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Abstract

An experimental investigation was conducted to evaluate the influence of factors pertinent to the suspension and the sand
on the effectiveness of microfine cement grouts under quick loading conditions, that is, conditions, where the grouted soil
mass is loaded at a rate which is much faster than the rate of pore water pressure dissipation and total stress behavior may
be of interest. Unconfined compression and unconsolidated-undrained triaxial compression tests were conducted on grouted
sand specimens obtained by injecting suspensions of 12 cements with three water to cement (W/C) ratios into four sands
with different grain sizes. A Mohr—Coulomb type linear failure criterion describes satisfactorily the shear strength behavior
of cement grouted sands in total stress terms. The values of the activated shear strength parameters generally increase with
increasing axial deformation during loading. Grouting with suspensions having W/C =1 yields unconfined compression
strength of grouted sands up to 9 MPa, adds cohesion to the sands reaching 1.7 MPa, increases by 6—14 times the initial
modulus of elasticity, reduces by 5-10 times the failure deformation and may increase up to 20% the angle of internal fric-
tion of the sands. The stress—strain—strength behavior of sands grouted with suspensions having W/C =1 is similar to that
of cement suspension sediments with the same W/C ratio, whereas the behavior of sands grouted with suspensions having
W/C =3 is similar to that of the clean sands.

Keywords Microfine cement grouting - Limestone sands - Unconfined compression - Unconsolidated-undrained triaxial
compression - Deformability - Shear strength

Introduction

Originally developed in Japan in the 1970s and introduced to
the USA in the 1980s, microfine cement was intended to be
an alternative to chemical solution grouts by extending the
application range of ordinary cement grouts in permeation
grouting for ground improvement and, as a result, to reduce
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the use of harmful chemical solutions. Microfine cement is
commonly an extremely fine-ground Portland cement that
is often mixed with varying amounts of blast furnace slag or
pumice [1]. Although the cost of microfine cement is typi-
cally five to ten times higher than ordinary Portland cement
[1], this higher cost is often more than offset by the advan-
tages and overall superior performance of microfine cement
grouts. For that reason, microfine cement products are now
widely available around the world and the worldwide use
of microfine cement grouts has grown substantially in the
last two decades. A variety of projects utilizing different
microfine cement grouts has been reported by Henn and
Soule [1]. Quantification of the static mechanical proper-
ties of the grouted mass for the design of structural grout-
ing projects is mostly based on unconfined compression test
results, although it is generally accepted that this test type
is primarily utilized as “index test” in parametric and com-
parative analyses of the grouted soil strength and that the
triaxial compression test best simulates field conditions and
provides the required design parameters. Consequently, the
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documentation of the effectiveness of microfine cements for
permeation grouting and the effects of various factors on
grouted sand behavior have been the objectives of several
research efforts based on unconfined compression testing
[e.g., 2-16]. Additional, relatively limited in number, labo-
ratory investigations of the mechanical behavior of sands
grouted with ordinary and microfine cement suspensions
include results obtained from consolidated-drained [8,
17-21], consolidated-undrained [17, 22—-25] and unconsol-
idated-undrained [26, 27] triaxial compression tests. Direct
shear tests have also been conducted on microfine cement
grouted sand specimens to quantify the shear strength
parameters of grouted sands [28].

The experimental investigation reported herein is part
of an extensive research effort aimed toward the develop-
ment of a relatively fine-grained material, suitable for per-
meation grouting, obtained by pulverizing ordinary cements
produced in Greece. Suspensions of three different cement
types, each at four different gradations, were available. It is
emphasized that the cements tested are new materials, cover-
ing the range from ordinary to microfine cements, for which
the anticipated performance was documented in terms of
groutability and effectiveness under different loading condi-
tions. The experimental investigation and modeling of sus-
pension groutability and the dynamic properties of grouted
sands have been presented elsewhere [29—32]. The effective-
ness of these new cement grouts, in terms of strength and
deformability of the grouted sands under quick monotonic
loading conditions, is the objective of the study reported
herein. It should be noted that “quick loading” conditions
refer to field situations (such as, excavation of a tunnel or an
open pit in or adjacent to the grouted soil mass), where the
grouted soil mass is loaded at a rate which is much faster
than the rate of pore water pressure dissipation and total
stress behavior may be of interest. Although unconfined
compression tests have been extensively used in the past for
quantifying the strength of microfine cement grouted sands,
they were utilized as “index tests” in this investigation to
expedite the initial parametric and comparative analysis
required for every new grouting material. The main part
of this investigation is based on unconsolidated-undrained
(UU) triaxial compression tests which serve to enrich and

supplement the relatively limited available information on
the behavior of microfine cement grouted sands under quick
loading conditions. Accordingly, this presentation includes:
(a) quantification of the improvement of the strength and
deformability of sands by grouting with coarse- and fine-
grained cements, (b) documentation of the effect of cement
type and fineness, grout composition (water to cement ratio,
superplasticizer addition) and sand characteristics (grain
size, relative density, degree of saturation prior to grouting)
on the effectiveness of these cement grouts, (c) comparison
of the grouted sand properties with those of the neat grout
and the clean sands and, (d) evaluation of the development
of shear strength parameters with axial deformation. The
unconfined compression tests and the UU triaxial compres-
sion tests required for the present investigation were con-
ducted on grouted sand specimens produced using a spe-
cially constructed grouting apparatus. Similar tests were also
conducted for the determination of the strength and deforma-
tion characteristics of neat cement grouts and clean sands.

