1-VM2 were
chosen for permeability estimation in a triaxial cell [31]. Acted upon by
a hydraulic gradient of 6 between the base and the top of the specimens,
an average value of 4 x 10~° m/s was obtained. It is five orders of
magnitude less than the sand permeability coefficient, 6 x 10 m/s. It is
suggested that during the expansion process the resin essentially filled or
blocked the access to the voids of the sand.

Uniaxial compression tests

The uniaxial compression tests were performed following the ASTM
D7012-14el standard [3], relevant for testing of intact rock core spec-
imens. Thus, some adaptations were necessary due to the different test
material and equipment used [31].

Wet specimens from sample #1 with both available diameters were
tested, i.e., 1-VT4 and 1-HB6 (0.050 m diameter), 1-HB1 to 1-HB3 and 1-
VM1 to 1-VM3 (0.073 m diameter). Aiming at studying the influence of
humidity on the uniaxial compression response, specifically on g, four
additional specimens 1-VM2, 1-VM3, 1-HB1 and 1-HB3 (0.073 m
diameter) were tested after being dried at the laboratory oven.

Two different loading frames, respectively, a Losenhausen equip-
ment with a load capacity of 50 kN for the 0.050 m diameter specimens
and a FORM + TEST Alpha 20-600 equipment, with a load capacity of
600 kN, for the 0.073 m diameter specimens, were used, due to the
higher load capacity needed to attain failure in the latter case. Axial
loading was applied at constant rate (9 kN/min and 0.8 kN/min,
respectively in the former and in the latter frames), the minimum
applicable rate at each equipment, to avoid dynamic effects, with one or
more cycles of loading—unloading followed by compression until failure
attainment. The axial and radial extensions were measured by LVDTs on
the middle third of the specimen.

For the 0.073 m diameter specimens, only a single load-unload cycle
was considered. The 0.050 m diameter specimens were subjected to
three unload-reload cycles to confirm elasticity prevalence inside the
yield locus, expanded by plastic hardening during the first cycle. The
load amplitude of the cycles was close to one third of the estimated value
of g, obtained from point load testing of similar material.

The tangent linear deformation modulus, E, and the Poisson’s ratio,
v, of the SRM specimens were computed during the first loa-
ding-unloading cycle of each uniaxial compression test. The estimates of
the tangent linear deformation modulus, E, and of the Poisson’s ratio, v,
are summarized in Table 9.

In general, the estimates of E and v were taken equal to the average of
the load and unload representative values of the first cycle (e.g., Fig. 9,
for specimen 1-VT4). Hence, the tangent Young’s modulus, E(=
Ac/Ag,), was estimated in the linear section of the load-unload curves
(in red in Fig. 9). The tangent Poisson’s ratio, v (= —Aeg,/Agq), Was
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Table 8

SRM specimens: dimensions and physical properties.
Specimen H D pd(kg/m?’) n Winax (%) Specimen H D pd(kg/m3) n Winax (%)

(m) (m) (%) (m) (m) (%)

1-VM1 0.1514 0.073 1907 1-HB4 0.1148 0.05 1737
1-VM2 0.1509 1827 1-HB5 0.1198 1815 11.3 6.2
1-vM3 0.1539 1796 1-HB6 0.1209 1777 9.2 5.2
1-VT4 0.1146 0.05 1796 11.4 6.4 1-HB7 0.1182
1-VT5 0.1133 1-HB8 0.1202 1823 6.3 3.3
1-VT6 0.1142 1830 12.1 6.7 2-T 0.1205 0.05 1863
1-VT7 0.1134 1873 14.7 8.2 2-M 0.1253 1938
1-VT8 0.1140 2-B 0.1260 1908
1-VT9 0.1139 3-T 0.1256 1819
1-HB1 0.1600 0.073 1844 3-M 0.1256 1965
1-HB2 0.1603 1733 3-B 0.1156 1971
1-HB3 0.1594 1604

Table 9

Uniaxial compression testing: E, v and g, values.
Wet condition Dry condition
Specimen E(GPa) v qu(MPa) Specimen E(GPa) v qu(MPa)
1-VM1 3.52 0.33 24.8 1-VM2 4.50 - 27.0
1-HB2 5.25 0.29 219 1-VM3 5.94 0.22 37.8
1-VT4(*) 5.58 0.25 34.4 1-HB1 3.45 0.31 21.1
1-HB6(*) 5.70 0.23 26.9 1-HB3 4.71 0.23 23.0

Legend: (*)0.050 m diameter specimens, unlike the other specimens whose diameter is 0.073 m.
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Fig. 9. Uniaxial compression of specimen 1-VT4: axial stress versus axial/radial
strain and radial strain versus axial strain.

calculated from similar axial strain variation intervals. The stability of
the shape of the consecutive cycles suggests that for axial strain values
less than 0.25% no significant accumulated damage was imposed to the
material.

