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Abstract: Internal erosion (IE) often occurs in poorly graded sand, one of the traditional treatments is reducing 
the permeability by grouting. In recent years, nano-silica becomes a choice of grouting materials as 
its low viscosity and good penetration capacity. According to present literature, the effect of 
decreasing loss mass during IE of fine sand and nano-silica improved sand (NIS) was rarely studied. 
One of the important reasons is that, mass loss during IE was previously focused on and was weighed 
after filtering the effluent by electronic balance. More accurate weighing method should be studied, 
because electronic balance can not accurately weigh fine particles. In this paper, nano-silica not only 
acted as the grouting material but also acted as the IE process signal. So, a new grading method was 
conducted to monitor the particle size distribution in the effluent and illustrate the process of IE. 
Erosion time and permeability were also recorded and analyzed as comparison. The experimental 
results showed that the grading method can monitor precisely the diameter of loss particles and the 
composition of the effluent, grading range of 1-1000 μm can be adopted to monitor the coagulation 
of silica gel particles (1-50 μm, average diameter 11±5 μm) and fine sand particles (50-100 μm, 
average diameter 65±7 μm), grading range of 1-1000 nm can be adopted to monitor the smaller 
coagulation of silica gel particles (concentrated in the range of 1-250 nm). Through grading method, 
the IE of NIS can be divided into three stages: Removal and release of unbonded nano-silica particles 
and unbonded fine particles; Movement and discharge of bonded particles; Expansion of pores and 
instability of the whole sample skeleton. 
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I. INTRODUCTION 
IE is one of the most common failures which 

threatens dams, tunnels and levees [1-5]. Soil nature 
and states determine the vulnerability of materials 
and govern the rate of IE. Under the IE influence, 
poorly graded soil will destabilize step by step with 
internal fine particles discharging through the 
network [6-7]. Three steps of IE were identified by 
Muresan et al [8].  

• Firstly, internal defects gradually develop 
under hydraulic power (such as particle 
removal results in cumulative faults or 
displacements).  

• Secondly, progress of suffusion, fine 
particles are ensnared to the pore of larger 
particles.  

• Thirdly, extended pores or channels that are 
eroded backward.  

Masi et al [9] monitored IE processes by time-
lapse electrical resistivity tomography, and found 
that IE was a highly nonlinear dynamic process with 
time. Actually, some unimpressive evidences (like 
minor fissures, slides and depressions) were 
observed in the process of IE, while in rare cases, 
apparent geomorphic evidence could be found. For 
example, there are no abnormalities in dams at the 
beginning of IE, but the dams may collapse within a 
few hours with the lower toe of the levee begins to 
discharge like a spring. As the highly nonlinear 
dynamic process and hidden property of IE, it is 
important to monitor and analyze the process of IE 
using effective methods, and it is necessary to 
prevent the development of IE using appropriate 
control method. 

https://dx.doi.org/10.14513/actatechjaur.00679
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Grouting were widely used to reduce the 
permeability of soil (grouting materials such as: 
cement, microfine cement, sodium silicate, organic 
polymers et al.). Indraratna et al [10] used 
lignosulfonate and cement as stabilizers, mixed with 
silt and compacted. Their results showed that the 
ability of erosion resistance of the improved silt was 
effectively improved. In order to improve the erosion 
resistance of slope soil, Pei et al [11] injected 
different concentrations of modified sodium 
carboxymethyl cellulose into the soil, their results 
showed that the water stability, shear strength and 
permeability coefficient of slope soil were 
effectively improved with the increase of 
concentration of modified sodium carboxymethyl 
cellulose. The best way to strengthen the soil of 
urban areas or historic sites was low-pressure 
grouting, the good penetration of sodium-silicate 
based material made it appropriate to low-pressure 
grouting, the viscosity and gelation time of sodium-
silicate based material were controlled by adjusting 
the amount of catalyst [12]. These traditional 
materials are able to reduce permeability effectively 
and improve the strength of soil. But sometimes, the 
effect of controlling IE is not so ideal in certain 
conditions. For example, the particle diameters of 
cement-based slurries are mostly in the micron 
range, while the pores of fine/salty sands are in 
micron/nano scale, cement-based slurries can not 
effectively permeate through fine/salty sands. The 
outstanding rheological properties of sodium 
silicates and organic polymers, together with their 
low initials viscosities, facilitate permeation of soils 
as fine as silty sands. But sodium silicates have non-
negligible shrinkage and insufficient durability, 
organic polymers are often toxic which will 
contaminate soil and groundwater.  