Materials and Experimental Procedures

For the purposes of this investigation, three ordinary cement
types (Portland, Portland-composite and pozzolanic cement,
code-named CEM I, CEM 1I/B-M and CEM IV/B, respec-
tively, according to the European Standard EN 197-1 [33])
were used. These cements are referred hereafter as CEM 1,
CEM II and CEM IV. Each ordinary cement was pulver-
ized, by dry grinding in a special laboratory mill, to produce
three additional cements with nominal maximum grain sizes
(dpay) Of 40 pm, 20 pm and 10 pm. The gradation char-
acteristics shown in Table 1 indicate that all cements with
nominal d,,, =10 pm can be considered as “microfine”,
since they satisfy the requirements of European Standard
EN 12715 (dy5 <20 pm and specific surface over 800 m%/kg
[34]) as well as definitions adopted by the American Con-
crete Institute (ACI) Committee 552, the International Soci-
ety for Rock Mechanics (ISRM) and the Portland Cement
Association (PCA) [1]. Cements with nominal d,,,,, =20 pm
have adequately small characteristic grain sizes to be con-
sidered, marginally, as “microfine”.

Table 1 Gradation

e Grain sizes Cement type
characteristics of cements Specific surface
CEM 1

d s (PM)? 100 40
dgs (pm) 57.0 225
dso (pm) 16.6 8.6
dyo (pm) 3.0 2.0
Blaine (m%/kg) 384 529

CEM II CEM IV
20 10 100 40 20 10 100 40 20 10
115 82 455 258 136 9.1 480 260 128 98
4.2 32 140 94 5.8 42 142 93 4.4 39
1.2 1.0 22 2.0 14 1.1 3.0 22 13 1.2
710 920 466 591 735 942 452 582 715 923

“Nominal maximum cement grain size
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All suspensions tested during this investigation were pre-
pared using potable water, since it is considered appropriate
for preparing cement-based suspension grouts [35, 36]. The
water to cement (W/C) ratio of the suspensions was set equal
to 1, 2 and 3 by weight, because suspensions with a W/C
ratio higher than 3 would have prohibitively large bleeding,
long setting times and low strengths, whereas suspensions
with a W/C ratio lower than 1 would have prohibitively high
viscosity [27, 35, 37, 38]. A superplasticizer based on poly-
carboxylate chemistry was used to improve the suspension
properties of all cements. For comparison purposes, uncon-
fined compression and UU triaxial compression tests were
conducted on specimens of selected grouts with W/C ratio
equal to 1 (stable suspensions) after curing for 28 days. The
curing and testing conditions were identical to those used
for grouted sands and the results obtained are presented in
Table 2.

The soils used were clean and uniform limestone sands
with angular grains. Four different sands were used with
grain sizes limited between ASTM sieve sizes [40] Nos.
5-10, 10-14, 14-25 and 25-50 having the gradation charac-
teristics given in Table 3. The shear strength and deformabil-
ity parameters summarized in Table 3 were obtained by con-
ducting UU triaxial compression tests on sand specimens,
in dry and dense condition, under confining pressures equal
to 100, 200 and 400 kPa.

The laboratory equipment shown in Fig. 1 was designed
according to ASTM Standard D4320-02 [41] and used for
the production of grouted sand specimens, with a height of
112 mm and a diameter of 50 mm, ready for testing without
cutting or trimming. The grout tank and split molds were
made of plexiglass to allow visual checking of the injec-
tion process. The sands were placed in the molds at a dry
and dense state (relative density ranging from 90 to 95%).
All suspensions were prepared using two high-speed mix-
ers of the type used for the preparation of soil specimens
for hydrometer testing, with a speed of 10,000 rpm at no
load. As recommended by the superplasticizer producer, the
appropriate amount of cement and 70% of the required water
were placed in the mixer together with the superplasticizer
dosage and mixed for 5 min. Then, the rest of the water was
added and mixing continued for another 5 min. The super-
plasticizer dosage was set equal to 1.4% by weight of dry
cement for all suspensions after an experimental documenta-
tion of the effect of various dosages on the apparent viscos-
ity and rheological characteristics of the pulverized cement
suspensions [39]. Suspensions were injected at the lowest
possible pressure until the volume of the injected grout was
equal to two void volumes of the sand in each mold. 24 h
after injection, the grouted specimens were extracted from
the split molds, placed in plastic film, sealed in plastic bags
and immersed in water of constant temperature (~ 20 °C)

Table 2 Strength and

. Cement Unconfined compres-  Unconsolidated—undrained triaxial compression tests
deformability of selected :
sion tests
cement grouts (W/C=1)
Type d o (Pm)  Strength  Failure Initial modulus Failure Cohesion  Angle of
q, (MPa)  deforma- of elasticity deforma- ¢ (kPa) internal fric-
tion E; (MPa) tion tion
& (%) & (%) @ ()
CEMII 40 12.7 0.7 24.4-373 0.5-1.2 840 61
CEMII 20 10.6 0.7 20.6-25.0 04-1.1 790 59
CEMII 10 9.7 0.9 21.3-243 0.6-1.0 710 58
CEM1 20 6.5 0.8 21.5-28.9 0.7-1.0 1040 61
CEMIV 20 7.0 0.6 17.9-23.7 0.7-1.2 1700 53
CEM1IV 10 6.6 0.4 22.1-29.0 0.5-0.9 560 61
Table 3 Gradation characteristics, strength and deformability of sands
Sand Grain size limits Effective grain ~ Uniformity Unconsolidated — undrained triaxial compression tests
(mm) diameter coefficient - . ; ;
d;o (mm) C Relative Initial modulus of Failure deformation Angle of
10 Y density elasticity & (%) internal fric-
D, (%) E; (MPa) tion
()
5-10 4.00-2.00 2.15 1.40 97 1.5-2.3 6.2-11.4 40.3
10-14 2.00-1.40 1.45 1.19 99 1.6-2.4 5.8-9.6 422
14-25 1.40-0.71 0.77 1.43 94 1.5-2.5 5.7-9.3 42.6
25-50 0.71-0.30 0.34 1.56 92 1.7-2.3 5.3-10.1 42.6
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Fig. 1 Equipment for grouting sand specimens