The curves in Fig. 9 may be considered to represent a response
pattern of the specimens, except for the two anomalous case of

specimens 1-VM1 and 1-HB1. The values of E of the remaining speci-
mens, between 4.5 and 6 GPa, may be considered as normal.

The specimens 1-VM1 and 1-HB1 exhibited much lower values of E,
higher values of v and significant plastic strains. Here, the estimates of E
and v were taken equal to the average of the corresponding values
during loading and unloading, as displayed in Fig. 10 for specimen 1-
VM1. Although specimens 1-VM1 and 1-VT4 were cyclically loaded to
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Fig. 10. Uniaxial compression of specimen 1-VM1: axial stress versus axial/
radial strain and radial strain versus axial strain.
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maximum loads of similar order of magnitude, it may be observed that
the former exhibited significant plastic strains, and a hysteresis area one
order of magnitude higher than the later.

The average value of E obtained without consideration of specimens
1-VM1 and 1-HB1 is 5.3 GPa, while the value corresponding to the
complete set is 4.8 GPa. The difference of the degree of homogeneity
between V and H specimens had no significant influence, either on the
average linear deformability modulus (4.88 GPa in the vertical direction
versus 4.78 GPa in the horizontal direction) or on the average Poisson’s
ratio (0.27).

In Table 9, the experimental g, values are also displayed. Consid-
ering the full set of specimens in Table 9, i.e., without segregation of wet
and dried specimens, it may be perceived that the g, values of the VM
and VT specimens are higher than those of the HB specimens. This may
be illustrated by the comparison of the average values, i.e., 31.0 MPa
versus 23.2 MPa. The fact that the base of the SRM column in sample #1
is the origin zone of the HB specimens, where the spatial distribution of
the resin is necessarily poorer than in the narrower middle and top
zones, appears to be a determinant factor.

Amongst the wet specimens, the g, values of the 0.050 m diameter
specimens, particularly 1-VT4, are higher than their counterparts of
0.073 m diameter (1-HB2 and 1-VM1). This can be related to the fact
that the specimens 1-VT4 and 1-HB6 exhibited a more continuous dis-
tribution of the resin, thus forming a stronger material structure, as
suggested by Fig. 11. It is possible to observe that specimen 1-VT4 is
homogeneous, while failure of the specimen 1-VM1 was accompanied by
a crack opening between two zones with constrasting content of resin.

To ascertain whether the differences in the specimens’ structure, due
to some likely degree of irregularity of the spatial distribution of the
resin, could be a determinant factor to the dispersion of g, and E, optical
microscope analyses were performed with an OLYMPUS BX60 micro-
scope. A thin laminar section was taken from specimen 1-VM3 (with the
highest gy, in Fig. 12) and from specimen 1-HB1 (with the lowest gy, in
Fig. 13).

In the left-side pictures of Figs. 12 and 13 it is possible to observe the
sand grains in grey. The gluing process of the microscope slides to the
specimens created a limited number of small air bubbles (white areas
with black outline). In the right-side pictures, taken following the
microinjection of fluorescein [23], the light green areas represent the
voids (yellowish areas in the left side pictures). The remaining areas
denote the space occupied by the resin (light brown areas in the left side
pictures). In Fig. 14, a zoom of a selected zone from the laminar section
of specimen 1-HB1 is also presented.

When comparing Figs. 12 and 13, a more irregular distribution of the
resin, as well as a greater continuity of the voids in specimen 1-HB1 can
be noticed, which is a possible explanation for its g, being the lesser of
the two.

