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Injection of dilute microfine cement suspensions into fine sands 

Injection de suspensions dilués de microfines de ciment dans les sables fins
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SYNOPSIS —  Reported herein are the results of an experimental investigation to evaluate the behavior of dilute microfine 
cement suspensions and their ability to be injected into fine sands, the latter of which is treated as a process of deep bed 
filtration. Nine different porous media with D^q ranging from 0.3 to 0.045 mm are described in terms of their specific 
surface, hydraulic radius, and intrinsic permeability. The viscosity, sedimentation rate, and flocculatlon characteristics 
of suspensions of a microfine cement with a water:cement ratio of 2 or higher were determined. Then, the lnjectability of 
these suspensions into the selected porous media was evaluated, and microscopic observations were utilized to study the 
patterns of cement particle deposition in the porous media and the hydration process of the cement pastes. The pattern of 
suspended particle removal was found to fiL a Chi-square probability distribution function.

Microfine cement grouts are being proposed Increasingly 
as an alternative to chemical grouts (which often contain 
one or more toxic components) for grouting fine sands, but 
their successful use is Influenced strongly by the relation
ship between the suspended solids (individual particles or 
particle aggregations) in the grout and the pores in the 
porous medium. Although advocated by some practitioners, 
the use of concentrated (low water:cement ratio) suspensions 
and high injection pressures can lead to nonhomogeneity In 
the grouting of a soil formation due to the development of 
preferential paths during injection or hydraulic fracturing 
of the soil mass. Dilute suspensions offer one way to 
increase the depth of penetration and improve the grout 
distribution in the soil mass, but a better understanding of 
the interaction mechanisms is needed to execute the grouting 
operation with greater confidence. Accordingly, in this 
study fine sands will be injected with dilute suspensions of 
microfine cement and the results will be interpreted as a 
filtration process.

FILT RAT ION MECHANISMS

The treatment of this phenomenon as a filtration 
process demands that appropriate consideration be given to 
particle removal efficiency and the hydrodynamic resistance 
of the porous medium to flow. Particle exchange from the 
suspension to the porous medium depends on the available 
retention sites (particle surfaces, crevices, and 
constrictions), the magnitude of the retention forces ex
erted on the particles (pressure of the fluid, friction, and 
Van der Waals, electrostatic, electrokinetlc, and chemical 
forces), and the capture mechanisms which bring the par
ticles into contact with the retention sites (sedimentation, 
inertia, hydrodynamic effects due to non-spheric!ty of the 
particles and non-uniform shear field, direct interception, 
and diffusion by Brownian motion).

Sedimentation, diffusion (Brownian motion), drag and 
lift forces, and surface forces can be expected to have a 
negligible effect on the retention of suspended cement 
particles In a sand matrix. Molecular and electrokinetlc 
forces can be effective only when cement particles are In 
close proximity to the surface of the sand grains , and the 
effects of volume and surface phenomena on cement particle 
retention are of the same order of magnitude. Depending on 
the velocity of flow, inertia forces may exert a significant 
effect by causing the paths of cement particles to deviate 
from the flow lines, thereby bringing them In contact or 
close proximity with sand grains. Although conventional 
cement grouting has usually been considered as a phenomenon 
which is controlled by the relative grain sizes of the 
cement and the formation to be grouted, the injection of 
dilute suspensions of microfine cement suggests that the 
phenomenon can be treated as one of deep bed filtration.

RESEARCH APPROACH

Toward this end (a) nine filter media (six fine sands 
and three types of glass beads) were characterized in terms

of their hydraulic conductivity and the geometry of their 
pore spaces, (b) procedures were developed for preparing 
dilute suspensions of microfine cement to obtain high pene
trability, (c) the viscosity, flocculatlon, and sedimenta
tion characteristics of the suspensions were quantified, and 
(d) appropriate filtration tests were conducted to assess 
the retention capacity of the suspended solids and the 
distribution of retained solids in the filter media. Ef
forts were made to conduct all tests according to standard 
procedures, but It was sometimes necessary to modify exist
ing equipment and techniques or to develop equipment based 
on in-house capabilities. The viscosity characteristics of 
the microfine cement suspensions were obtained by use of a 
concentric cylinder viscometer.

Grout suspensions with a wide range of values for the 
watertcement ratio, w:c, were prepared in a stirring Jar and 
injected into columns of each porous medium, and measure
ments were made of the initial coefficient of permeability, 
the removal efficiency as a function of the filtered suspen
sion volume, and the removal efficiency as a function of 
time and depth of the porous medium. A bench-scale vacuum 
filtration apparatus was used to conduct refiltration tests 
to evaluate the possibility of simulating the behavior of a 
porous medium filter column under the same injection condi
tions. Sand samples were viewed with a compound microscope 
at a magnification ratio of 60 to assess particle shapes and 
sizes and to obtain information on the texture of the sand 
grains. A scanning electron microscope at a magnification 
up to 20,000 was used to obtain photographs of injected 
porous media and effluent suspensions collected during the 
filtration tests.