Since the late 1980s, a new kind of materials called 
“nano-silica” has attracted attention in geotechnical 
Engineering, it has nano-scale particles, low 
viscosity, good penetration capacity, non-toxic and 
stable physicochemical properties [13-14]. Nano-
silica was usually added in concrete to change the 
microstructure and bonding properties of cement 
slurry due to its high fineness and amorphous 
structure [15]. Nano-silica was also injected to 
improve the overall strength and stability of 
surrounding rock when the broken underground rock 
was excavated [16]. For prevent pollutant migration 
and saturated soil liquefaction, nano-silica could be 
grouted into ground to form anti-seepage barrier 
[17]. When nano-silica was used to improve loose 
sand, the literature shows that nano-silica could 
effectively reduce the pore volume of sand [18]. 
Nano-silica was mainly used as additive in concrete 
or injected with a small amount into soil/rock in the 
above applications. Nano-silica should be a good 
choice to prevent the internal erosion because of its 
nano-scale, especially for fine sand with micro pores 
inside. But as a new kind of grouting materials, nano-

silica has not been used to prevent IE of fine sand 
yet, thus the anti-erodibility effect of nano-silica in 
fine sand has not been studied in the literature. 

At present, research of IE process mainly focus on 
pure granular materials like silt, sand and gravel [19-
22]. The understanding of IE phenomena relies 
mainly on laboratory experiments. Early 
experimental studies focused on the effect of particle 
size distribution in IE [23-24]. Then the spatial and 
temporal migration of fine particles were later 
recognized and qualitatively observed, and the axial 
displacement of tested soils under increased 
hydraulic gradient was measured quantitatively [25]. 
More recently, Fannin and Slanen [26], used mass 
loss, porosity change and permeability to distinct IE 
process. In previous IE tests, mass loss during IE was 
usually focused and was weighed by electronic 
balance, the effluent was collected, filtered and then 
dried to obtain the lost mass. If there were very fine 
particles in the effluent, it was hard to be collected 
and weighed. It is important to find an effective 
method to identify the process of IE when small 
particles in effluent is too hard to collect, filter and 
dry.  

In view of the complexity of IE, the limitations of 
existing IE process monitoring techniques, and the 
micro/nano meter of NIS in IE, in this paper, a new 
grading method was conducted to study the IE 
process of NIS, and traditional drying method 
(weighing by electronic balance) was used for 
comparative analysis. In order to monitor the IE 
process of NIS, a series of the IE tests were 
performed on NIS. Two results can be obtained from 
the IE tests: Firstly, it might be possible to illustrate 
the development stages of IE of NIS by the grading 
method. Secondly, IE process of NIS was 
discrepancy with different curing time. 

The structure of the paper is as follows. Section Ⅱ 
introduces the related materials and method to 
realize the IE monitoring process of NIS. Section Ⅲ 
gives results to measure the process of IE of NIS by 
the grading method. Finally, in Section Ⅳ, the 
conclusion is summarized. 