for curing. The grouted sand specimens were tested at their
“as-produced” water content, after a total curing period of
28 days, in unconfined compression at an axial strain rate
equal to 0.1 mm/min and in UU triaxial compression, at the
same axial strain rate, under confining pressures of 100, 200
and 400 kPa.

The combination of 36 suspensions (3 cement types at 4
gradations and 3 W/C ratios) and 4 sand gradations incor-
porated in the present research yields an excessive number
of combinations for conducting unconfined compression and
triaxial compression tests. Therefore, the laboratory investi-
gation is centered on the 12 suspensions of CEM II cement
injected into dry and dense 14-25 sand. The choice of CEM
II cement was based on (a) the observation that its suspen-
sions exhibited the best overall behavior compared to sus-
pensions of the other two cement types [39], (b) the relative
ease of grinding for the production of microfine cements, (c)
the observation that similar cement types have been stud-
ied on a smaller scale in the past, and (d) the fact that its
industrial production is more economical and less energy-
intensive compared to CEM I cement. The 14-25 sand was
chosen, because it is the finest sand in which the thickest
cement grouts (W/C=1) could be easily injected. The test-
ing program was supplemented with selected suspension—
sand combinations to investigate the effect of parameters
such as superplasticizer addition and sand characteristics.

Unconfined Compression Tests

Typical stress—strain curves obtained from unconfined
compression tests conducted on grouted sand specimens
are presented in Fig. 2 together with the stress—strain curve
obtained for a neat grout specimen prepared with the same

@ Springer
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cement and W/C = 1. In general, the stress—strain curves of
the grouted sand specimens tested have similar forms con-
sisting of an initial linear or nearly linear part followed by
an extended plastic area about failure (maximum value of
axial stress). The plastic failure zone is usually less pro-
nounced in sands grouted with suspensions having W/C=1
due to stronger cementation. This argument is supported
by the typical stress—strain curve of grout shown in Fig. 2,
which resembles those of grouted sands in the initial part but
exhibits a more brittle failure form than the grouted sands.
The unconfined compression strength of neat grouts having
W/C=1 (Table 2), compared to that of sands grouted with
the same suspensions, depends on cement type, since it is
approximately equal for CEM I cements, higher for CEM 11
cements (Fig. 2) and lower for CEM IV cements.

The unconfined compression strength of all grouted
sands tested ranges generally from 0.5 to 9.1 MPa. The
results obtained indicate that the suspension W/C ratio has
a strong effect on the unconfined compression strength of
the grouted sands. As shown in Fig. 3a, grouting with thick
cement suspensions (W/C=1) resulted in strength values
ranging from 4 to 9.1 MPa. Sands grouted with the thinner
suspensions, having W/C ratio equal to 2 and 3, obtained
strength values ranging from 0.5 to 2.4 MPa and from 0.5 to
1 MPa, respectively. This substantial strength increase with
decreasing suspension W/C ratio has also been observed by
several other researchers [e.g., 24, 6, 8, 9, 13, 15, 16, 42,
43] for sands grouted with ordinary and microfine cement
suspensions and can be attributed (a) to the increase of the
unconfined compression strength of the grout sediments
with decreasing suspension W/C ratio from 2 and 3 to 1 [39]
and (b) to the more effective filling of sand voids with grout
solids [4] caused by the decreased suspension bleed capac-
ity as the W/C ratio decreases. The failure deformation, &,
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Fig.2 Stress—strain curves of 11000
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10000 f
9000
8000
7000 r
6000
5000 r

4000

Axial stress, o (kPa)

3000
2000
1000

CEM Il, 20pm, W/C=1

Sand: #14-25
CEM II, 20pm, W/C=1

Sand: #14-25
CEM I, 20um, W/C=2

Sand: #14-25

0

CEM II, 20pm, W/C=3

0.0 0.2

(axial deformation corresponding to the maximum value of
axial compression stress) of all grouted sands tested ranges
between 0.27 and 1.10% and, as shown in Fig. 3b, decreases
with increasing suspension W/C ratio. The failure deforma-
tions of neat grout specimens obtained from suspensions
having W/C ratio equal to 1 and sands grouted with the same
suspensions are comparable, as they range from 0.4 to 0.9%
(Table 2) and from 0.45 to 1.10% (Fig. 3b), respectively.

It has been shown [3, 44] that use of microfine cements
can lead to higher unconfined compression strength values
of grouted soil in comparison to grouting with ordinary Port-
land cements. This effect is verified by the data presented
in Fig. 3c. It can be observed that the unconfined compres-
sion strength of the grouted sands increases with decreasing
cement grain size, especially for thick grouts (W/C=1). This
behavior has been attributed to the observed increase of the
unconfined compression strength of neat cement sediments
with similar sediment W/C ratios caused by the increase
of cement fineness, mainly due to the higher hydration
activity of finer grains and more efficient hydration process
[39]. However, the effect of cement grain size on the uncon-
fined compression strength of grouted sands is reduced or
becomes negligible for suspensions with W/C ratio equal to
2 and 3, respectively. Also, as shown in Fig. 3d, the failure
deformation of grouted sands is not consistently affected by
cement grain size.

