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When grouting in a sand layer, the filtration of the layer on cement particles is an important aspect affecting the grout dispersion.
However, few laboratory studies have been conducted to investigate the distribution of cement particles along the direction of
dispersion. In this study, a group of laboratory tests were conducted by grouting in a sand layer under different levels of
pressure. The distributions of cement particles in sand after curing were then measured using the EDTA titration test. The
results show that, due to the filtration effect, the cement content along the radial direction of dispersion decreases nonlinearly in
a reversed S shape. The filtration effect becomes more obvious when grouting with a higher grout concentration. With the
decrease in grout concentration, the filtration effect becomes weak and cement particles could disperse farther in the sand layer,
but the cement content in a farther location becomes lower and the improvement of the soil strength is limited. In the end, the
measured results were compared with the calculated results according to an existing theoretical study and the trend reasonably
matches with each other.

1. Introduction

Grouting is a widely used technique in geotechnical applica-
tions, including for antiseepage, leak stopping, and ground
improvement. For example, grouting technology is widely
used in slope reinforcement [1]. In the engineering practice,
cement grout is the most common grouting material. Due
to the existence of voids in soil layers, the grout disperses
through the voids during injection [2] and some cement par-
ticles are evidently blocked by the skeleton of soil particles. In
other words, the soil layer serves as a filter to retain the
cement particles and this phenomenon is so called the filtra-
tion effect [3, 4], as shown in Figure 1. In the process of
grouting, the permeability of soil decreases gradually and
the dispersion of cement grout would slow down and stop
eventually. The filtration effect is significantly influenced by

grouting pressure, distance of grouting dispersion, concen-
tration of the grout, etc.

Experimental studies have been conducted in previous
studies to investigate the filtration effect in permeation grout-
ing. Bezuijen et al. [5] carried out grouting tests in fine sand
and confirmed the existence of the filtration effect in the
grouting process. Bolton and McKinley [6] performed grout-
ing tests with different cement grouts under various pressures
to understand the influence of the filtration effect on the
porosity and permeability of cemented mass. Eriksson et al.
[7] predicted the movement and distribution of cement par-
ticles by numerical analysis based on a network model of
slurry dispersion and evaluated the improvement of ground
by grouting. Saada et al. [4] carried out a one-dimensional
grouting laboratory test using a custom-made test device
and developed a theoretical solution for the suspension
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permeation of cement particles in porous media considering
the filtration effect. Yoon and Mohtar [8] carried out an
experimental study on the groutability of the modified ben-
tonite slurry considering the influence of the particle size
and pH value of the slurry on the filtration effect and pro-
posed a new guideline for determining the groutability of
the bentonite slurry.

Researchers also investigated the influencing factors of
the filtration effect using on theoretical analysis. Maghous
et al. [9] developed a numerical solution for cylindrical per-
meation grouting in porous media based on the theoretical
model proposed by Saada et al. [4]. Chupin et al. [10] inves-
tigated the influencing factors of Saada’s theoretical solution
using the one-dimensional grouting test. Kim et al. [11] and
Zhou et al. [12] proposed the filtration characteristics of
grout in porous media mathematically and developed a
method for calculating the reduction of soil porosity caused
by grouting. Zhou et al. [13] investigated the radial distribu-
tion of the cement concentration under the filtration effect in
the improvement of a pile foundation through grouting.
Yang et al. [14] simulated the grouting process by coupling
the filtration effect with the erosion effect.

However, the experimental study for investigating the
spatial distribution of cement particles in the soil layer is rel-
atively rare and the distribution of cement particles could
influence the strength of the grouted layer directly. There-
fore, a series of grouting tests in a sand layer and the Ethyl-
enediaminetetraacetic Acid (EDTA) titration tests using
grouted sand samples were conducted to investigate the
distribution of the cement particles along the direction of dis-
persion. The test results of this study were subsequently used
to verify the effectiveness of an existing theoretical equation.

2. Test Materials and Test Method

2.1. Grouting Test

2.1.1. Test Materials. The injectability of soil is an important
factor affecting the filtration effect. When the cracks or voids
in soil are much larger than the cement particles in the grout,
the grout can be easily injected and the filtration effect is not

significant [15]. If the size of the cement particle in the grout
is larger than that of the voids in soil, the grout cannot be
injected into the soil. When the size of the grout particles is
close to but smaller than that of the voids in soil, the soil skel-
eton will act as a filter, resulting in the retention of grout par-
ticles in the voids. Therefore, the ratio of the soil particle size
to that of grout grouting materials affects the injectability of
soil. The commonly used criterion is as follows [2]:

D15
d85

≥ 15,

D10
d95

≥ 8,
ð1Þ

where D10 and D15 are the diameters of soil particles corre-
sponding to 10% and 15% finer, respectively. d85 and d95
are the corresponding diameters of 85% and 95% finer of
grouting materials, respectively.