Uniaxial extension testing

In the direct uniaxial extension testing, an Instron 5900R frame with

zones with
more resin
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a load capacity of 100 kN was used. The specimens were stretched along
its longitudinal axis at a constant displacement rate, i.e., 0.1 mm/min,
until failure. The specimens were stretched by grips attached to the
machine. The standard ISO 527-1:2019 [22], relevant for plastics, was
followed with the necessary adaptations, namely concerning the load
frame.

The values of the uniaxial tensile strength, o4, were 2.0 MPa for
specimen 1-VT9 and 3.0 MPa for specimen 1-HB7. The ratio q, /o is
close to 15 for the vertically cored drilled specimen and close to 8 for the
horizontally core drilled specimen. This is also considered a manifesta-
tion of the different degrees of irregularity in the resin distribution in the
V and H specimens.

Triaxial compression tests

Both load-controlled and strain-controlled triaxial compression tests,
with constant radial stress were performed. The former aimed at testing
the specimens with the same test control type of the uniaxial compres-
sion tests. The latter were meant to characterize the post-peak domain of
the SRM response. In both types of tests, the same three different values
of constant confining pressure (i.e., 0.3 MPa, 1.2 MPa and 2 MPa) were
adopted taking into account the high estimates of g, as above.

Table 10 summarizes the results of the load-controlled triaxial
compression tests. They were performed using a SOILTEST load frame
with a load capacity of 200 kN. The tests followed the standard ASTM
D7012-14el [3], with the necessary adaptations due to the different
material tested and equipment used.

The specimens were sheared with a constant axial load rate of 9 kN/
min until failure was attained, corresponding to the deviatoric stress, g ,
and the concomitant axial strain, &,. The axial strain rate was naturally
variable, with smaller values taking place during the initial shearing,
due to the current higher values of E. For the sake of comparison analysis
with the strain-controlled tests, data of the average axial strain rate,
£,:avg, calculated for an axial strain below 0.2%, where the estimates of
the Young’s modulus were obtained, is also displayed in Table 10.

The strain-controlled tests were performed on specimens from sam-
ples #2 (B, M and T) and #3 (B, M and T) with an INSTRON load frame
(model SY 5142-1) with a load capacity of 500 kN. In Table 11, the re-
sults of the strain-controlled triaxial compression testing are summa-
rized, i.e., the peak deviatoric stress, gpeq, the concomitant axial strain,
€, peak> and the residual deviatoric stress, g, are presented. The esti-
mates of Young’s modulus displayed in Table 11 were obtained for axial
strains below 0.2%. The rock mechanics terminology has been adopted,
when referring to the ultimate (residual) conditions attained in these
tests [57].

A constant axial displacement rate of 0.06 mm/min (i.e., approxi-
mately 0.4%,/min) was imposed up to the occurrence of the residual
state condition, as is the case of tests 2-T, 3-B and 3-T. The tests 2-B, 2-M
and 3-M were otherwise finished at axial strain values between 5.5% and
7%.

In Fig. 15, plots of q versus axial strain &, from the tests of the

Fig. 11. Cut sections of specimens 1-VM1 (left) and 1-VT4 (right).
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sand particle

Fig. 12. Two different views of a selected zone from the laminar section of specimen 1-VM3.

— o —
sand particle resin void

void

Fig. 14. Zoom of a selected zone from the laminar section of specimen 1-HBI.

Table 10

Triaxial compression testing of SRM specimens from sample #1: confining pressure, average strain rate, failure deviatoric stress and axial strain at failure.
Test o3(MPa) £4:0v¢ (%0/min) qr(MPa) £,,£(%) Test o3(MPa) £q:av¢ (%/min) qr(MPa) £a£(%)
1-VT5 0.3 0.25 24.5 1.6 1-HB5 0.3 0.35 19.7 1.1
1-VT7 1.2 0.40 27.4 1.9 1-HB8 1.2 0.53 25.2 1.4
1-VT6 2.0 0.30 30.8 2.3 1-HB4 2.0 0.40 29.5 1.3

Legend: o3 — confining pressure; &,,,, — average strain rate; gy — failure deviatoric stress; ¢, — axial strain at failure.

specimens of samples #2 (B, M and T) and #3 (B, M and T) are dis-
played. Concerning the peak shear strength, it occurred for axial strain
values between 1% and 1.7%, with the exception of specimen 3-B, where
a sudden decrease of deviatoric stress occurred at approximately 3% of
axial strain. A possible explanation to this decrease could be related with

10

significant heterogeneity of the specimen, which additionally could
have favoured the breakage of structure bonds.

