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Abstract

Some accidents of dams are attributed to suffusion around open-framework gravel (OFG) in sandy gravel alluvium.
However, whether OFG can be really an internal seepage exit of fine particle migration in the field or not? How much the
effect of OFG on suffusion is? These problems have not been investigated yet. This paper presented a list of flume-scale
suffusion tests to investigate suffusion at the tip of a cutoff wall in sandy gravel alluvium with OFG. The results indicate
that suffusion first initiates at the downstream side of the tip of the cutoff wall in the test without OFG, while in the tests
with OFG, it initiates at the upstream side of OFG, and then both mainly progress backward to the upstream side. OFG
significantly decreases the hydraulic gradients at the initiation of suffusion and at blowout. In addition, the experimental
results also confirm that OFG is likely to be an internal seepage exit of fine particle migration in the field. A large number
of fine particles and some coarse particles in the sandy gravel are eroded into OFGs in the tests, and OFG significantly
increases the settlement induced by blowout; meanwhile, it makes the settlement unstable after blowout.
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1 Introduction

Suffusion is a phenomenon that involves the migration of
fine particle in a coarser soil matrix and may induce
unacceptable deformation [3, 9]. The unacceptable defor-
mation induced by suffusion may damage main measures
controlling the underseepage of dams, and eventually threat
dam safety. Sandy gravel alluvium is the Quaternary
unconsolidated sediment that has been accumulated in
valleys. It has loose structure, lithologic discontinuity,
complicated genetic types, non-uniform physical and
mechanical properties, and high permeability. Sandy gravel
alluvium always contains internally unstable soils and is
prone to suffusion. In the worst-case scenario, sandy gravel
alluvium also contains open-framework gravel (OFG)
[11, 14, 19, 20, 26], OFG is always found in gravelly flu-
vial deposits, it occurs as planar strata and cross strata of
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varying scale, and it is interstratified with sand, sandy
gravel, and gravelly sands [19, 20]. OFG is poorly graded
gravel and classified as GP based on unified soil classifi-
cation system (USCS) [14], and it has negligible sand
content and large permeability. The large permeability is
due to the lack of sediment blocking pore space between
gravel grains. Based on the description of Lunt and Bridge
[19], the permeability of OFG is one or two orders of
magnitude greater than sandy gravel, and up to four orders
of magnitude greater than sand [19].

Dams built on such sandy gravel alluvium containing
internally unstable soils and OFG may be more susceptible
to suffusion or seepage failure. On the one hand, OFG
strata may be connected to form preferential flow pathways
[11, 20], and it can provide enough space for the fine
particles eroded from surrounding internally unstable sandy
gravel. Consequently, OFG may decrease the hydraulic
condition at the initiation of suffusion. Foster et al. [12]
concluded that OFG was one of the most important factors
influencing the initiation of suffusion. On the other hand, a
large number of fine particles are eroded into OFG in the
evolution of suffusion, and then, it may induce unaccept-
able deformation of foundation and eventually damage
anti-seepage measures of dams. In the first impoundment of
Tarbela Dam in Pakistan, the unacceptable deformation
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induced by suffusion was observed in the upstream
impervious blanket, which is the main measure controlling
the underseepage of the dam. Three hundred and sixty-two
sinkholes and 140 cracks were found on the blanket. Most
of the sinkholes have diameters in the range of 0.3-4.5 m
and depths from about 1.2 to 1.8 m. The largest sinkhole is
12.2 m in diameter and 4.0 m in depth [31]. Ul Haq [31]
and Fell et al. [10] inferred that the serious accident of
Tarbela Dam was mainly attributed to suffusion around
OFGs in the deep sandy gravel alluvium foundation. In
addition, the accidents of Three Sisters Dam in Canada and
Mogoto Dam in South Africa are also induced by suffusion
around OFGs [12].

At present, cutoff walls have been widely used to con-
trol underseepage of dams constructed on sandy gravel
alluvium foundations [27]. The 30 case histories of dams
assembled by Rice and Duncan [27] indicate that cutoff
walls drastically increase hydraulic gradients around the
boundaries of the walls and significantly give rise to suf-
fusion. Under extreme adverse conditions in the field, if
OFG is adjacent to the tip of a cutoff wall, as depicted in
Fig. 1, suffusion around the tip of cutoff wall and OFG
may be a significant threat for dam safety. However, how
much the effect of OFG on suffusion is? Whether OFG can
be an internal seepage exit of fine particle migration in the
field or not? These problems have not been investigated
yet. So it is worthy of investigating these two problems.