II. MATERIALS AND METHODS 

1. Characteristics and compact process of sand 
sample 

In embankment dams and levees, the liner and core 
material are usually composed by poorly graded 
sand [27]. Internal erosion is very likely to happen 
when the fines content is between 15% and 30% [28-
29]. In our IE test, standard graded sand was adopted 
by mixing particles of different sizes, the grain size 
ranged from 50 to 400 μm, the particle size 
distribution is as same as that of Fell. The standard 
sand was washed before use and dried in an oven (the 
temperature should be between 105 ℃ and 110 ℃). 
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The particle size distribution is shown in Fig. 1. The 
mixed sand was statically compacted in three layers, 
the final sand sample height was 100 mm. The 
physical properties of the sand samples are shown in 
Table 1. Internal erosion test was firstly conducted 
with sand sample before adding nano-silica, then 
water head and inflow velocity to achieve internal 
erosion were obtained.  

 

 
Figure 1. Grain size curve and proportion of 

particles of different sizes 

Table 1. Mineral composition and physical 
properties of sand samples 

Sand properties The mixed sands 
Density (g/cm3) 1.60 

Porosity 0.38 

2. Modified nano-silica sol 

Table 2.  Basic physical properties of nano-silica 
sol and catalyst  

Properties Nano-silica  catalyst 
Dynamic 
viscosity 
(mPa.s) 

10 1 

Density (kg/L) 1.1 1.07 
pH 10 7 

Concentration 
(% by weight) 

SiO2 15% NaCl 10% 

3. The sample preparation process 

In our experiment, the amount volumetric of 
colloidal silica was set to 25% of the pore volume of 
sand column. Therefore, the sand and the nano-silica 
were mixed together instead of grouting. The 
mixture was statically compacted in three layers, the 

final sand column had a height of 100 mm and 
diameter of 50 mm. The porosity of sand columns 
after adding nano-silica was 0.29. The prepared 
columns were stored in the environment of 20 ℃ and 
50% relative humidity for 2, 7 and 30 days. The NIS 
was designated as D2, D7 and D30 respectively. The 
initial permeabilities of D2, D7 and D30 were 
measured before IE test, which equalled 2.07×10-6 

m/s; 2.17×10-6 m/s and 2.73×10-6 m/s,  respectively.  

4. Testing apparatus  

The IE test equipment consisted of water supply 
reservoir, inflow pump, hydraulic transducer, 
effluent reservoir and particle sizing analyser (Fig. 
2). The IE tests were conducted at constant inflow 
rate (50 mL/min) from the top. Hydraulic 
transducers were conducted at the top and bottom of 
column to monitor the change of water head. NIS’s 
weight and mass loss, distribution of particles and 
water head were recorded with the erosion time. The 
measuring range of hydraulic transducer was from 
50 KPa to 2000 KPa, and the measurement accuracy 
was 0.10%. The size particles in effluent (from 0.01 
to 100 μm) were measured by particle sizing 
analyzer. To reduce experiment error, all NISs were 
saturated before the scour experiment and each test 
result was obtained by 3 repeated tests. 

 
Figure 2.  Experimental set-up for internal erosion 

tests. 

5. Testing methods  

To study the progress of IE, both the traditional 
drying method and the grading method were used at 
the same time. Test parameters include mass loss of 
NIS, porosity change and permeability change of 
NIS, size distribution of particles in the effluent.  

A. Loss of NIS quality 

The mass loss of NIS was obtained by the 
traditional drying method. The loss particles were 
filtered at different time points by sieves which can 
get particles larger than 100 μm. The loss particles 
were dried at 90 ℃ for 24 hours and weighed at a 0.1 
g scale. The real-time weight of NIS was obtained by 
subtracting the total mass of lost particles from the 
original weight of the sample. 

B. The porosity and permeability  

The porosity is made up of two parts. 

0

20

40

60

80

100

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Ta
m

is
at

 c
um

ul
an

t(
%

)

diameter(mm)

d>0.2mm

0.2mm>d>0.125
mm
0.125mm>d>0.05
mm
0.05mm>d



M. Cheng et al. – Acta Technica Jaurinensis, Vol. 15, No. 4, pp. 221-231, 2022 

224 

• when the particles remain stable without 
significant release, porosity is equal to the 
amount of inflow water. 