All tests reported herein were conducted on sand sam-
ples grouted with suspensions containing superplasticizer
at a dosage of 1.4% by weight of dry cement. The use of
superplasticizers is a common practice in field applications
for improving the rheological behavior of, mostly microfine,
cement suspensions. Accordingly, a limited investigation
of superplasticizer effect was conducted based on testing

0.4 0.6 0.8 1.0

Axial deformation, € (%)

of 10-14 sand grouted with suspensions of the three ordi-
nary cements (d,,,, = 100 pm) having W/C=1. The uncon-
fined compression strength values obtained range from 4 to
4.2 MPa and from 5.3 to 5.9 MPa for suspensions with and
without superplasticizer, respectively. The limited amount
of data not withstanding, it is observed that the addition
of superplasticizer to the suspensions caused a reduction
of the grouted sand strength by an average of about 25%.
This finding is in reasonable agreement with reported slight
strength reduction as a result of superplasticizer presence
[10] and in disagreement with the strength increase caused
by superplasticizer addition [6, 45], probably due to material
and/or dosage differences.

The effect of cement type on the unconfined compres-
sion strength of grouted sand was investigated by grouting
14-25 sand with suspensions of 9 cements (3 cement types
at 3 gradations) having W/C =1, and the results obtained
are presented in Fig. 3e. A systematic effect of cement type
is not observed as CEM I yields the highest strength values
when grouting with cements having d,,, equal to 100 pm
and 40 pm and CEM 1V yields the highest strength value
when grouting with cements having d,,,, equal to 20 pm.

The effect of sand grain size on the unconfined compres-
sion strength of grouted sand was evaluated by injecting
all four available sand gradations (5-10, 10-14, 14-25
and 25-50) with CEM II cement suspensions having
dp =10 pm and W/C =2 as well as two sand gradations
(10-14 and 14-25) with CEM I and CEM IV cement sus-
pensions having d,,, =100 pm and W/C=1. The results
obtained are presented in Fig. 3f and indicate that the
strength of grouted sands increases with increasing sand
fineness (decreasing effective sand grain size). This influ-
ence of sand grain size on the unconfined compression

@ Springer



11

Page 6 of 17

International Journal of Geosynthetics and Ground Engineering (2021) 7:11

ucs, g, (MPa)
o =~ N W A O O N 00 © o

ucs, q, (MPa)

SO =~ N W b 00 O N O © O

UCS, q, (MPa)

Fig. 3 Effect of grout composition parameters and sand grain size on the unconfined compression strength and failure deformation of grouted
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strength of grouted sand has also been confirmed by other
researchers [e.g., 2, 8, 13, 15, 16, 42, 46, 47] and is attrib-
uted to increasing specific surface and number of grain-to-
grain contact points per unit volume of sand with decreasing
sand grain size resulting in the retention of a greater quantity
of grout solids during suspension flow through the soil mass
and, hence, in better cementation [2].

UU Triaxial Compression Tests

The results of UU triaxial compression tests can be used
to quantify the deformability and shear strength of grouted
sands under quick loading conditions and to obtain depend-
able design parameters for grouting projects. Grouted sand
deformability is expressed herein in terms of the initial mod-
ulus of elasticity, E;, (gradient of the tangent to the initial
part of the stress—strain curve) and the failure deformation,
&, (axial deformation corresponding to the maximum value
of deviator stress). The initial modulus of elasticity and
the failure deformation of all grouted sands tested exhibit
a wide range of values from 3.5 to 44 MPa and from 0.5 to
8.5%, respectively. As typically shown in Fig. 4, linear fail-
ure envelopes (K-lines) were obtained for all grouted sands
subjected to UU testing (total stresses). Accordingly, it can
be stated that the shear strength of the grouted sands can
be depicted satisfactorily by a Mohr—Coulomb type linear
failure criterion and expressed in terms of an angle of inter-
nal friction, ¢, and a cohesion, c, (total stresses). The same
observation has been reported by Pekrioglu-Balkis [27]
who conducted the same type of tests on ordinary (CEM
I) cement grouted sand after 28 days of curing to obtain
baseline values for comparison with the performance of high
volume fly ash grouts. The cohesion of the grouted sands
ranges between 70 and 1680 kPa, while the angle of internal
friction ranges between 40° and 61.5°.

Effect of Grout Composition

Typical stress—strain curves of sand grouted with sus-
pensions having W/C equal to 1 and 3 together with the
stress—strain curves of the clean sand and the neat grout
with W/C=1 are shown in Fig. 5. It can be observed that
the sand grouted with the thick suspension (W/C=1) has a
stress—strain curve with a very similar shape to that of the
neat grout at the same W/C ratio, whereas the shape of the
stress—strain curve of the sand grouted with the thin suspen-
sion (W/C =3) is very similar to that of the clean sand. This
observation is typical for all tests conducted and indicates
that the stress—strain behavior of the grouted sand depends
strongly on the suspension W/C ratio. The initial modulus of
elasticity and failure deformation values of the grouted sands
are presented in Fig. 6a, b, respectively, in terms of the W/C