For suffusion to occur, two criteria have to be satisfied:
(a) a geometric criterion: Several geometric criteria have
been proposed to evaluate internal instability of soils, such
as Kenney and Lau [15], Wan and Fell [33], Li and Fannin
[17], Indraratna et al. [13], Chang and Zhang [6], and
Marot et al. [23]; and (b) a hydromechanical criterion:
Suffusion is always governed by hydraulic gradient and
effective stress within soils [5, 18, 21, 22]. The topic of this
study is related to the hydraulic criterion of suffusion. At
first, effect of hydraulic gradient on suffusion was inves-
tigated. The tests performed by Skempton and Borgan [29]
found that the critical hydraulic gradient initiating suffu-
sion in internally unstable sandy gravel was far lower than
that given by Terzaghi [30]. Recently, effect of stress state

on suffusion was also considered. Bendahmane et al. [4]
underlined the effect of confining pressure on suffusion.
Moffat et al. [24] investigated the spatial and temporal
progressions of suffusion under uniaxial load. Moffat and
Fannin [25] found that the critical hydraulic gradient at the
initiation of suffusion increased with the increase in mean
vertical effective stress. Chang and Zhang [5] investigated
the effects of confining pressure and deviator stress on
suffusion, and they defined three critical gradients termed
as initiation, skeleton deformation, and failure hydraulic
gradients. Luo et al. [21] investigated the effect of deviator
stress on the initiation of suffusion. The results indicate
that deviator stress has significant influence on the initia-
tion of suffusion. Based on the experimental results, an
empirical method determining the critical hydraulic gra-
dients under complex stress states was also developed. Luo
et al. [22] focused on suffusion at the bottom of a cutoff
wall in an internally unstable sandy gravel alluvium. The
results suggested that the hydraulic gradients at the initia-
tion of suffusion and at blowout linearly increased with the
increase in overburden pressure. However, only a single
layer of sandy gravel alluvium was considered by Luo et al.
[22]. In addition, Correia dos Santos et al. [7, 8] investi-
gated the crack-filling ability of gap-graded sandy gravels,
which are susceptible to suffusion and are located upstream
of an erosion path in the core of a zoned dam. The
experimental results indicate that the sand content of the
sandy gravel, and its relation with D;sg of the downstream
filter, is critical for rapid crack filling to occur.

It can be seen that present studies mainly focus on the
suffusion geometric and hydromechanical criteria of
internally unstable soils; however, the influence of OFG on
the evolution of suffusion, which is the main reason
inducing serious accidents of dams [10, 12, 31], has not
been investigated yet. The objective of this study focused
on this influence. Two soils, internally unstable sandy
gravel and internally stable OFG, were tested, and the
flume-scale suffusion apparatus designed by Luo et al. [22]
was employed. First, as a benchmark, one flume-scale
suffusion test without OFG was performed to investigate
the evolution of suffusion in sandy gravel alluvium.
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Fig. 1 Illustration of suffusion around OFG and the tip of a cutoff wall in sandy gravel alluvium
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Second, four flume-scale suffusion tests with sandy gravel
and OFG were then carried out to investigate the effect of
OFG on suffusion. Finally, effects of OFG on the settle-
ment and fine particle migration were also studied
comprehensively.

2 Methodology

2.1 Flume-scale hydromechanical suffusion
apparatus

A flume-scale hydromechanical suffusion apparatus
depicted in Fig. 2 was developed by Luo et al. [22]. The
apparatus consists of an axial loading system, a seepage
pressure system, a funnel-shaped drainage system, speci-
men container, and a data acquisition system. The axial
loading system simulates the overburden pressure acting on
soils, such as from a high earthen or rockfill dam, and it can
provide a maximum pressure of 3.3 MPa. The seepage
pressure system provides the driving power for fine particle
migration, and it has two modes applying hydraulic head: a

s Y

high mode (3 m < 7 < 50 m) and a low mode (7 < 3 m).
The high mode is realized by a pressurized water source,
and the low mode is controlled by raising a water tank. The
funnel-shaped drainage system is comprised of a down-
stream perforated plate with 5-mm pore opening size, a
downstream catchment basin, and a funnel-shaped outlet.
The eroded particles can pass through the downstream
perforated plate into the funnel-shaped outlet freely and are
collected in the downstream catchment basin. Pore opening
size of the downstream perforated plate may have signifi-
cant influence on suffusion. In previous studies [5, 16, 24],
the ratio of pore opening size to the largest fine particle size
ranges from 6.7 to 28.5; in this study, the ratio is 7.1, so it
can be concluded that the adopted pore opening size is
suitable. The specimen container is used to compact a
specimen with a cutoff wall. The data acquisition system
consists of a vertical displacement transducer with a reso-
lution of 0.01 mm to measure specimen deformation dur-
ing test, a pressure transducer to record overburden
pressure, and 22 pore pressure measurements in the spec-
imen. Pore pressure probe and plastic tube with an external
diameter of 4 mm are installed in specimen and connected
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Fig. 2 Sketch of the flume-scale hydromechanical suffusion apparatus [22]
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to the pore pressure transducer located outside of the
specimen. In order to reduce the impact of plastic tube on
the erosion process, the plastic tubes used in this study are
as small as possible. Meanwhile, all the pore pressure
measurements were installed on the central axis of speci-
men to eliminate boundary effect. The following experi-
mental results also indicate that the impact of plastic tube
on erosion process is small.