MATERI ALS TESTED

MC-500 microfine cement (manufactured by the Onoda 
Cement Company of Japan) was used throughout this study. It 
has a specific gravity of 3.00 ± 0.10 and a specific sur
face of about 8000 cm2/g, and 98%, 50%, and 2% of Its par
ticles smaller than 10, 4 and 1 pm, respectively. Its chem
ical composition Is 48.4% CaO, 30.6% S102, 12.4% Al203, 5.8% 
MgO, 1.1% Fe203, 0.8% S03, 0.4% ignition loss, and 0.5% oth
er. The nine different porous media consisted of six fine 
sands with D10 grain sizes ranging from 0.16 to 0.030 mm and 
grain shapes ranging from subrounded to angular and three 
types of glass microbeads with D10 sizes of 0.310, 0.081, 
and 0.046 mm. Additional data on these sands and microbeads 
are given in Table 1.

CHARACTERIZATION OF POROUS MEDIA

The specific surface, S , has been determined by three 
different methods (sphericity factor, air permeability, and 
gas chromatography), and typical values are presented in 
Table 1. It Is felt that the values obtained by the air 
permeability method are better suited to describe the phe
nomenon of a sand being injected with a grout, because the 
surfaces exposed to air and grout flow are quite similar. 
The hydraulic radius, R^, is defined as the ratio of the
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Table 1. Geometric Characteristics of Porous Media

M a t e r i a l S y m b o l
D6 0 < - > D3 0 < - >

Î'oa *S F *AP *CC

T o r p e d o  S a n d TP 0 .6 1 8 0 .3 5 7 0 . 2 3 3 68 1 49 3 51

C r y s t a l  S i l i c a  S a n d CS 0 .6 0 0 0 . 4 8 0 0 . 2 9 0 46 1 63 2 7 6

O t t a w a  F in e  S a n d OF 0 .2 8 0 0 .2 1 5 0 . 1 7 0 1 38 1 2 7 1 9 1

M o n t e r e y  B e a c h  S a n d MB 0 .4 8 0 0 .3 7 0 0 . 3 0 0 8 0 6 21 7 8 0

E v a n s t o n  B e a c h  S a n d EB 0 .2 1 9 0 .1 8 0 0 .1 5 9 1 48 8 8 7 1 4 9 2

O c t a w a  M e d ium  S a n d OM 0 .3 3 4 0 .2 9 8 0 .2 7 2 1 0 0 1 1 7 1 51

MS- XF C la s s  B e a d s M- l 0 . 4  50 0 .3 5 7 0 . 3 1 0 1 3 9

MS- M C la s s  B e a d s M- 2 0 .1 1 5 0 .0 9 4 0 .0 8 1 2 14

MS- L C la s s  B e a d s M-  3 0 .0 6 3 0 .0 9 2 0 .0 4 6 2 9 4

*T h e  s p e c i f i c  s u r f a c e  ( i n  c n 2 / g )  w a s  d e t e r m in e d  b y  t h r e e  d i f f e r e n t  m e t h o d s :  

S p h e r i c i t y  F a c t o r  ( S F ) ,  A i r  P e r m e a b i l i t y  (AP )  . a n d  Ga s  C h r o m a t o g T a p h y  ( C C ) .

cross-sectional area available for flow to the wetted 
perimeter; in terms of the porosity, n, and dry density, 7 ,̂ 
it can be expressed as - n/(l - n)Sg7{j.

For the case where water is the permeating fluid, the 
relationship between the intrinsic permeability, K, and the 
engineering coefficient of permeability, k, can be approxi
mated by K - 0 .1k, where K and k are expressed in cm2 and 
cm/sec, respectively. Forty-eight permeability tests (two 
series with four densities for each sand) were conducted 
using tap water as the permeating fluid, and the intrinsic 
permeability was found to be related to the average hydrau
lic radius by K - fR^*#, where f is constant for each porous 
medium; in general, sands with a similar geologic history, 
although obtained from different geographic locations, can 
be expected to have similar values for f .