• there exist newly formed pores and 
developing cracks. The quality of water in 
the void was determined by monitoring the 
NIS weights at a 0.1 g scale. 

 The increased volume of water in the pores can be 
obtained by dividing the mass of water by the 
density, So real-time porosity can be obtained. The 
permeability was obtained with Darcy law by 
measuring the velocity of inflow water and outflow 
water.  

C. Size distribution of loss particles 

To obtain the size distribution of particles in the 
effluent, particles larger than 100 μm were collected 
by sieves that placed above the lower sump. These 
particles (diameter larger than 100 μm) were mainly 
composed of highly insoluble (silica coated) sand 
particles. The size distribution of particles (diameter 
smaller than 100 μm) was obtained by the grading 
method. The grading method was conducted by two 
particle sizing systems (PSS). For diameter ranging 
from 1 to 100 μm, the diameter and the number of 
particles were measured by single-particle optical 
sensing equipment (AccuSizer™ 780 optical PSS). 
These particles were constituted by sand particles 
and coagulation of silica gel particles. For diameter 
ranging from 1 to 1000 nm, the diameter and the 
number of particles were measured by dynamic light 
scattering equipment (Nicomp™ 380 PSS) . This 
range of particles was silica gel particles.  

III. RESULTS AND DISCUSSIONS 
In advance of IE test of NIS, the IE test of 

unimproved sand was also conducted as comparison. 
Different inflow water rates were tested in the IE test 
of unimproved sand and NIS. For the unimproved 
sand: the IE developed very quickly under inflow 
rates of 10~40 mL/min; the granular structure of the 
unimproved sand sample was promptly destabilized 
under a inflow rate of 50 mL/min, the observed 
mechanism was not IE but quicksand, the cohesion 
between sand grains disappeared and notable 
amounts of sand were discharged within 1 minute. 
For the NIS, there was practically no IE phenomenon 
observed when the eroding fluid passing through at 
inflow rates of 10~40 mL/min. In order to obtain IE 
phenomenon of NIS, an constant inflow water rate of 
50 mL/min was adopted.  

1. The mass, the porosity and the permeability 
of NIS during IE 

The mass of NIS and the mass of eroded particles 
(D2, D7 and D30) are exhibited in Fig. 3(a) and Fig. 
3(b). The results show three stages of IE. 

• First stage of mass growth. 

• second stage of plateau. 
• last stage of mass loss. 

Considering that the amount of particles flushed 
out in the early stage of the flushing experiment was 
large and changes rapidly, the measurement 
frequency at this stage was 5 min. In the subsequent 
long period of time, the internal structure of NIS was 
still relatively stable under the scouring of water 
flow, the lost particles were small in size and small 
in number, and the overall quality of NIS changes 
little. Therefore, this period of time was defined as 
the second stage in this paper, and the measurement 
frequency was 30 min.  

 
(a) the mass variation 

 
(b) mass of eroded particles 

Figure 3. Evolutions of: (a) the mass variation, and 
(b) mass of eroded particles of D2, D7 and D30, 

respectively. 
At the first stage, the mass of column grown with 

time {at t = (0~144)×103 s for D2, (0~511)×103 s for 
D7 and (0~510)×103 s for D30}. The mass intake 
rates for D2, D7 and D30 were 1.71×10-5 g.s-1, 
1.82×10-5 g.s-1and 0.63×10-5 g.s-1 respectively. It can 
be deduced that in this stage, the unbonded nano-
silica particles and unbonded fine particles began to 
move, more water flowed to the new holes and 
cracks.  