5000
| Sand: #14 - #25
CEMII, d,,,,=20um
_ 4000 W/C=1 kline
S a = 930kPa
X tana =0.73
~ 3000
s
& 2000
I
S5
1000 ¢ = 1361kPa
@ =46.9°
0 " 1 1 1 1 1 " 1 " 1 1
0 1000 2000 3000 4000 5000 6000
ps= (o,+03) / 2 (kPa)
5000
| Sand: #14 - #25
CEMII, d,,,,=20pym .
2 k¢line
4000 F wie=3 a=197kPa
& tana = 0.65
=3
~ 3000
[
5 2000
1l
&
1000
¢ = 259kPa
@ =40.5°
0 1 1 1 1 1 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000
ps=(01+03) / 2 (kPa)

Fig.4 Typical failure envelopes for grouted sands from UU triaxial
compression tests

ratio of the injected suspensions. It is easily observed that a
decrease in the W/C ratio from 3 to 1 results in a significant
increase in the values of the initial modulus of elasticity
and a decrease in the values of the failure deformation. In
general, the initial modulus of elasticity of the sands grouted
with suspensions having W/C ratio equal to 1, 2 and 3 is in
the range of 14-38 MPa, 4.5-12.5 MPa and 3.5-8.5 MPa,
respectively, while the failure deformation ranges from 0.5
to 1.4%, from 0.9 to 6.4% and from 2.5 to 8.5%, respectively.
The effect of W/C ratio on the shear strength parameters of
the grouted sands is presented in Fig. 6¢, d. It is apparent
that the decrease in W/C ratio increases considerably the
cohesion and, to a lesser extent, the angle of internal fric-
tion. In particular, sands grouted with suspensions having
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Fig.5 Stress—strain curves of 9000
clean sand, neat cement grout b
and grouted sand from UU 8000
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W/C ratios equal to 1, 2 and 3 obtain cohesion values rang-
ing from 630 to 1680 kPa, from 290 to 530 kPa and from
70 to 260 kPa, respectively. It is estimated that thick sus-
pensions (W/C=1) yield average cohesion values 3 and 7
times higher than those of thinner suspensions (W/C =2
and 3, respectively). The angle of internal friction values
of sands grouted with W/C ratios equal to 1, 2 and 3 range
from 43° to 61.5°, from 40° to 45.5° and from 40.5° to 44.5°,
respectively.

The effect of cement gradation on the deformability and
shear strength parameters of the grouted sands is shown in
Fig. 7 as a function of suspension W/C ratio. The initial
modulus of elasticity values (Fig. 7a) are not influenced by
cement gradation when grouting with W/C ratios equal to
2 and 3, as they range from 3.5 to 11 MPa irrespective of
cement grain size. For W/C ratio equal to 1, the E; values
obtained when grouting with pulverized cements (d,,,, equal
to 10, 20 and 40 pm) range from 14 to 27 MPa and overlap
the values obtained for ordinary cement (d,,,, =100 pm)
which range from 17 to 20 MPa. The failure deformation
values (Fig. 7b) increase with decreasing cement grain size
for suspensions with W/C ratios equal to 2 and 3, but remain
practically constant (0.7% to 1.3%) when using suspensions
with W/C ratio equal to 1. In comparison, failure deforma-
tions range between 0.4 and 0.9% for neat cement specimens
obtained from suspensions having a W/C =1 regardless of
maximum cement grain size. The failure deformation of
sands grouted with suspensions having a d,,, equal to 10,
20, 40 and 100 pm and W/C =2 ranges from 4 to 5.7%, from
3.3 to 5%, from 3 to 4.7% and from 3.2 to 5%, respectively,
whereas it ranges from 6.4 to 8.6%, from 4.5 to 7%, from
2.9 t0 5.2% and from 2.5 to 6.1%, respectively, for W/C =3.
As shown in Fig. 7c, the cohesion values of sands grouted
with thick suspensions (W/C=1) and microfine cements
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Axial deformation, € (%)

(dpax =10 pm and 20 pm) range from 1361 to 1570 kPa and
are larger than those obtained for sands grouted with coarser
cements (d,,,, =40 pm and 100 pm) which range from 627
to 841 kPa. On the other hand, grouting with thinner sus-
pensions (W/C =2 or 3) leads to cohesion values ranging
from 70 to 525 kPa regardless of cement grain size. The
angle of internal friction of the grouted sands (Fig. 7d) is
not consistently affected by cement grain size for any of the
W/C ratios used. The UU triaxial compression test results
on neat cement grouts presented in Table 2, indicate that the
pulverized (d,,,, equal to 10, 20 and 40 pm) CEM II cement
suspensions with W/C =1 exhibit comparable values of
deformability and shear strength parameters and, at the same
time, higher initial moduli of elasticity, lower failure defor-
mations, higher cohesion values and higher internal fric-
tion angles than the equivalent ordinary cement suspension
(dpax =100 pm). A comparison of the information presented
in Table 2 (neat grout) with the results presented in Fig. 7
(grouted sands) allows the observation that the behavior of
cement suspensions is in partial, qualitative and quantitative,
agreement with that of the grouted sands indicating that the
mechanisms involved in the development of grouted sand
properties are complex and do not depend solely on suspen-
sion characteristics.