2.2 Characteristics of the testing soils

Figure 3 depicts the particle size distributions of the two
testing soils. Sandy gravel is similar to that in Luo et al.
[22], and the main difference is the largest particle size.
The largest particle sizes of the sandy gravels in this study
and Luo et al.’s [22] are 40 mm and 60 mm, respectively.
Decreasing the largest particle size can improve the relia-
bility of test results. Based on the study of Lunt et al. [20],
the particle size distribution of OFG is significantly dif-
ferent from that of surrounding sand or sandy gravel.
Consequently, in order to represent the main characteristics
of OFG in the field, the OFG in this study is similar to that
reported by Lunt et al. [20], as depicted in Fig. 3. It is
composed of gravels with diameters ranging from 2 to
40 mm. Table 1 depicts the assessment of internal stability
of the two soils using several geometric criteria
[6, 15, 17, 33]. According to the geometric criteria, the
sandy gravel is internally unstable, whereas the OFG is
internally stable. Base on the method proposed by Wan and
Fell [32], the largest fine particle size for the sandy gravel
is 0.7 mm, and corresponding fine particle content is about
19%, which is lower than the critical value (29% for loose

state or 24% for dense state) postulated by Kenney and Lau
[15]. So this sandy gravel has large internal voids that fine
particles can enter. According to ASTM D2434-68 [1], the
permeability of the sandy gravel and OFG is approximately
2.3 x 1072 cm/s and 2.21 cm/s, respectively. The perme-
ability of the OFG is also consistent with that reported in
Lunt et al. [20].

2.3 Specimen preparation and instrumentation

Table 2 shows the summary of the five suffusion tests. As a
benchmark, one suffusion test without OFG, which is ter-
med as test N-OFG, was performed first. Figure 4a shows
the schematic of specimen and instrumentation configura-
tion of test N-OFG. The specimen is 1000 mm long,
500 mm high, and 300 mm thick. A flow condition around
the cutoff wall in the field was simulated in this test. The
cutoff wall was simulated by a steel plate that is 10 mm
thick, 300 mm long, and 400 mm deep. A clay layer was
placed along the upstream and downstream sidewalls,
respectively, to create impermeable barriers, so that seep-
age flowed over the top of the upstream clay barrier, passed
under the cutoff wall, and exited over the top of the
downstream clay barrier. The clay barriers are 300 mm
long, 340 mm high, and 50 mm thick. Sandy gravel is
compacted at a water content of 5% and a dry density of
2.36 g/cm?, and the relative density is approximately 80%.
Geotextiles were placed at the interfaces between the clay
layers and sandy gravel to prevent contact erosion. After
the compacted soil specimen reached the bottom elevation
of the cutoff wall, the cutoff wall was slid into the speci-
men container along two rubber-lined grooves on the
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Fig. 3 Particle size distributions of the testing soils
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Table 1 Evaluation of internal instability of the testing soils
Criteria Material description The soil is internally stable if Internally unstable
Sandy gravel OFG
Kenney and Lau [15] Granular soils (H/F)min > 1, Y N
For broadly graded soil, 0 < F' < 20%;
For narrowly graded soil, 0 < F < 30%
Wan and Fell [33] Broadly graded and P =1 + ¢4 Y N
gap-graded soils Z =3.875log(h") — 3.591 i + 2.436
for sand—gravel mixtures
Li and Fannin [17] Granular soils For F < 15%, (H/F)min > 1.0; Y N
For F > 15%, H > 15%
Chang and Zhang [6] Broadly graded soils P <5, (H/F)min > 1.0; Y N

5 < P <20, (H/F)m > — (1/15)P + 4/3;
P’ > 20, stable

F = mass fraction at any grain size d; H = mass fraction between grain size d and 4d; P = probability of internal instability; &' = dog/de;
' = dgg/dys; doo, deo, and dys5 = diameters of 90%, 60%, and 15% mass passing, respectively; P’ = fine particle content (< 0.063 mm) defined

by Chang and Zhang [6]; Y = internally unstable; N = internally stable

sidewalls in order to minimize sidewall leakage. Com-
paction of the soil continued with the cutoff wall in place
until the top of specimen reached the top of the cutoff wall.
Care was taken to ensure the same compaction around the
cutoff wall as in the rest of the specimen. Survey points
C1-C22 in Fig. 4a denote the 22 pore pressure measure-
ments installed in the specimen. Based on previous study
[22], suffusion at the tip of the cutoff wall can be detected
by the variation of measured pore pressures at the tip of the
cutoff wall, so the survey points installed at the tip of cutoff
wall are denser than the rest of specimen. In addition,
overburden pressure also has significant effect on suffusion
[22], so an overburden pressure of 0.2 MPa was applied in
this study. The applied pressure in this study is used to
simulate the overburden pressure caused by an earthen dam
in a sandy gravel alluvium in the field. Luo et al. [22]
mainly investigated the influence of vertical pressure on
suffusion in single-layered sandy gravel alluvium. There-
fore, the influence of vertical pressure on suffusion was not

Table 2 Summary of the suffusion tests in this study

Test no. Testing soil Overburden Coordinate of
pressure the centroid of
(MPa) OFG (x, y.) (cm)

N-OFG Sandy 0.2 Without OFG

gravel

OFG-H1 Sandy 0.2 (10.5, 0)

OFG-H2 ngV‘(‘/)lFG (15.5, 0)

OFG-H3 an (20.5, 0)

OFG-H4 (25.5, 0)

X is the horizontal coordinate of OFG centroid (cm); y. is the vertical
coordinate of OFG centroid (cm)

studied here, and this study mainly investigated the influ-
ence of OFG on suffusion in a sandy gravel alluvium.