At the second stage, the mass of column did not 
change with time {at t=(144~230)×103 s for D2, 
(511~612)×103 s for D7 and (510~711)×103 s for 
D30}. It supported existence of the second IE stage 
of unimproved sand when the mass was balanced: 
On the one hand, the continuing discharge of fine 
particles; On the other hand, increasing mass of 
inflow water occupied the holes and cracks in the 
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column. The continuing time of the second stage was 
201×103 s for D30, which was much longer than that 
for D2 and D7 (86×103 s and 101×103 s, 
respectively). This phenomenon illustrated that, for 
D2, the improvement effect was not as good as D7 
and D30. So, for the improved sand, the mass plateau 
of NIS meant no more mass loss, if this stage 
continued with time, no more IE happened, thus the 
nano-silica improvement was proved effective. 

At the last stage, the curve of masses decayed 
quickly. The loss speed of mass was 97.05×10-5 g.s-

1, 80.65 ×10-5 g.s-1 and 66.26×10-7 g.s-1 for D2, D7 
and D30 respectively. It was clear that the IE 
developed the most quickly for D2, and the IE 
developed the most slowly for D30. That was to say, 
nano-silica was more effective for 7 or 30 days’ 
curing.  

The porosity and the permeability of NIS in 
different scouring times are exhibited in Fig. 4(a) 
and Fig. 4(b).  

 
(a) pore volume 

 
(b) intrinsic permeabilities 

Figure 4. Evolutions of: (a) pore volume, and (b) 
intrinsic permeabilities of D2, D7 and D30, 

respectively. 
In Fig. 4(a), the porosity during IE of D2, D7 and 

D30 are shown, we can summarize the following 
laws:   

• At the first step, the porosity increased 
markedly, then the growth slowed down 
apparently, this law was consistent with the 
mass intake step which was obtained by 
mass analysis.  

• At the second step, the curve tended to be 
flat, which showed that the sample structure 
was stable. The stabilization times lasted 

52×103 s, 360×103 s and 410×103 s for D2, 
D7 and D30, respectively. The differences 
of stabilization time were more sensitive by 
analyzing porosity than mass change of 
columns. 

• At the last step, the rate of growth suddenly 
accelerated, which indicated the increase of 
porosity due to particle’s flushing. The 
period was corresponding to mass loss 
analysis {at (174.6-324) ×103 s for D2, 
(594–720) ×103 s for D7 and (612-864) 
×103 s for D30}.  

The failure stages of D7 and D30 were slower than 
that of sample D2. That was to say, nano-silica was 
more effective for 7 or 30 days’ curing.  

The permeability of sand was affected by the 
contraction geometry and the interconnections state 
between the pores. The result showed that the 
evolution of NIS permeability tended to decrease 
firstly, remained unchanged for a while and 
increased lastly. At the beginning of IE test, fine 
particles gradually moved under the action of inflow 
water, thus a temporary blockage of the pore 
channels happens in the bottom of NIS, which 
showed a rapid decrease of permeability. The similar 
law has been obtained in the references [30-32].  

Then, after a period of stabilization, the 
permeability increased with the development of IE. 
The change law of permeability was mostly similar 
with that of mass and porosity, as all the factors were 
result from the three steps of IE development. But 
the permeability change was more sensitive in the 
first step due to the influence of blockage of fine 
particles in the bottom of sample. With the increased 
of curing time, the stabilizing time of second IE step 
increased. Compared with D2, the stabilizing time of 
D7 and D30 was longer, which indicated that the 
internal void’s filling degree of D7 and D30 was 
higher. 

2. The grading analysis of the effluent(1~1000 
𝛍𝛍𝛍𝛍) 

Fig. 5(a-c) shows the size composition (range of 
1~1000 μm) of discharged particles during IE test. 
These particles were constituted by the coagulation 
of silical particles (1-50 μm, average diameter 
11±5 μm) and fine sand particles (50-100 μm, 
average diameter 65±7 μm). The particle number of 
each size was precisely counted by AccuSizer™ 780 
optical PSS, as a result, the particle number of each 
size was huge and was hard to show. The method of 
relative proportion method was adopted instead of 
showing numbers of particles. 