Based on the criterion as shown in Equation (1), the test
materials were selected. P.Ι 42.5 ordinary Portland cement
produced by Henan Zhuonenda Construction Materials
Co., Ltd. was selected as the cement used in this study. The
sand layer was filled in the test box layer by layer (the thick-
ness of the layer is 5 cm), with a moisture content of 5%,
moist density of 2.65 g/cm3, porosity of 0.42, and permeabil-
ity of 0.344m/s. Figure 2 shows the grading curves of cement
and sand used in this study.

As shown in Figure 2, for the sand used in this study,
D10 = 0:20mm andD15 = 0:14mm, while for the cement used
in this study, d85 and d95 equals 0.0095mm and 0.021mm,
respectively. According to Equation (1), D15/d85 ≈ 15 and
D10/d95 ≈ 9:5. Therefore, the cement grout is injectable in
this sand layer and the filtration effect would occur during
grouting [16].

(1) Grouting Test Device. Figure 3 shows the test set-up used
for the grouting test in this study. The device is composed of
a test box, a grouting system, a compressor, and a measuring
system as shown in the figure. During the test, the grout was
pumped with constant pressure into the sand, which was
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Figure 1: Schematic diagram of the filtration effect.
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constructed layer by layer in the test box, and the whole pro-
cess was monitored. The flowmeter was used to record the
volume of the grout injected into the sand layer. The elec-
tronic balance underneath the grout tank was used to mea-
sure the weight difference before and after grouting, so as to
determine the amount of the cement grout injected. The
injection was stopped when the amount of cement grout
did not change.

2.1.2. Test Plan. In order to study the spatial distribution of
cement particles in the sand layer under the filtration effect,
three kinds of cement grouts with a water-cement ratio of
0.8, 1.0, and 1.2 were used in the grouting tests under three
different pressures. The corresponding volumetric content
of cement particles in the grout is 0.294, 0.250, and 0.217,
respectively, according to the following equation:

ω = ρw
ρw + W/Cð Þρc

, ð2Þ

where ω is the volumetric content of cement particles in the
grout.

Table 1 shows the grouting test plan.

2.2. Test of Cement Content along the Radius of the Cemented
Mass. The distribution of cement particles along the radius of
the cemented mass was quantitatively analyzed using the
EDTA sodium titration method. For the EDTA test, samples
were taken at the positions of 0, 0.2, 0.4, 0.6, 0.8, and 1 time of
the radius of the cured cemented mass. Figure 4 shows the
cemented mass and the samples cut from the mass used for
the EDTA test.

2.2.1. EDTA Disodium Titration Apparatus and Process. In
the test, the sample of the cemented mass was dried in an
oven first and then grinded into fines in a mold. The grinded
fines were then put into a beaker for titration. Firstly, the
Ca2+ in a grinded fine sample was extracted by adding a weak
acid solution, NH4Cl, into the beaker. Then, the pH value of

the solution was adjusted to 12.5-13.0 by adding NaOH solu-
tion so as to eliminate the interference of other ions during
titration, such as Mg2+, Fe3+, Al3+, and Mn2+. A small
amount of a calcium red indicator was added to the extracted
solution to form a red complex with Ca2+. The extracted
solution was then titrated with the EDTA disodium standard
solution until the color turned from red to light blue.

To obtain the cement content of the grouted mass by the
titration test, the correlation between the consumption of
disodium EDTA and the cement content should be obtained
first. Seven samples with the cement content (by weight) of
5%, 10%, 15%, 20%, 25%, 30%, and 35% were prepared and
used for the titration test. Figure 5 shows the consumption
of the EDTA disodium solution of the samples with various
cement contents. As shown in Figure 5, linear regression
can be conducted to obtain a linear correlation between the
cement content and the amount of the EDTA disodium con-
sumption. During the test, the amount of the EDTA diso-
dium standard solution consumed in titration was recorded
and correlated with the cement content in the sample based
on Equation (2).