Another four suffusion tests with OFG and sandy gravel
were carried out to investigate the effect of OFG on suf-
fusion in sandy gravel alluvium. In each test, the OFG,
which is 80 mm long, 80 mm high, and 300 mm thick, was
installed at the downstream side of the tip of the cutoff
wall, because based on the study of Luo et al. [22] suffu-
sion first initiates at the downstream side of the cutoff wall.
Meanwhile, Jussel et al. [14] and Lunt and Bridge [19]
report that OFG is commonly in the order of centimeters to
decimeters thick, meters to tens of meters in lateral extent
in the field. The horizontal coordinate of the centroid of
OFG varies from 10.5 to 25.5 cm. Figure 4b shows the
schematic of specimen and instrumentation configuration
of test OFG-HI. In order to monitor the variation of pore
pressure in the OFG during the whole process of suffusion
test, two pore pressure measurements were specially
installed at the upstream and downstream sides of the OFG,
respectively, for example C21 and C22 in test OFG-HI.
OFG is also compacted at a water content of 5% and a dry
density of 2.36 g/cm®, and the relative density is approxi-
mately 73%.

2.4 Experimental procedures

After specimen preparation and instrumentation installa-
tion, specimen container was covered by a loading plate,
and the top of the cutoff wall was connected into a rubber-
lined groove in the loading plate. An inflated rubber tire
encapsulated the perimeter of the loading plate and tightly
fitted into the inner walls of the specimen container to
prevent seepage leakage. A preferred overburden pressure
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Fig. 4 Schematic of specimen and instrumentation configuration of suffusion tests (vertical section view): a test N-OFG and b test OFG-H1

of 0.2 MPa was gradually applied onto the loading plate,
and then, saturation started. In general, the presence of air
has profound implications on the results of suffusion test,
so great efforts have been made to ensure the saturation of
specimen in this study. In every test, saturation time was
enough long; meanwhile, saturation started under a low
hydraulic head difference. For example, in test OFG-HI,
saturation started under a hydraulic head difference of
18.7 cm, and saturation time was approximately 4 h.
Effluent was constantly monitored and no fine particle
migration was observed during saturation. Pore pressure
transducer and air escape valves on the top loading plate

@ Springer

were turned on to expel air until no escaped air bubbles
were observed. When inflow rate was equal to outflow rate,
specimen was fully saturated. After saturation, seepage was
introduced into the specimen under different step-increase
hydraulic head differences. Under each step, flow rate and
settlement were recorded in every 10-min interval. In the
whole process of test, a high-definition camera was used to
monitor the migration of fine particle through the trans-
parent Plexiglas wall. In addition, the phenomena including
fine particle migration and leakage channel evolution were
also observed and recorded. If flow rate no longer changed
and no further soil loss was observed, the pore pressures at
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22 locations were recorded, and then, the next step of
hydraulic head difference was applied. The range of total
hydraulic head difference between the upstream and
downstream sides (AH) applied was different in different
tests. For example, in test N-OFG, there were nine steps in
the whole process of the test and AH varied from 46.2 to
647.4 cm; in test OFG-HI, there were 11 steps and
AH varied from 18.7 to 684.5 cm. Based on the study of
Sibille et al. [28], the failure induced by suffusion was
defined as “blowout,” which was characterized by an
increased particle migration within a short time period
(blowout of fine particles) and produced rapid, large set-
tlement of specimen. So, in this study blowout was also
adopted. After each test, sieve analyses on the specimen
and eroded particles collected by the funnel-shaped drai-
nage system were performed according to ASTM D6913-
04 [2].

3 Results and discussion

3.1 Evolution of suffusion in the test
without OFG

Suffusion at the tip of the cutoff wall is a localized phe-
nomenon, and capturing the initiation of suffusion and
blowout is a great challenge. In this study, the method
proposed by Luo et al. [22] was adopted to determine the
initiation of suffusion and blowout. Measured pore pres-
sures and derived hydraulic gradient at the tip of the cutoff
wall, which are also localized parameters, are used as main
indications of suffusion. With the increase in AH, a sudden
change in pore pressure or hydraulic gradient at the bottom
of the cutoff wall indicates the initiation of suffusion.
Further increase in AH eventually induces blowout. Sig-
nificant change in pore pressure or hydraulic gradient
around the bottom of the cutoff wall is observed again. In
addition, some secondary indications also have significant
changes at blowout. For example, some coarse particles are
observed to migrate at the bottom of the cutoff wall, flow
rate starts to change nonlinearly, and effluent becomes
turbid.