The residual state, with the axial strain occurring without increase of
the deviatoric stress, could be identified in specimens 2-T and 3-T at
approximately the same axial strain, i.e., 7%, with 15 MPa and 9 MPa as
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Table 11
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Triaxial compression testing of specimens from samples #2 and #3: confining pressure, estimates of small strain Young’s modulus; peak and residual values of

deviatoric stress.

Test o3(MPa) E(GPa) Gpeak (MPa) €apeak (%) Gres(MPa) Test o3(MPa) E(GPa) Gpeak (MPa) €apeak (%) Gres(MPa)
2-T 0.3 3.93 28.9 1.2 14.7 3T 0.3 7.15 40.3 1.1 8.5
2-M 1.2 7.13 47.0 1.3 16.5 3-M 1.2 4.01 45.1 1.7 13.1
2-B 2.0 4.54 36.2 1.6 24.9 3-B 2.0 4.68 40.7 2.1 19.3

Legend: o3 — confining pressure; E _ Young’s modulus; gp.q — peak deviatoric stress;

—2-B

2-M

/ —2T

10
€ (%)

—3-B

—3-M

\ —3T

10
€ (%)

Fig. 15. Deviatoric stress versus axial strain results of triaxial tests of SRM
specimens 2(-B, -M and -T) and 3(-B, -M and -T).

representative values of the prevailing deviatoric stress, respectively, as
shown in Fig. 15.

In specimen 2-T, the failure pattern was formed by tension cracking
of the top of the specimen. In the remaining specimens a well-defined
shear band failure occurred. It is important to refer that, as specimens
localized during failure, the measured residual parameters may not
entirely reproduce the residual parameters at the shear plane [51,17].

Discussion of results

Regarding deformability, no indication was found that the humidity
condition did introduce any significant difference between the estimates
of the elastic deformability parameters, namely in the plausible sense
that drying would provide a stiffer response, and of the uniaxial
compressive strength, suggesting that the SRM may be studied as a soft
rock.

A non-negligible dispersion of the Young’s modulus value was ob-
tained when considering the 14 results in Tables 9 and 11. This is due to
the contrast in conditions of the specimens depending on the drilling
direction and zone of provenience from the SRM columns. Yet, if one
neglects the four extreme cases of specimens 1-VM1, 1-HB1, 2-M and 3-T
the average value of E is equal to 4.9 GPa with a 14% coefficient of
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€, peak — axial strain at peak; qy.s — residual deviatoric stress.

variation. This is considered currently a low dispersion of E in geological
materials [24]. The mean value of the Poisson’s ratio for the specimens
in Table 9, not considering the above-mentioned outlier cases, is 0.24,
with a CoV equal to 11%.

As shown in Table 10, during the load-controlled triaxial tests the
SRM material exhibited predominantly a frictional response, i.e., gs
increased with increasing 3. The values of ¢, are relatively small. The
deviatoric stress gy of specimen 1-VT5 is similar to the uniaxial strength
of specimens 1-VM1 and 1-VM2. The same remark is valid for the
specimen 1-HB5 and the pair of specimens 1-HB2 and 1-HB3.

Comparing the data in Tables 10 and 11, the gpeq results obtained in
the triaxial compression tests are generally higher than the gy values
obtained with load-controlled tests of specimens from sample #1. Given
the similarity of the strain rates in both types of tests, hypothetic strain
rate effects could not be established.

Regarding the strain-controlled triaxial tests, illustrated in Fig. 15, in
most of the cases the peak shear strength was displayed for axial strain
values between 1% and 1.7%, with the exception of specimen 3-B.
Although the SRM showed a relevant strength loss after the peak, a
large plastic residual deformation was exhibited in this set of tests, with
the material still retaining a significant strength. The suggestion that the
SRM behaviour is similar to a soft rock’s may also be drawn from the
occurrence of small discrete drops of the mobilized q in the post-peak
domain.

The higher values of the degree of homogeneity of the T and M
specimens from both samples #2 and #3 are reflected in the increase of
Qpeak With the confining pressure, thus confirming the existence of a
frictional component of shear strength. The B specimens, on the other
hand, did not reflect the fact of being acted upon by the higher
confinement pressure, which would be anticipated should their quality
be similar to that of the T and M specimens.