Three factors are shown in each figure: erosion 
time, size of particles and occurrence probability. 
The numbers 0-10 above the chart represent the 
occurrence probability of the particles discharged 
during IE. The higher the number, the greater the 
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probability. On the other hand, it represents massive 
release of the particles with a certain size. The 
formula for the probability of occurrence is shown in 
(1). 

𝑝𝑝 = 10
𝑑𝑑𝑛𝑛
𝑑𝑑1

 (1) 

n is the particle diameter (range of 1~1000 μm); dn 
represents the total number of particles greater than 
or equal to the particle size; d1 represents the total 
number of particles with a particle diameter greater 
than or equal to 1 μm, that is, the total number of 
particles 

 
(a) D2 

 
(b) D7 

 
(c) D30 

Figure 5. Contributions of micrometric particles 
(finest sand sample grains + eroded silica gel 

particles) to the instantaneous discharged mass of 
NIS for IE tests with (a) D2, (b) D7, and (c) D30, 

respectively. 

Those tendencies were convex on both sides and 
concave in the middle. From quantitative 
perspective, those figures of D2, D7 and D30 
showed that the discharges particle size was mostly 
concentrated in the range of 1-20, 1-15, 1-10 μm in 
first stage of IE (Lasting time about 1800 seconds). 
At the second stage, the corresponding discharged 
particles were concentrated in the range of 1-5 μm. 
At the last stage, the particles discharged rapidly, and 
the diameter of particle size was up to 80 μm. 
According to the results, those discharged particles 
demonstrated the continuous erosion. The 
weakening bonding effect of nano-silica leaded to 
the abundantly removal of fines and the subsequent 
instability of the coarse particles.  

Those particles provided valuable information 
about IE dynamic evolution of NIS and the 
movement law of particles during IE. Particles 
discharged was mostly concentrated in the range of 
1-20 μm in the first two steps of IE, which indicated 
that, the discharged particles were mostly the 
coagulation nano-silica which had less cohesive 
effect to sand particles and was easy to discharge. As 
indicated by previous results, most fine particles 
were initially fixed in closed pores or cavities, there 
were rare sand particles discharging in the first step 
of IE. Then, the swift released of particles bigger 
than 50 μm can be seen as signal of the discharge of 
fine sand particles the last stage. On the basis of 
those facts we can reach the following conclusion: 
After adding nano-silica, the development of IE was 
significantly delayed; The judgemental norm of IE 
step by proportion of fine sand particles should be 
raised; As well, more attention should be paid to the 
motoring the nano-silica discharged, and to study the 
cohesive effect of nano-silica; Nano-silica particles 
occupied a considerable part of 1-100 μm erosive 
particles either in the field of volume (70±8%, 
79±8% and 73±15%, respectively) or mass 
(54±10%, 67±11% and 65±19%, respectively).  

In Fig. 5(a-c), we can find that with the 
prolongation of curing time, the reinforcement effect 
of the samples gradually increased, and the erosion 
resistance time was prolonged. At the same flushing 
time point, the smaller the particle size and the 
smaller the number of flushed particles, which meant 
that the process of internal erosion was greatly 
slowed down and effectively suppressed with the 
prolongation of curing time. 

3. The grading analysis of the effluent(1~1000 
nm) 

Fig. 6(a-c) shows the size composition (range of 
1~1000 nm) of discharged particles during IE test. 
Monitoring the dynamic removal process of nano-
silica particles was of great significance to study the 
seepage failure process of NIS. As nano-silica was 
nano-scale material, the nano-scale equipment 
(Nicomp™ 380 PSS) was used in trials to measure 
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the particle size distribution in the effluent. The 
results were shown in Fig. 6(a-c) with the same 
analytical method as the grading method for the 
effluent (particles range from 1 to 1000 nm). 

 
(a) D2 

 
(b) D7 

 
(c) D30 

Figure 6. Contributions of nanometric particles 
(eroded silica gel particles) to the instantaneous 

discharged mass of NIS for IE tests with (a) D2, (b) 
D7, and (c) D30, respectively. 