Figure 5a shows the variation of hydraulic gradient
around the tip of the cutoff wall in test N-OFG. It should be
noted that the values of hydraulic gradient in Fig. 5a are
not the local hydraulic gradient calculated exactly on the
same flow lines; rather, they show approximate variation of
hydraulic gradient around the cutoff wall. The hydraulic
gradient between C10 and C21 (i1¢_»;), which is the ratio of
the hydraulic head difference between C10 and C21 to their
distance, first increased linearly with the increase in AH,
and then, it started to decrease from 3.43 at AH = 141.3 cm
to 2.77 at AH =177.1 cm. Similarly, i»;_», started to

decrease from 2.73 at AH = 141.3 cm to 2.40 at AH =

177.1 cm. In addition, at AH = 141.3 cm and at AH =
177.1 cm, slight migration of fine particle, which occurred
in the pore space between gravel grains, was observed at
the tip of the cutoff wall and at outlet. Simultaneously, flow
rate started to vary nonlinearly and it increased from
57.14 ml/s at AH = 141.3 cm to 80.5 ml/s at AH = 177.1
cm, as depicted in Fig. 6. Effluent became turbid at
AH = 177.1 cm. According to the main and secondary
indications of suffusion mentioned above, it can be judged
that suffusion initiated at AH = 141.3 cm. When AH in-
creased to 285 cm, a significant decrease in hydraulic
gradient at the tip of the cutoff wall was detected again, and
the value of iy, ,, decreased from 2.40 at AH = 177.1 cm
to 1.84 at AH =285 cm. Meanwhile, i;_;y and ijg_;
increased rapidly; for example, ijo_»; increased from 2.87
at AH = 177.1 cm to 3.75 at AH = 285 cm. In addition, an
obvious concentrated leakage channel, which was not
adjacent to any plastic tube, was observed at the down-
stream side of the cutoff wall, as depicted in Fig. 7, and a
large number of fine particles and some coarse particles
finer than 2 mm started to migrate in the channel, and
effluent became significantly turbid. Based on the main and
secondary indications of blowout, it can be judged that
blowout occurred at AH = 285.0 cm.

In addition, as a comparison, Fig. 5b and c also depicts
the variations of local water head at survey point and head
drop at the tip of cutoff wall in the evolution of suffusion.
In the two figures, h is the local water head at a survey
point and Ah is the local water head drop between two
survey points. For example, &, and hy, are the local water
heads at the two survey points C7 and C10, respectively,
Ahy_y is the local water head drop between C7 and C10,
and Ah;_j9 = hy—hjo. It can be seen from Fig. 5 that the
variations of average hydraulic gradient, local water head,
and head drop at the tip of the cutoff wall can indicate the
initiation of suffusion and blowout in each test. Meanwhile,
the variations of average hydraulic gradient and local water
head drop have the similar variation trends; using them as
the indicators of suffusion is easier than using the variation
of local water head.

Figure 8 shows the evolution of average hydraulic gra-
dient around the tip of the cutoff wall in test N-OFG. The
legends “high,” “medium,” and “low” in Fig. 8 represent
comparatively high, medium, and low gradients, respec-
tively. It can be seen that Fig. 8 intuitively depicts the
evolution of suffusion around the tip of the cutoff wall in
sandy gravel alluvium without OFG. Suffusion first initi-
ated at the downstream side of the tip of the cutoff wall,
and then, it generally progressed backward to the upstream
side. Before the initiation of suffusion, i;o_»; and i>;_», are
comparatively high around the cutoff wall, i;_;o and ix_j¢
are medium, and iy 7 and i,¢_;g are low. It indicates that the
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tip of the cutoff wall (C10 and C21) and the downstream
side of the tip (C21 and C22) mainly undertook AH before
the initiation of suffusion. When AH increased to
141.3 cm, i19_p; is still high, while i»;_», becomes medium,
and other gradients are comparatively low. It suggests that
the permeability between C21 and C22 started to increase
owing to the migration of fine particle, so suffusion first
initiated at the downstream side of the tip of the cutoff wall
(C21 and C22). When blowout appeared at AH = 285.0

400
350 r

300 r

250

Blowout at
AH=285.0 cm
200

Initiation of suffusion
at AH=141.3 cm

Flow rate (ml/s)

150 r

100 t

50 1

cm, i10_21 is still hlgh, i4_7, i7_10, i21_22, and i16—18 become
comparatively medium, and i, ;¢ is low. It indicates that
suffusion started to progress backward to the upstream side
at this time. When AH increased to 522.5 cm, i;g_»; is still
high, it is up to 9.3, iy_7 and i;_;o become comparatively
medium, and i5y_5,, i25_16, and i16_15 become low. It sug-
gests that the upstream side (C4 and C7, and C7 and C10)
and the tip of the cutoff wall (C21 and C22) mainly
undertook AH after blowout, and the downstream side no

—©— Test N-OFG
—— Test OFG-H1

0 . . .
0 100 200 300

400 500 600 700 800

Head difference between the upstream and downstream sides, AH (cm)

Fig. 6 Relationship between AH and flow rate in test N-OFG

Fig. 7 Downstream concentrated leakage channel after test N-OFG
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Fig. 8 Development of average hydraulic gradients around the tip of the cutoff wall in the evolution of suffusion (test N-OFG): a at
AH = 90.9 cm, before the initiation of suffusion; b at AH = 141.3 cm, initiation of suffusion; ¢ at AH = 285.0 cm, blowout; and d at

AH = 522.5 cm, after blowout

longer undertook AH. Suffusion had completely progressed
to the upstream side after blowout.