An average value of the hydraulic radius for each sand 
and microbead was taken as the mean of the values for the 
loosest and densest states of packing at which these materi
als were tested. Plotting these average values for R„ 
versus K showed that, If two sands have the same Intrinsic 
permeability, the sand with the larger hydraulic radius has 
the smaller specific surface, and, for two sands with equal 
hydraulic radii, the sand with the smaller specific surface 
has the highest intrinsic permeability. Based on the re
sults obtained and the observations made during perme
ability and injection tests, it was determined that a 
suspension of microfine cement grout under an injection 
pressure of about 10 psi can normally be injected into a 
fine sand for which K £ 0.002 cm2 and 2: 0.00015 cm.

CURVES QE EQUAL PERMEABILITY

InjectIon-permeability tests were conducted on two 
sands (Evanston Beach and Crystal Silica) and three arrays 
of glass microbeads, and the results are shown in Figure 1. 
The engineering coefficient of permeability, k, with water 
as the permeating fluid was used to define an "upper bound" 
for the curves, and the tests where injection difficulties 
were encountered were considered to define a "lower bound". 
Figure 1 can be used in either of two ways to estimate an 
equal intrinsic permeability curve for a given fine sand at 
a particular state of packing. In one case an injection 
test can be conducted to obtain a point on the graph and an 
interpolation can be made between two of the existing 
curves. Alternatively, if enough information has been 
generated for the given sand to define a point on the R_. 
versus K graph, values for RJi and K can be approximated.

CHARACTERIZATION OF MICROFINE CEMENT SUSPENSIONS

Although suspensions of microfine cement in water were 
found to behave generally as non-Newtonian fluids, the dy
namic viscosity, fj , of suspensions with w:c £ 2 were essen
tially Independent of shear rate, dv/dy, for at least four 
hours after preparation of the suspension. The relation
ship for the shear stress, r, as a function of w:c and the 
shear rate for the initial four-hour period after prepar
ation has the form, r - a(dv/dy) , where a - 26(w:c)"2 and 
m - 0.1(w:c)0*7. Figure 2 shows the shear stress versus the 
shear rate for suspensions with w:c ranging from 2 to 1 2.

Material
Intrinsic 

Permeability (cm2)

Hydraulic 

Radius. R h  (cm)

M-3 V 4.5 X 10 7

M-2 * 7  x 1 0 -4 11

E-B  □ 1.9 x 10 ‘3 1.6

M-1 O 2.2 X 10 3 14

C S  A 1.5 x 10 ‘2 11

Figure 1. Curves ol Equal Intrinsic Permeability

Two tests were conducted to observe the effect of a 
dispersing agent on the flocculatlon of MC-500 suspensions; 
samples taken from the mixing tank after four hours showed 
that particles in the suspension without a dispersing agent 
had sizes ranging from 15 to 250 /im, while particles in the 
suspension with a dispersing agent had sizes ranging from 1 

to 20 ¿im. The rate of sedimentation and associated porosity 
increased as w:c increased, but the stirring intensity 
(energy and shear rate used to mix the suspension) appears 
to have an Insignificant effect on the rate of sedimentation 
and a small effect on the porosity. Variations in the 
amount of dispersing agent caused small changes in the rate 
of sedimentation, and increasing the concentration of the 
dispersant resulted in a small reduction In the porosity of 
the sediment.

H LTEHAHLm  PF.mcRPFIPg CEMENT SVSPPNSIQNS

To obtain an improved understanding of the physical and 
chemical changes that occur in microfine cement during and 
after injection, a scanning electron microscope was used to 
observe the solids in (a) suspensions before injection, (b) 
effluents, and (c) granular media after injection. To 
assess the filterabi 1 ity of a suspension, vacuum refiltra
tion tests through a membrane were conducted and the results 
were compared with those obtained from filtration tests 
through columns of granular media.

Shear Rate, Si-(sec'1) 
ay

Figure 2. Viscosity of Suspensions with a Dispersing Agent
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Because of the low solubility of the constituents of 
cements, reactions occur primarily at the surface of the 
particles and little passes into solution. In the early 
phase of hydration the first mechanism (dilution) is predom
inant, while the second mechanism (hydrolysis) becomes 
dominant during the second phase (Diamond, 1972). Due to 
the hydrolysis of calcium silicate, a supersaturated solu
tion of calcium hydroxide forms, calcium hydroxide and 
ettrlngite precipitate, and a dense coating of calcium 
silicate hydrate appears on the surface of the cement par
ticles. This produces a period of inactivity and the hydra
tion process does not resume until the calcium silicate 
hydrate envelope breaks down under the pressure of crystal
lization (Strucke, 1975). The volume of the hydrated pro
ducts is double the volume of the anhydrous cement, and the 
hydrated products gradually occupy the spaces between the 
grains (Diamond, 1972). An indirect check on the process of 
hydration in suspensions of microflne cement was made by 
measuring the hardness of suspensions at different times 
after preparation. Results obtained by the EDTA method 
indicate that (a) for at least one hour after preparation 
the dilution mechanism governed and the reactants were 
dissolved, thereby producing Ca++ ions in solution, and (b) 
six hours after preparation the data were Inconclusive, 
suggesting that the hydration process was controlled by the 
hydrolysis mechanism.