According to Kenney et al [33], when the size of 
the main channel of the filter structure is about 1/4 
of the size of the particles that make up the filter 
structure in the pore network, fines can migrate in the 
channel. This means that the eroded silica gel 
particles (if the diameter is smaller than 11±5 μm) 
can pass through the narrow channel formed by the 
smallest particles of adjusted standard sand (average 
diameter of 65±7 μm). If the filling effect of nano-

silica sol is good, the internal pore size can be limited 
or the diameter of the pore diameter can be reduced, 
the aim of enhancing structural stability and 
restraining erosion can be achieved. So, the lower 
concentration of silica particles primarily reflects the 
high stability to resist erosion (such as: D30).  

At the beginning of IE test, the unstable nano-
silica particles separated from NIS. The particle 
discharged was generally larger (diameter of 1-200 
nm for D2 and D7 due to short curing time, while 
the particle discharged was smaller (diameter of 1-
50 nm for D30 with sufficient curing time. At the 
middle of IE test, the plateau step started and stopped 
at different times: 0.16~1.10×105 s for D2, 
0.22~3.82×105 s for D7 and 0.11~7.02×105 s for 
D30. At this stage, the loss particle sizes of D2, D7 
and D30 were concentrated in the range of 1-10 
nm,1-15 nm and 1-20 nm, respectively. The rigid 
skeleton formed by particles and binder can 
effectively support the imposed seepage stresses. 
This indicated that silica fragments were hardly got 
rid of sample under the effect of cementation. At the 
last step of IE test, small nano-silica particles 
increased and some large particles appeared in the 
effluent, the time of large particles appearing were 
(1.10-1.66)×105 s for D2, (3.82-4.14)×105 s for D7 
and (7.02-8.46)×105 s for D30, respectively), which 
matched reasonably with the beginning of fine sand 
particles discharged, the phenomenon implied that 
instability of NIS can be gauged by observing the 
occurrence of silica particles. 

4. The dynamics of particle transport within 
NIS 

Fig. 7(a-c) shows the largest micrometric particles 
(LMP; left scale) and the smallest nanometric 
particles (SNP; right scale) in the effluent. The LMP 
represents those particles that successfully separate 
from NIS. The movement is blocked when the 
particle diameter is larger than the internal network 
channel, while the size of the eroded particles is 
smaller than the internal channel of NIS, these 
particles will flow through the pore network with the 
injected water. Therefore, the change of LMP can be 
regarded as the evolution process of the internal 
network channel size. The SNP describes the finest 
silica that can be mechanically dislodged from the 
binder by seepage. A rule can be assumed that SNP 
sizes should be proportional with seepage stresses: 
i.e. coarser silica colloids would be dislodged at 
higher shear forces. 

From the LMP data, the LMP value was about 
twice the value obtained by Kenney's formula (~55 
μm) at the beginning of IE test. The reason was that 
those superficial, unfiltered sand grains are 
discharged firstly. Later, {at t=(0.61~7.20, 
1.19~3.60 and 0.29~1.19)×103 s for D2, D7 and 
D30, respectively}, The significant decreases of 
LMP signaled the further narrowing of the channel, 
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the minimal sizes of D2 rapidly tended to stabilize 
around 40~50 μm (70±1 and 60±3 μm for D7 and 
D30, respectively). 