Comparisons between the results in test N-OFG and Luo
et al. [22] may prove that the experimental program in this
study is repeatable. Four flume-scale suffusion experiments
in sandy gravel alluvium with a cutoff wall, which are
similar to test N-OFG in this study, were conducted by Luo
et al. [22] to investigate the influence of overburden pres-
sure on suffusion. The sandy gravel used in Luo et al. [22]
is also similar to that in this study, and the main difference
is the largest particle size. The largest particle sizes of the
sandy gravels in Luo et al.’s [22] and in this study are
60 mm and 40 mm, respectively. The experimental results
indicated that the evolution of suffusion depicted in test
N-OFG was significantly consistent with that revealed by
Luo et al. [22].

Figure 9 shows the settlement in the evolution of suf-
fusion in test N-OFG. The settlement at the beginning of
the suffusion test is 2.06 mm, which was induced by the
applied overburden pressure before the suffusion test. It
can be seen that settlement first kept constant before the
initiation of suffusion, and then, it suddenly increased to
2.08 mm at the later stage of AH = 177.1 cm, when
blowout occurred at AH = 285.0 cm, it increased suddenly

@ Springer

and significantly at the late stage of blowout, and it
increased from 2.08 to 2.14 mm, and eventually it kept
constant again after blowout. In addition, it should be
clarified that the measured settlement in this study is not
the localized settlement where blowout occurred, but it is
an average settlement of the entire soil surface. So it can be
inferred that the localized settlement induced by blowout in
the field may be large enough to damage the measures
controlling the underseepage of dams, such as concrete
cutoff wall.

3.2 Evolution of suffusion in the tests with OFG

It is noted that only the experimental results of test OFG-
HI1 are described comprehensively in this section. Similar
results and evolution trends also appeared in the other three
tests with OFG. Figure 10 shows the variation of hydraulic
gradient around the tip of the cutoff wall in test OFG-H1.
When AH increased from 42.8 to 93.4 cm, the values of
i7_10 and ijg_; increased linearly; simultaneously, i»;_s»,
which is the average hydraulic gradient of OFG, ranged
from 0.01 to 0.06 owing to the high permeability of OFG.
When AH increased from 93.4 to 117.7 cm, i_»; started to
decrease from 1.06 at AH =934 cm to 0.79 at AH =
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Fig. 10 Variation of average hydraulic gradient at the tip of the cutoff wall (test OFG-H1)

117.7 cm. The value of i;_jq still increased linearly, and
i»1_»» kept constant. In addition, at AH = 93.4 cm and
AH = 117.7 cm, slight migration of fine particle was also
observed at the tip of the cutoff wall. Meanwhile, effluent
became turbid at AH = 93.4 cm. According to the main
and secondary indications of suffusion, it can be judged
that suffusion initiated at AH = 93.4 cm at the upstream
side of the OFG (C10 and C21). When AH increased from
156.9 to 214.6 cm, the values of i;_¢ and i1o_»; no longer

increased linearly; especially for i9_»;, it increased sig-
nificantly from 1.28 at AH = 156.9 cm to 3.13 at AH =
214.6 cm. Meanwhile, an obvious concentrated leakage
channel was observed at the tip of the cutoff wall at
AH = 156.9 cm, and intensive migration of fine particle
was also found in the channel, and flow rate started to
increase nonlinearly, it increased from 82.4 ml/s at AH =
156.9 cm to 92.2 ml/s at AH = 214.6 cm, as depicted in
Fig. 6, and effluent was significantly turbid. Based on the
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main and secondary indications of blowout, it can be
judged that blowout occurred at AH = 156.9 cm.

Compared with the results of test N-OFG, it can be
found that OFG significantly decreases the hydraulic con-
ditions at the initiation of suffusion and at blowout. In
addition, it should be noted that the value of i»;_», suddenly
and significantly increased from 0.09 at AH = 492.2 c¢cm to
0.84 at AH = 575.1 cm at the later stage of test OFG-HI. It
indicates that a large number of fine particles were eroded
into the OFG after blowout, so it can be inferred that OFG
is likely to be an internal seepage exit of fine particle
migration in the field.