2.3. Test Results and Analysis

2.3.1. Radius of Cemented Mass. Grouting was carried out
according to the scheduled various cement grouts under dif-
ferent pressures. Table 2 shows the corresponding parame-
ters measured or calculated for each test, including the
radius of injector, r0, the porosity of the sand layer, the filtra-
tion coefficient, the injection rate, and the radius of the
cemented mass. It should be noted that the influencing factor
of filtration coefficient a is difficult to obtain by the theoreti-
cal method and was obtained by back-calculation based on a
one-dimensional grouting test [10, 17, 18].

2.3.2. Distribution of Cement Particles. Figures 6(a)–6(c)
show the cement content by weight along the radius of the
cemented sand mass under different injection pressures. As
shown in the figure, in general, the distribution of cement
particles along the direction of dispersion demonstrates a
nonlinear reversed S shape. The reason for the phenomenon
is that, due to the filtration effect, cement particles tend to be
retained close to the grouting injector, resulting in a higher
cement content in the center of the mass body. For a cement
grout with a certain water-cement ratio, the dispersion dis-
tance (namely, the radius of the cemented sand mass)
increased with the increase in the grout pressure. In other
words, a higher grout pressure was able to carry the cement
particles to a farther distance under the filtration effect.

On the other hand, under the same grout pressure, the
radius of the cemented sand mass increased with the increase
in the water-cement ratio of the grout. In other words, the
cement particles tend to be clogged close to the injector for
a grout with a low water-cement ratio and are easy to be
moved to a farther distance when the grout has a higher
water-cement ratio. In addition, a grout with a lower water-
cement ratio (a higher concentration) not only results in a
smaller cemented sand mass but also leads to a higher
decreasing rate of cement content along the radial direction.
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Figure 2: The gradation of cement and sand used in this study.
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The reason is that the retention of cement particles close to
the injector enhanced the filtration effect and, as a result,
led to the difficulty for cement particles to pass through the
voids in sand clogged by cement particles. Another phenom-
enon worthy to be considered is that, even though the grout
with a lower cement concentration could move farther under
a certain grout pressure, the cement content at the edge of the

cemented sand mass is generally lower, indicating the poor
improvement in strength. It is usually considered that a
cement content of 8% in soil is required for improving a sand
layer. With this criterion, as shown in Figure 6, the test with a
water-cement ratio of 1.0 had the highest ground improve-
ment radius and that with a water-cement ratio of 0.8 had
the lowest ground improvement radius. These results
indicate that there is an optimum water-cement ratio for
the grout during grouting in a certain layer and the water-
cement ratio should be chosen carefully in engineering
practice.

2.4. Comparison of the Calculated and Experimental Results.
According to Saada et al. [4], without considering the influ-
ence of time, the volume content of cement particles per unit
volume can be expressed as

φc =
n0

1 + 1/ωð Þ − 1ð Þ exp a/r20V0
� �

r3 − r30
� �

/3
� �� � r0 ≤ r ≤ Rð Þ,

ð3Þ

where n0 is the porosity before the slurry is injected into the
soil and a is the filtration coefficient.
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(a) Schematic diagram of the grouting test device
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Figure 3: Test set-up.

Table 1: Test plan.

No. of
tests

Volumetric content
ω (W/C)

Grouting
pressure (kPa)

Porosity of
soil (n0)

1

0.294 (0.8)

180

0.42

2 200

3 220

4

0.250 (1.0)

180

5 200

6 220

7

0.217 (1.2)

180

8 200

9 220
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In Equation (3), φc is the volume content in the slurry dif-
fusion area and can be expressed as

φc =
V c

V c +Vw +V s
, ð4Þ

where Vc is the volume of cement particles (cm3), Vw is the
volume of water (cm3), and V s is the volume of sand (cm3).

Assuming that the soil pore is completely filled with
cement slurry, there are

Vc +Vw =Va, ð5Þ

where Va is the pore volume of sand (cm3).
The pore volume, particle volume, and porosity of soil

have the following relationships:

Va
V s

= n0
1 − n0

: ð6Þ

Substituting Equation (6) into Equation (5) yields

Vc +Vw = n0V s
1 − n0

: ð7Þ

Substituting Equation (7) into Equation (4) and sorting
out, one can obtain

φc =
mcρs
msρc

1 − n0ð Þ: ð8Þ

After transforming Equation (8), the expression of

(a) (b)

(c) (d)

Figure 4: Samples prepared for the EDTA test: (a) cemented mass; (b) a thin pad cut from the cemented mass; (c) a strip cut from the thin
pad; (d) samples made from the strip.
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Table 2: Grouting test results under each working condition.