The axial strain values at peak stress increase moderately for
increasing values of the confining pressure and for increasing degree of
homogeneity from the bottom to the top of the columns.

The residual strength envelope (RSE) considering specimens 2-T, 3-B
and 3-T is displayed in Fig. 16 (blue filled dots). The estimated value of
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Fig. 16. Residual strength envelope considering specimens 2-T, 3-B and 3-T
(blue filled dots) and final stress conditions of specimens 2-B, 2-M and 3-M
(blue void dots).
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the Mohr-Coulomb failure criteria strength parameter ¢, is equal to
60.8°. The blue void dots represent the final stress conditions of speci-
mens 2-B, 2-M and 3-M, which match quite well the residual strength
envelope. It is suggested that specimens 2-B, 2-M and 3-M, although
ultimately not having reached residual state conditions, would have
done so if the shearing had progressed.

For the peak state, considering the full set of uniaxial and triaxial
compression tests of the SRM specimens, from samples #1, #2 and #3,
the estimated values of the Mohr-Coulomb failure criteria strength pa-
rameters ¢, and c, are equal to 62.5° and 2.4 MPa, respectively. The
corresponding values for the triaxial tests only are of 67.2° and 0.5 MPa,
respectively. The Cambridge representation of the peak states is dis-
played in Fig. 17 where, for the sake of comparison, the RSE is also
shown.

Conclusions

The injection of a closed cell expansive polyurethane resin, MC-
Injekt 2700 L®, in Tagus River sand, was tested at the laboratory as a
ground improvement measure. Three injection tests were performed.
The first consisted in injecting a central column of SRM and the second
and third tests comprised injecting five separate columns each. A
densification of the outlying sand was produced by the resin expansion
in contact with water, corresponding to a maximum increase of 12% in
the tested conditions. The expansion ratio of the performed injection
tests was a direct consequence of water availability, i.e., of the contact
surface area between the injected volume and the saturated sand.

The study of the physical properties of the SRM shows that the
overall dispersion of dry density and of P and S waves’ velocity is
relatively small. Its permeability is five orders of magnitude less than the
sand hydraulic conductivity, suggesting the filling of the most important
voids of the sand, or the obstruction of the water access to these voids, by
the hydrated resin.

Regarding the mechanical characteristics of the particle, the
compressive strength was virtually not affected by the saturated or non-
saturated conditions, contrasting with sandy particles. This important
feature is justified by the single-phase behaviour of this material. An
estimate of the uniaxial compressive strength, of 31.0 MPa in the vertical
direction, and of 23.2 MPa in the horizontal direction, was determined
in the uniaxial compression tests.

The studies of the SRM show damage and progressive loss of struc-
ture associated with loading, as is usual in cemented materials, which
has a deleterious effect in the shear strength and eliminates the cohesion
part for large strains, reaching a residual state. This allows concluding
that, at the ultimate limit state, SRM is essentially a frictional material.
Notwithstanding, the shear strength of the material can yet be consid-
ered very high when compared with the natural materials commonly
used in civil engineering works.

For the peak state, considering the full set of uniaxial and triaxial
compression tests of the SRM specimens, the estimated values of the
Mohr-Coulomb failure criteria strength parameters ¢, and c, are equal
to 62.5° and 2.4 MPa, respectively. For the residual state, considering
specimens 2-T, 3-B and 3-T, the estimated value of ¢, is equal to 60.8°.
Due to the limitations of localized triaxial testing, this value of the re-
sidual friction angle shall not be extrapolated to design situations
without further specific studies on possible scale effects.

Regarding stiffness, the comparison of the results reveals a similar
performance to other ground improvement methods in the small strain
domain, such as jet grouting, but with a notable essentially plastic
behaviour for large deformations. A mean value of E of 4.9 GPa and an
average value of v of 0.24 was measured in the linear domain.

In terms of post peak stress-strain behaviour, the material must al-
ways be considered as a work softening material despite the confining
pressures applied, as observed in the triaxial compression tests
performed.
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Fig. 17. Failure envelope for the peak mobilized shear strength on the full set
of uniaxial (void blue dots) and triaxial (filled blue dots) compression tests.
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