Figure 11 shows the evolution of average hydraulic
gradient around the tip of the cutoff wall in test OFG-H1. It
can be seen that suffusion around the OFG and the tip of
the cutoff wall, as depicted in Fig. 11, is significantly
different from that without OFG, as shown in Fig. 8. Suf-
fusion first initiated at the upstream side of the OFG, and
then, it mainly progressed backward to the upstream side.
Before the initiation of suffusion, as depicted in Fig. 11a,
i7_10 is comparatively high around the cutoff wall, and
i21_2> is low, and other gradients are medium. It indicates
that the upstream side of the OFG (C7 and C10) mainly
undertook AH before the initiation of suffusion. When
AH increased to 93.4 cm, as depicted in Fig. 11b, i;_j and
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i10-21 become comparatively high and i5;_», is still low. It
indicates that C10 and C21 did not have the ability to
undertake AH; suffusion first initiated at the upstream side
of the OFG (C10 and C21). When blowout appeared at
AH = 156.9 cm, i7_jq is still high, while i;g_»; becomes
medium again. It indicates that suffusion started to progress
backward to the upstream side. When AH increased to
575.1 cm, i7_10 and i]o_z] become hlgh, i4_7 and i16—18
become medium, and i,;_», and i, ;¢ are low. It indicates
that the upstream side of the OFG mainly undertook AH,
and the OFG and its downstream side no longer undertook
AH. Suffusion had completely progressed to the upstream
side of the OFG after blowout, as depicted in Fig. 11d.

3.3 Effect of horizontal position of OFG
on suffusion

Table 3 and Fig. 12 show the hydraulic conditions at the
initiation of suffusion and at blowout in different tests. In
the table and figure, x. is the horizontal coordinate of OFG
centroid (cm); AH,, and AH, are the total head differences
(cm) between the upstream and downstream sides at the
initiation of suffusion and at blowout, respectively; i, and
i, are the average hydraulic gradients at the initiation of
suffusion and at blowout, respectively, and they are the
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Fig. 11 Development of average hydraulic gradients around the tip of the cutoff wall in the evolution of suffusion (test OFG-H1): a at
AH = 42.8 cm, before the initiation of suffusion; b at AH = 93.4 cm, initiation of suffusion; ¢ at AH = 156.9 cm, blowout; and d at

AH = 575.1 cm, after blowout
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Table 3 Hydraulic conditions at the initiation of suffusion and at
blowout in different tests

Test no.  x. X AH, ler ke AH, iy ky,
(cm) (cm) (cm)
N-OFG - - 1413 079 1.0 2850 158 1.0

OFG-H1 105 0.058 934 052 0.66 1569 0.87 0.55
OFG-H2 155 0.086 1327 0.74 094 2140 1.19 0.75
OFG-H3 20.5 0.114 1340 0.74 095 207.6 1.15 0.73
OFG-H4 255 0.142 1267 0.70 0.89 209.5 1.16 0.73

X. is the horizontal coordinate of OFG centroid (cm); x is the char-
acteristic distance of OFG, and it is the ratio of x. to the seepage path
length (180 cm) along the loading plate and cutoff wall; AH,, and
AH,, are the total head differences (cm) between the upstream and
downstream sides at the initiation of suffusion and at blowout,
respectively; i, and #, are the average hydraulic gradients at the
initiation of suffusion and at blowout, respectively, and they are the
ratios of AH,.. and AH,, to the seepage path length (180 cm); k., and k;,
are the reduction coefficients at the initiation of suffusion and at
blowout, respectively, and they are the ratios of i, and i, of tests with
OFG to those of the test without OFG

1.0 §
091 A ke A
084 O k

0.7 1
0.6 1
0.5
0.4
0.3 A
0.2 A
0.1 A
0.0

Reduction coefficients at the initiation
of suffusion and at blowout, k., and k,

0 0.03 0.06 0.09 0.12 0.15
Characteristic distance of OFG, x

Fig. 12 Relationships between characteristic distance of OFG and
reduction coefficients at the initiation of suffusion and at blowout

ratios of AH,, and AH,, to the seepage path length (180 cm)
along the loading plate and cutoff wall.

It should be noted that there are some abnormal exper-
imental results in Table 3. For example, the value of AH,
in test OFG-H4 is slightly less than those in tests OFG-H2
and OFG-H3 and that of AHy in test OFG-H2 is slightly
larger than those in tests OFG-H3 and OFG-H4. Actually,
these abnormal results are acceptable. Because it is difficult
to estimate and capture the critical hydraulic conditions of
different tests, and in order to capture the critical hydraulic
conditions, steps of applying hydraulic head difference
were refined in each test. For example, in test OFG-H2,
there were seven steps when AH ranged from 99.5 to
239.0 cm; in test OFG-H4, there were eight steps when
AH ranged from 91.8 to 261.5 cm.

In order to establish dimensionless parameters to
describe the influences of OFG on i, and i, three

parameters, k., kp, and x, were proposed, as shown in
Table 3, k.. and k;, are the reduction coefficients at the
initiation of suffusion and at blowout, respectively, and
they are the ratios of i, and i, of tests with OFG to those of
the test without OFG. The values of k.. and k;, reflect the
effects of OFG on the initiation of suffusion and on
blowout, respectively. x is the characteristic distance of
OFG, and it is the ratio of x. to the seepage path length
(180 cm).

It can be seen from Table 3 and Fig. 12 that both OFG
and the horizontal position of OFG have significant influ-
ences on the critical hydraulic conditions at the initiation of
suffusion and at blowout. When x ranges from 0.058 to
0.086, the values of k., and k;, significantly increase with
the increase in x, k. increases from 0.66 at x = 0.058 to
0.94 at x = 0.086, and ky, increases from 0.55 at x = 0.058
to 0.75 at x = 0.086. When x increases from 0.086 to 0.142,
k.. and k, almost keep constant, k.. ranges from 0.89 to
0.94, and k;, ranges from 0.73 to 0.75. Owing to the limited
tests performed in this study and a lack of strict validation,
empirical formulas describing the influences of OFG on
suffusion were not fitted based on the above experimental
results.