Working
condition

Grouting hole
radius r0 (m)

Porosity of
soil n0

Cement volumetric
content ω

Filtration
coefficient a (s-1)

Injection rate V0
(m/s)

Radius of cemented
mass R (cm)

1

0.004 0.42

0.294 0.0029

0.0200 5.450

2 0.0331 7.545

3 0.0452 8.440

4

0.25 0.0024

0.0241 8.655

5 0.0361 10.600

6 0.0485 11.210

7

0.217 0.0020

0.0288 9.560

8 0.0395 11.473

9 0.0531 13.085
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Figure 6: Distribution of cement content along the radius of grouted mass: (a) P = 180 kPa; (b) P = 200 kPa; (c) P = 220 kPa.
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cement particle mass content λm in unit volume in the slurry
diffusion zone is obtained:

λm = φcρc
1 − n0ð Þρs + φcρc

: ð9Þ

To further validate the consistency between the calcu-
lated and experimental results of the cement distribution,
the parameters summarized in Table 2 were used in the cal-
culation. Figure 7 shows the comparison between the calcu-
lated and experimental results.

As shown in Figure 7, the trend of the calculated and
measured distribution of cement along the radial direc-
tion reasonably matches with each other. Both the mea-
sured and the calculated results demonstrate a reverse-S
shape. The calculated cement content is generally larger
than the experimental value. The reason for this phenom-
enon may be attributed to the separation of the grout
during the preparation and the set-up of the test so that
the concentration of the injected grout may be lower.
Therefore, the cement particles may be carried to a far-
ther distance.
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Figure 7: Comparison of the theoretical value and test value of cement particle mass content λm of grouting mass: (a) W/C = 0:8; (b) W/
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In addition, during the grouting process, the boundary
condition may have changed due to the filtration effect. As
shown in Figure 7, in the theoretical solution, the boundary
condition of the grout concentration at the location of the
injector is considered the initial concentration of the grout
and is independent of the grouting pressure. However, in
reality, it is found out that the higher grouting pressure
results in a higher cement content at the core of the cemented
sand mass. This result means that the filtration effect may
have changed the boundary condition and a higher grouting
pressure results in more cement particles retained around the
injector. The change of the boundary condition may cause
the errors in the theoretical analysis. Figure 7 also shows that
the errors decrease with the increase in the water-cement
ratio. The reason is not clear but might be attributed to the dif-
ferent boundary conditions caused by the different water-
cement ratios. Additionally, the cement particles outside the
radius of the cemented sand mass may exist, but not high
enough to form a cemented mass. Therefore, the cement con-
tent outside the cemented sand mass was not tested.

3. Conclusions

In this study, grouting tests and EDTA titration tests were
conducted in a laboratory to investigate the distribution of
the cement content under the filtration effect during grout-
ing. The measured results were compared with the calculated
results according to a theoretical equation from an existing
study. The following conclusions can be drawn from this
study:

(1) Under the filtration effect, the distribution of the
cement content in the grouting process demonstrates
a reverse “S” shape along the direction of dispersion.
For a certain grout, the increase in the grouting pres-
sure would lead to the increase in the cement content
and the dispersion distance in the sand layer. Under a
certain grouting pressure, the cement particles could
transfer farther through the voids of the sand layer if
the grout has a higher water-cement ratio. However,
the cement content would be lower at the edge of
the cemented sand mass, indicating the weak perfor-
mance in ground improvement

(2) If a cement content of 8% is taken as the lower limit
for ground improvement, the grout with a water-
cement ratio of 1 has the best performance in terms
of the radius of effective ground improvement,
followed by the grout with a water-cement ratio of
1.2 and 0.8. Therefore, in actual engineering practice,
an appropriate water-cement ratio of the grout needs
to be investigated to satisfy the requirement of
strength and range for ground improvement

(3) It is found out that the trend of the calculated cement
distribution along the direction of dispersion based
on the theoretical equation reasonably matches the
measured results. Under the influence of the filtration
effect, the concentration of the cement grout at the
injector may increase along with the increase in the

grouting pressure, inconsistent with the assumption
for deriving the theoretical equation. This study
proves the overall rationality of the theoretical equa-
tion and also reveals the difference between measured
and calculated results

(4) The EDTA titration test was introduced in investigat-
ing the dispersion of cement grout in dense sand by
this study, and the method is proven to be effective
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