Microscopic Observations of Particle Aggregation

It was observed that 1% CAI dispersing agent (obtained 
from Concrete Chemicals Company of Cleveland, Ohio, USA) 
stabilized particle aggregations. During the injection 
process the deposition of cement particles and calcium 
silica hydrate gel was found to be greater in zones where 
the flow Is low. Although the strength of the grouted 
matrix is not significantly dependent on w:c, it does depend 
on the cake thickness and the hydration characteristics of 
the gel. Furthermore, the rate of hydration is essentially 
independent of w:c during the first few hours after mixing 
and consequently during the process of injection. Suspended 
particles with a diameter equal to or less than about one - 
third the hydraulic radius of the filter medium can not be 
retained in the filter at an injection pressure of 10 psi 
and are therefore found in the effluent.

Filtered Ulty

Parallel filtration tests (vacuum membrane filtration 
and granular media filtration) were conducted on the same 
suspensions to evaluate the possibility of determining the 
f i 1 terabil i ty of a suspension through a granular matrix on 
the basis of a standardized filtration test. In the mem
brane filtration technique (Hslung, and Asce, 1972), the 
volume of the suspension sample, V, refiltration time, t, 
and suspended solids content in the sample, C0, are related 
by VC0 - H- NV/t, where M and N are constants. Hence, data 
from tests on suspensions having different values of C0 will 
enable the calculation of VC0 and V/t which, in turn, can be 
used to determine M and N. Then, another series of tests 
can be conducted by filtering the same suspensions through 
columns of a given granular filter medium, and the suspended 
solids removal efficiency can be measured. Finally, the 
results of both series of tests can be combined to assess 
the potential for determining the filterabillty of a suspen
sion by conducting only vacuum refiltration tests. The 
refiltration time In a membrane refiltratlon test was found 
to be affected by adding a dispersing agent to the suspen
sion and by the number of rotations during mixing.

Microflne cement suspensions were Injected under a 
pressure of 10 psi through columns of crystal silica sand 
(suspensions with w:c - 2 could not be injected). During 
each test the ratio of the total weight of particles removed 
to the total weight of particles injected, termed R, in
creased as w:c increased. The specific relationships were 
R - 0.017 C00*7® for no dispersant and R - 0.013 C0°*77 for 
1% CAI. Accordingly, experience dictated that the use of a 
dispersing agent (1% CAI), a stirring intensity correspond
ing to 20 rpm, and a mixing time of 5 minutes for the dis
persing agent followed by 15 minutes for the mixture imparts 
to the cement particles in MC-500 suspensions an improved 
capacity to penetrate the porous medium.

Comparison of Filtration Test Data

For tests on the same suspension a linear log-log rela
tionship was found between R from injection tests and M from 
refiltration tests. The ultimate goal is to establish a

Hvdratlon of Cement mathematical relationship among particle removal efficiency, 
injection time, injected volume, Initial concentration, and 
discharge velocity. Herzig, Le Clerc, and Le Goff (1970) 
utilize the kinetic equation and adjust the portion of par
ticles transferred to the porous medium according to experi
mental results. Litwiniszyn (1963) assumed that the kinetic 
equation had phenomenological characteristics and analyzed 
data as a stochastic process; by assuming that the number of 
particles captured within a distance L from the filter face 
are all deposited at the section located L from the face, 
the decrease in the concentration of suspended solids per 
unit length of filter, SC/6L, can be described by a proba
bility of law of the form 6(C/C)0/6L< >P(L,rt,p), where p is 
the probability of removal, r is the mean particle velocity, 
and t is time.