3.4 Effect of OFG on the settlement
in the evolution of suffusion

It is noted that only the settlement of test OFG-H2 is
described comprehensively in this section. Similar results
and evolution trends also appeared in the other three tests
with OFG. Figure 13 shows the settlement in the evolution
of suffusion in test OFG-H2. It can be found that the
variation of settlement in tests with OFG is significantly
different from that without OFG depicted in Fig. 9. The
existence of OFG significantly increases the settlement
induced by blowout; simultaneously, it makes the settle-
ment unstable after blowout. In test OFG-H2, suffusion
initiated at AH = 132.7 cm, and slight increase in settle-
ment was monitored at the early stage of AH = 132.7 cm,
and it increased from 2.16 mm at AH = 111.8 cm to
2.18 mm at AH = 132.7 cm. During the progression of
suffusion, settlement kept constant when AH increased
from 132.7 to 186.8 cm. When AH increased to 214.0 cm,
blowout occurred, significant and sudden change in set-
tlement was observed at the late stage of AH = 214.0 cm,
and it increased from 2.18 to 2.28 mm. What is worse, it
was also found that the settlement after blowout was not
stable, and it continuously increased from 2.28 mm at
AH = 214.0 cm to 2.30 mm at AH = 302.0 cm, 2.32 mm
at AH = 428.6 cm, and 2.34 mm at AH = 550.1 cm. The
net change in settlement induced by blowout in test OFG-
H2 is up to 0.16 mm, while the net change in test without
OFG is only 0.06 mm. So it can be concluded that OFG in
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Fig. 13 Settlement in evolution of suffusion (test OFG-H2)

the field is likely to induce unacceptable deformation of
foundation, and it is really a significant threat for dam
safety.

3.5 Fine particles eroded into OFG
after suffusion tests

After each test, the grain size distribution of OFG was
determined by sieve analysis according to ASTM D6913-
04 [2]. Figure 14 depicts the changes in particle size

distributions of OFG after suffusion tests. It can be found
that a large number of fine particles and some coarse par-
ticles finer than 2 mm in the sandy gravel adjacent to OFG
were eroded into OFG. Simultaneously, the mass of the
eroded particles gradually decreased with the increase in
x.. For example, the particles eroded into the OFG in test
OFG-HI1 consist of about 8% fine particles (according to
Sect. 2.2, the division between fine and coarse particles is
0.7 mm for the sandy gravel in this study) and 1.74%
coarse particles with diameters ranging from 0.7 to 2 mm.
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Fig. 14 Changes in particle size distributions of OFGs after suffusion tests
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Similarly, in test OFG-H4, the particles eroded into OFG
consist of about 4% fine particles (finer than 0.7 mm) and
2.61% coarse particles with diameters ranging from 0.7 to
2 mm.

Changes in particle size distributions of OFG after suf-
fusion tests also explain the variation of the hydraulic
gradient of OFG in the evolution of suffusion, as depicted
in Fig. 11. At the early stage of test, the permeability of
OFG is far greater than the surrounding sandy gravel;
consequently, the hydraulic gradient of OFG is signifi-
cantly low, such as i5;_»» = 0.06 depicted in Fig. 11a. Once
suffusion initiated, fine particles started to migrate into
OFG, and then, the permeability of the OFG started to
decrease gradually. After blowout, more fine particles and
some coarse particles started to migrate into OFG, and
then, the permeability of OFG started to decrease signifi-
cantly with the increase in the fine particle content of OFG,
so the hydraulic gradient of OFG at the later stage of test
increased significantly, such as i;_, = 0.84 depicted in
Fig. 11d.

4 Conclusions

Five flume-scale suffusion tests were performed to inves-
tigate the influence of OFG on suffusion at the bottom of a
cutoff wall in sandy gravel alluvium. The results indicate
that suffusion in the tests with OFG is significantly dif-
ferent from that without OFG. In the test without OFG,
suffusion first initiates at the downstream side of the tip of
the cutoff wall, while in the tests with OFG, suffusion first
initiates at the upstream side of OFG, and then both gen-
erally progress backward to the upstream side. OFG sig-
nificantly decreases the hydraulic gradients at the initiation
of suffusion and at blowout. In addition, a large number of
fine particles and some coarse particles finer than 2 mm in
the sandy gravel adjacent to OFG were observed to be
eroded into OFG in the tests. Meanwhile, OFG signifi-
cantly increases the settlement induced by blowout and
makes the settlement unstable after blowout. So OFG is
completely possible to be an internal seepage exit of fine
particle migration in the field, and it is likely to change and
accelerate the evolution of suffusion and finally threatens
dam safety. It suggests that before cutoff wall is built, it
should comprehensively check out whether there is OFG
adjacent to the tip of the cutoff wall or not.
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