Presented in Table 4 are the deformability and shear
strength parameter values of 14-25 sand grouted with
suspensions of all three types of microfine cements
(dpax =20 pm and 10 pm) having W/C =1, which allow for
an evaluation of the effect of cement type to be made. It
is observed that sands grouted with CEM I and CEM IV
cement suspensions have similar initial modulus of elasticity
values (30-36 MPa) which are higher than those of the sand
grouted with CEM II cement suspensions (14-26 MPa). The
corresponding neat cement grouts prepared with the three
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Fig. 6 Effect of W/C ratio on the deformability and shear strength parameters of grouted sands from UU triaxial compression tests

cement types have E; values ranging from 18 to 29 MPa
(Table 2). These values are lower than the E; values of CEM
I and CEM IV cement grouted sands and generally higher
than those of CEM II cement grouted sands. Although the
failure deformation values of grouted sands are low and
generally do not exceed 1.1% (Table 4), the sands grouted
with CEM I cement suspensions have slightly lower values
(0.6-0.8%) compared to those of sands grouted with CEM II
and CEM IV cement suspensions (0.7-1.1%). As shown in
Table 2, the failure deformation values of the same microfine
cement grouts range from 0.4 to 1.2%, for all cement types
tested, and are in good agreement with the failure deforma-
tion values of the grouted sands. The available data for the

shear strength parameters of the grouted sands and the cor-
responding neat grouts presented in Tables 2 and 4, respec-
tively, indicate that the CEM IV cement with d,,,, =20 pm
presents the best overall performance, the CEM I cement
with d,,, =20 pm presents maximum values for the angle
of internal friction for both the grout and the grouted sand
and the CEM II cements with d,,,, equal to 20 pm and 10 pm
present very high cohesion values for the grouted sand. The
cohesion and angle of internal friction values of the grouted
sands range from 712 to 1630 kPa and from 45° to 62°,
respectively, and are in good agreement with the cohesion
and internal friction angle values of the neat grouts which
range, respectively, from 560 to 1700 kPa and from 53° to
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Fig. 7 Effect of cement gradation on the deformability and shear strength parameters of grouted sands from UU triaxial compression tests

61°. It is evident that, regardless of cement type, the shear
strength of sands grouted with cement suspensions having
W/C=1 is affected so drastically by the presence of the
cement in their voids that, as also shown in Fig. 5, their
behavior is similar to that of the neat cement grouts having
the same W/C ratio.

Effect of Sand Characteristics

The investigation of the mechanical behavior of grouted
sands by UU triaxial compression testing was based mainly
on 14-25 sand grouted in dry and dense condition. For
reasons of completeness, the effect of sand grain size and
initial physical condition (density and saturation) on the
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mechanical behavior of the grouted sands was also evalu-
ated. Consequently, UU triaxial compression tests were per-
formed on grouted sand specimens obtained by injecting (a)
all available sands (5-10, 10-14, 14-25 and 25-50), in dry
and dense condition, with the same cement grout (CEM II
cement, d,,, =10 pm, W/C=2), and (b) only 14-25 sand at
different initial physical conditions (dry-dense, dry-loose,
saturated-dense and saturated-loose) with the same cement
grout (CEM II cement, d,,,, = 10 pm, W/C =1). The results
obtained, are summarized in Tables 5 and 6, respectively.
As shown in Table 5, sand grain size, in the range studied,
has an insignificant effect on the deformability and shear
strength parameters of the grouted sands, possibly due to

the relatively high suspension W/C ratio (W/C=2) used for
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Table 4 Effect of cement type on the deformability and shear strength
parameters of grouted sands (Sand: #14-25, W/C=1) from UU tri-
axial compression tests

Cement Confining Initial Failure Shear
pressure  modulus of deforma-  strength
03 elasticity tion parameters
(kPa) E; & ﬁ
(MPa ) kP2) ()
CEMI 100 30 0.56 712 61.6
dmax =20 pm_ 200 34 0.75
400 36 0.80
CEM II 100 14 0.88 1361 46.9
dmax =20 pm- 200 17 0.93
400 19 1.10
CEM IV 100 36 0.81 1630 59.3
Ay =20 pm - 200 32 1.10
400 34 1.00
CEM I 100 17 1.00 1570 45
drax =10 pm- 200 20 0.72
400 26 0.82
CEM IV 100 33 0.90 1143 452
dmax =10 pm- 209 31 0.90
400 33 1.10

Table 5 Effect of sand grain size on the deformability and shear
strength parameters of grouted sands (CEM 1I, d,,=10 pm,
W/C=2) from UU triaxial compression tests

Sand Confining Initial Failure Shear
pressure  modulus of deforma-  strength
03 elasticity tion parameters
(kPa) E; & ﬁ
MPe ) (kPa) ()
5-10 100 4.5 4.5 332 40.0
dip=2.15mm 9 7 5
400 9 6.3
10-14 100 7.2 4.1 326 415
dip=145mm 20 9 4.6
400 12.5 6.4
14-25 100 6.5 4.1 326  43.0
dyp=0.77mm 200 7.5 4.4
400 9 5.7
25-50 100 6 0.9 343 435
dyp=0.34 mm 50 9.5 2.1
400 12 4.1

the injections. The observed increase of the angle of internal
friction with decreasing effective sand grain size is attributed
to the increase of both the specific surface of the sand and
the number of grain-to-grain contact points per unit volume
as sand fineness increases resulting in stronger cementation

(2].