 
(a) D2 

 
(b) D7 

 
(c) D30 

Figure 7. Diameters of largest micrometric particles 
in effluent (LMP; left scales, filled circles) and 

smallest nanometric particles in effluent(SNP; right 
scales, empty circles) for IE tests with (a) D2, (b) 

D7, and (c) D30, respectively 

The diameter of the LMP was also maintained in a 
relatively stable range. SNP and LMP followed the 
similar laws. This phenomenon suggested that shear 
forces transfer some particles into the pore or 
network (such as unstable coarse silica fragments or 
sand grains) for partially blocking and filling the 
internal channels in early stage. Based on previous 
research and measured IE rates, the area of plateau 
not only described the low erodibility of NIS, but it 
also explained that the fine particles in motion 
(50~100 μm) were blocked by binder. At last, in the 
stage of mass loss, peaks of SNP matched with 

higher concentrations of grains (50~100 μm) {at t = 
(2.77~4.21)×106 s for D2, (6.10~7.63) ×106 s for D7 
and (6.12~9.11)×106 s for D30}. By comparing the 
quality change curve obtained by the traditional 
drying method, the data of the grading method and 
has been verified, and it is simpler and more exact. 

With the prolongation of curing time, the 
reinforcement effect of NIS gradually increased, and 
the erosion resistance time was prolonged. At the 
same scouring time point, the smaller the particle 
size and the smaller the number of flushed particles, 
which meant that the process of internal erosion was 
greatly slowed down and effectively suppressed with 
the prolongation of curing time 

5. Data synthesis 

The grading method was conducted and compared 
with the traditional drying method. The IE 
development law of NIS was summarized. 

• At the first stage, mass growth was related 
to the filling of pores by inflow water and 
the flushing of movable unbonded nano-
silica particles and unbonded fine sand 
particles. At this step, through the grading 
method, it was found that the particle size 
of the lost particles decreased markedly.  

• At the second stage, the internal structure of 
the sample was stable, the IE developed 
very slowly, while the size of particle in the 
effluent kept in a low value. 

• At the last stage, the mass loss revealed the 
dynamic release of particles and the gradual 
instability of the rigid skeleton. The 
increase of porosity and permeability 
showed that pores or capillary channels 
developed significantly, and the range of 
particle size in the effluent increased 
significantly.  

IV. CONCLUSIONS 
For soil with fine particles and small pores, 

grouting and monitoring the process of internal 
erosion is difficult. This research was planned and 
carried out with the purpose of filling the scientific 
gaps regarding the use of new method as 
replacement of the traditional drying method for 
monitoring IE of NIS. The laboratory research 
results of IE process of NIS were introduced. The 
grading method and the traditional drying method 
were compared and analyzed. The grading method 
can identify the process of IE of NIS by monitoring 
the distribution of particle size in the effluent with 
time. The process of IE of NIS can be divided into 
three stages: 

• Removal and release of unbonded nano-
silica particles and unbonded fine particles. 

• Movement and discharge of bonded 
particles. 
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• Expansion of pores and instability of the 
whole sample skeleton. 

Grading range of 1-1000 μm can be adopted to 
monitor the coagulation of silica gel particles (1-50 
μm, average diameter 11±5 μm) and fine sand 
particles (50-100 μm, average diameter 65±7 μm). 
In the second stage, a large number of particles with 
1-5 μm appeared, indicating that the internal 
structure of NIS began to be destroyed. In the third 
stage, when large particles with 50-100 μm 
appeared, NIS can no longer bear the damage of IE. 

Grading range of 1-1000 nm can be adopted to 
monitor the smaller coagulation of silica gel particles 
(concentrated in the range of 1-250 nm). The range 
of particle size corresponding to the second stage is 
1-20 nm. When the number of particles in this range 
rapidly decreased, it indicated that IE had entered the 
third stage and NIS was about to be destroyed.. 

With the extension of curing time, the 
impermeability of NIS improved, which can be 
judged by the appearance time of each particle size.  

This study successfully demonstrate that the 
grading method is more accurate and simpler than 
traditional drying method for soil with fine particle 
and small pore size. So, for ensure the safety of the 
underground structure, it is necessary to monitor IE 
of NIS by the grading method in long time. We have 
to point out that only one graded sand sample is used 
in our research. the IE rule of NIS after 30 days of 
curing is also not considered. In the future research, 
we will gradually improve the grading method to test 
the improved soil with different grades and longer 
curing time. 
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