Eliassen (1941) investigated the removal of suspended 
particles by obtaining curves of suspended solids removal 
per unit filter depth for various filtration times, and the 
shape of these curves was found to be very similar to the 
Chi-square (*2) distribution curves for different degrees of 
freedom; this shows that the particle removal has a maximum 
for a considerable part of the run and the filter section 
with the maximum removal moves away from the filter face. 
The probability, P , that the event w occurs as a continuous 
random variable caft be computed as

W1
P (w < w < w 1) - f  f (w)dw 
c o 1 J mw

o
where w and w. are the extreme values of w under each curve
and t¥ie Chi-square probability distribution density
function, f (w), Is defined as 

m

fn(w) . VW 2 - 1)e-u/2/2ra'/2r(m/2)

Table 2. Predicted and Measured Concentrations

F i l t e r  Me d ium

H y d r a u l ic

R a d lu a

<#»>

S p e c i f i c

S u r f a c e

( c « V g )

I n i t i a l

D is c h a r g e

V e l o c i t y

< « / • )

T ia e

(■ in )

C o n c e n t r a t io n

( g / c « * )

P r e d ic t e d M e a s u r e d

C r y s t a l  S i l i c a  S a n d 10 2 7 6 1 . 5 X 1 0 ' 1 1 0 .0 1 2 0 .0 1 3

25 0 . 0 4 0 0 .0 3 8

E v a n s t o n  B e a c h  S a n d 2 1 4 9 2 9 . 1 x l 0 ' 3 1 0 . 0 1 0 0 .0 1 1

25 0 .0 3 1 0 .0 3 0

14 1 39 8 . 4 x 1 o ’ 1 1 0 .0 1 1 0 .0 1 2

25 0 .0 2 1 0 .0 2 2

Depth (cm)

Figure 3. Removal Efficiency as a Function of Depth

where T Is the Gamma distribution density function and the 
cumulative Chi-square distribution, F(x*), is tabulated for 
m degrees of freedom. The data obtained from the filtration 
tests may be described by a probability distribution if a 
relationship can be established between L and w, t and m, 
and C/C0 and P£.
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The conditions for each test are summarized in Table 2; 
in each case w:c - 12 and the injection pressure was 9.5 
psi. Filtrate samples were collected at different points 
along the column after 1, 10, and 25 minutes, and the varia
tion of suspended particle removal along the length of the 
filter, shown in Figure 3 for Evanston Beach sand, il
lustrates that the filter cross-section with the highest 
removal efficiency moves in the direction of the flow as 
time advances. Data for the cumulative removal efficiency 
are presented in Figure 4a for Evanston Beach sand; a family 
of curves is obtained for each filter medium, and each curve 
corresponds to a specific time and asymptotically approaches 
a maximum value of the cumulative removal efficiency. The 
variation of the cumulative removal efficiency as a function 
of the injected volume is shown in Figure 4b for different 
filter column depths; for a given volume of injected suspen
sion, the cumulative removal efficiency reaches a value 
which can not be improved by Increasing the overall filter 
depth.

The similarity between the curves from the Chi-square 
distribution density function and those shown in Figure 3 
permits fitting the experimental data from the filtration 
tests by probability distribution curves. The variable w in 
the Chi-square distribution function can be related to the

EXPERIMENTAL &ESM JS

Volume Injected 

per Unit Cross-section Area ( cm3 )

Figure 4. Cumulative Removal Efficiency

In general, the error involved in the prediction of con
centration by this method was not more than 10%, as 
illustrated in Table 2 for L - 58 cm.

CONCLUSIONS

Based on the results of this one-dimensional study, 
which serves primarily to aid in understanding the 
mechanisms that govern the process of grouting fine sands 
with dilute suspensions of microfine cement, the following 
conclusions can be advanced:

1. Microfine cement suspensions with a water:cement ratio 
of 4 or higher can be successfully injected into fine 
sands (D10 as low as 0.15 mm with a hydraulic radius as 
small as 0.002 mm) under a presssure of about 10 psi 
and will have a depth of penetration of at least one- 
half meter.

2. Cement particles are captured around the contact points 
between sand grains and are deposited on the grain 
surfaces to form a thick cake, which, upon hardening, 
provides the grouted mass with improved mechanical 
properties.

3. Suspended particles with an equivalent diameter less 
than about one-third the hydraulic radius of the porous 
medium will pass through the medium and be present in 
the effluent.

4. The strength of the grouted mass is not significantly 
affected by the water:cement ratio of the suspension, 
but it is dependent on the cake thickenss and the 
hydration characteristics of the gel.

5. The removal of particles from dilute suspensions of 
microfine cement flowing through fine saturated sands 
can be modeled as a deep bed filtration process; this 
process can be assumed to have a random nature and can 
be described by a Chi-square probability distribution 
function.
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filtration data by setting C/C0 - F(w) and t (minutes) - m. 
The experimentally measured values of C/C0 at various filter 
depths and filtration times can be used to enter the Chi- 
square distribution density table and obtain values for w. 
Then, a plot of log w versus log t indicates that the data 
for any depth, L, are well described by straight lines. 
Using constant values for w, a relationship was deduced 
between L and t, and, based on this relationship, the con
centration of suspended solids at a particular cross-section 
of the filter can be estimated for a given injection time.
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