The results presented in Table 6 indicate that the failure
deformation of the grouted sands is not affected by rela-
tive density but attains, generally, lower values, by 12-50%,
when the sand is initially saturated. Although a variation is
observed in the initial modulus of elasticity values of the
grouted sands, a definite trend can not be established for
the four initial condition combinations. Dry sands in loose
condition have higher initial modulus of elasticity values, by
an average of about 50%, than dry sands in dense condition,
but the same is not observed for initially saturated sands.
As also shown in Table 6, sand density and initial satura-
tion do not appear to affect significantly or systematically
the angle of internal friction of the grouted sands. On the
contrary, sands grouted in initially dry or loose condition
exhibit higher cohesion values, by 15% and 7%, than sands
grouted in initially saturated or dense condition, respec-
tively. The observed higher cohesion values for initially
dry grouted sand can possibly be attributed to (a) water
entrapment in the voids of saturated sand during grouting
[48] leading to incomplete filling of the voids with grout
and/or (b) the absorption of a quantity of suspension water
from the dry sand grains [49] leading to a decrease of sus-
pension W/C ratio during the injection into initially dry
sand. In agreement with the results of the present research,
Pekrioglu-Balkis [27] measured higher cohesion value for
loose sand (D, =30%) compared to dense sand (D,=83%),
both grouted with ordinary (CEM I) cement suspension of
W/C=1 and cured for 28 days. This behavior can possibly
be attributed to the retention of a greater quantity of grout
solids in the larger pores of a loose sand resulting in more
effective cementation.

Deformability and Shear Strength Improvement

The assessment of the improvement caused by grouting on
the deformability and shear strength of sands is quantified in
the present study using “improvement ratios”, i.e., the ratios
of the initial modulus of elasticity, E;, the failure deforma-
tion, &, and the angle of internal friction, ¢, of the grouted
sands to the initial modulus of elasticity, E; the failure
deformation, s and the angle of internal friction, ¢, of the
clean sands, respectively. The results obtained are presented
in Fig. 8 with respect to the suspension W/C ratio, since it is
the parameter with the most significant effect on the deform-
ability and shear strength of the grouted sands. As shown in
Fig. 8a, the increase of the E; values of sands grouted with
suspensions having W/C=1 (improvement ratios ranging
from 7 to 13) is considerably greater than that obtained by
grouting with suspensions having W/C ratio equal to 2 or
3 (improvement ratios ranging from 1.5 to 5.5). A substan-
tial improvement of the modulus of elasticity of the sand at
small strain conditions was also observed by Maalej et al.
[26] after grouting with microfine cement suspensions. The
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Table 6 Effect of sand

. . . Relative Saturation Confining Initial modulus of ~ Failure defor-  Shear strength
condition .b.efor e grouting on its density pressure elasticity mation parameters
deformability and shear strength D o E. e
parameters after grouting (Sand: (172 ) (lzpa) (I\I/IPa) (zf%) c @
#14-25, CEM 11, d,,,, = 10 pm, (kPa) ®)
WIC=1)

98 No 100 17 1 1570 45.0
200 20 0.7
400 26 0.8

25 No 100 18 1.1 1680 44.5
200 38 0.6
400 44 0.8

98 Yes 100 26.5 0.5 1364 43.0
200 24 0.5
400 25 0.7

25 Yes 100 27 0.7 1455 46.0
200 32 0.7
400 20 0.7

failure deformation ratios shown in Fig. 8b, indicate that (a)
the grouted sands attain lower values of failure deformation
than clean sands and (b) grouting with thick suspensions
(W/C=1) reduces sand failure deformation by 5-10 times,
whereas grouting with thinner suspensions (W/C=2 and 3)
reduces sand failure deformation by 2.5 times at the most.
The data presented in Fig. 8c, indicate that (a) grouting with
suspensions of W/C ratios equal to 2 and 3 results in ratios
ranging from 0.95 to 1.05 which means that the angle of
internal friction of the sands is practically not affected by
the grouting process, and (b) injections with suspensions
having W/C=1 yield improvement ratios ranging approxi-
mately from 1.05 to 1.20 indicating that grouting with thick
suspension may yield a noteworthy increase, up to 20%, of
the angle of internal friction. However, it must be empha-
sized that the most important contribution of grouting to
shear strength improvement of the sands is the addition of
cohesion reaching a value of 1680 kPa, as was pointed out
in preceding sections.

Shear Strength Development

The development of shear strength of saturated cohesive
soils with axial deformation can be quantified and the effec-
tive shear strength parameters can be evaluated as functions
of axial deformation [50]. The application of this principle
to grouted sands has documented that the cohesion and the
angle of internal friction of these materials are also functions
of the axial deformation and that the sum of their contribu-
tion to shear strength is maximum at failure [22, 51-53]. In
view of that, the results of UU triaxial compression tests,
in terms of total stresses, are utilized herein to quantify the
shear strength development of cement grouted sands during
loading and up to failure and to compare with that of neat
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cement grouts and clean sands. The methodology for the
quantification of shear strength development was applied (a)
by determining, for each test series, the deviator stresses at
axial deformations corresponding to specific percentages of
failure deformation, (b) by plotting the resulting p-g enve-
lopes (K-lines) for each percentage of failure deformation,
and (c) by determining the values of the activated shear
strength parameters for all percentages of failure defor-
mation. The concept of percentage of failure deformation
ensures that all specimens of the same test series are in an
equivalent state of strength development regardless of the
confining pressure used for each test.

Presented in Fig. 9 are typical results regarding the varia-
tion of the activated cohesion, c,, and angle of internal fric-
tion, ¢,, of grouted sands with increasing axial deformation.
The values of activated shear strength parameters and axial
deformation are normalized in terms of the failure values of
cohesion, ¢, angle of internal friction, ¢, and axial deforma-
tion, &, respectively. It can be observed that cohesion devel-
opment of the grouted sands depends on the W/C ratio of the
suspension. More specifically, the cohesion of sands grouted
with thick suspensions (W/C =1) increases gradually until
an axial deformation corresponding, approximately, to 70%
of the failure deformation (Fig. 9a). At this point, the cohe-
sion reaches a value approximately equal to that obtained
at failure and remains nearly constant thereafter. In sands
grouted with thin suspensions (W/C ratio equal to 2 or 3),
the cohesion exhibits a high rate of increase during the initial
stages of axial loading, reaches a maximum value (equal to
or greater than that obtained at failure) for an axial deforma-
tion approximately equal to 10% of the failure deformation
and, then, decreases and either remains practically constant
or increases slightly until failure (Fig. 9c). On the contrary,
the development of the angle of internal friction of grouted
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shear strength parameters as a function of grout W/C ratio

sands does not appear to depend on the use of thick or thin
suspension. As shown in Fig. 9b, d, the activated angle of
internal friction attains almost its maximum value for an

axial deformation ranging between 20 and 30% of the failure
deformation and, subsequently, remains practically constant
until failure. These observations are in partial agreement
with the behavior observed for sands grouted with sodium
silicate solutions [51] or microfine cement suspensions [22].
More specifically, it has been reported that the cohesion
increases rapidly, reaches a maximum value at low defor-
mation levels, then decreases and maintains a constant value
until failure and that the angle of internal friction increases
gradually as axial deformation increases and becomes max-
imum at failure. The observed dissimilarities in behavior
can be attributed to the different type or composition of the
grouts used in the forementioned research efforts.

The development of the normalized shear strength param-
eters of grouted sands is compared to that of neat cement
suspension and clean sand in Fig. 10. These comparisons
are made in terms of the actual values of axial deforma-
tion due to the different stress—strain behavior and failure
deformation values of the compared materials. The curves
presented in Fig. 10a, indicate that the maximum cohesion
value of grouted sands develops at relatively low values of
axial deformation, ranging between 0.5 and 1%, irrespec-
tive of the use of thick or thin suspensions. Cohesion devel-
opment, in terms of rate and maximum value, of the neat
cement suspension with W/C=1 is very similar to that of
the grouted sands. The representative development curves
for the angle of internal friction of the grouted sands, shown
in Fig. 10b, strongly support the argument that the behavior
of sand grouted with a thick suspension is similar to that of
neat cement sediments with W/C =1 and that the behavior
of sand grouted with a thin suspension is similar to that of
the clean sand, as also stated for the stress — strain curves
presented in Fig. 5. These observations can be attributed to
the fact that grouting with thick suspensions is most effec-
tive, because the sand voids are filled satisfactorily with
solidified grout material which also adheres on the surface
of the sand grains and provides enhanced cementation to
the grouted sand.

Conclusions

Based on the results obtained and the observations made
during this experimental investigation and within the limita-
tions of the range of parameters investigated, the following
conclusions may be advanced:

1. The suspension W/C ratio has the strongest effect on
the behavior and performance of microfine cement
grouted sands compared to the effect of the other fac-
tors investigated in the present research effort. The
stress—strain—strength behavior of sands grouted with
thick suspensions (W/C=1) is similar to that of neat
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Fig.9 Variation of the normalized values of the shear strength parameters of grouted sands as a function of normalized axial strain

cement suspension sediments with the same W/C ratio
whereas the behavior of sands grouted with thin suspen-
sions (W/C =3) is similar to that of the clean sands.

A Mohr—Coulomb type linear failure criterion describes
satisfactorily the shear strength behavior of cement
grouted sands, in total stress terms, as obtained by UU
triaxial compression tests.

The initial modulus of elasticity of the grouted sands
ranges from 3.5 to 44 MPa, increases with decreas-
ing suspension W/C ratio and decreases when CEM II
cement suspensions are used. The failure deformation
of the grouted sands ranges from 0.5 to 8.5%, decreases
with decreasing suspension W/C ratio, when CEM I
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cement suspensions are used and when the sands are ini-
tially saturated, and is not affected by sand density. The
effect of cement fineness on the deformability param-
eters of the grouted sands is controlled by the suspension
W/C ratio.

Grouting with cement suspensions having W/C =1 adds
cohesion to the sand with a value of up to 1.7 MPa,
increases by 6—14 times the initial modulus of elastic-
ity, reduces by 5-10 times the failure deformation and
may increase up to 20% the angle of internal friction of
the sands. The improvement in sand deformability and
shear strength due to grouting with suspensions having
W/C equal to 2 and 3 is substantially lower, as the added
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cohesion to the sand reaches 0.53 MPa, the increase of
the initial modulus of elasticity ranges from 1.5 to 5.5
times, the reduction of the failure deformation does not
exceed 2.5 times and the angle of internal friction of the
sands is practically not affected by the grouting process.
5. The cohesion of grouted sands increases with decreasing
suspension W/C ratio, when microfine cement suspen-
sions having W/C=1 are used and when the sands are
grouted in initially dry or loose condition. The angle of
internal friction of the grouted sands increases to some
extent with decreasing suspension W/C ratio and sand

grain size and is not consistently or significantly affected
by cement fineness and sand density or initial saturation.

6. The development of cohesion and angle of internal
friction with increasing axial deformation of micro-
fine cement grouted sands is independent of the use of
thick or thin suspensions for grouting. The maximum
cohesion value of grouted sands develops at relatively
low values of axial deformation, ranging between 0.5
and 1%. The activated angle of internal friction of the
grouted sands approaches its maximum value for an
axial deformation ranging between 20 and 30% of the
failure deformation and, subsequently, remains constant
until failure.

7. The unconfined compression strength of the grouted
sands attains values up to about 9 MPa, increases with
decreasing grout W/C ratio, cement grain size (espe-
cially for grouts with W/C =1) and sand grain size, and
is not consistently affected by cement type.
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