Dam Engineering

Granulometric stability
of moraine embankment
dam materials

Piezometric measurements in the core of dams made of moraines reveal that pore pressure
dissipation mainly occurs near the downstream face of the cores, probably due to the lack of
granulometric stability of these materials during seepage flow. To analyse this phenomenon,
conventional criteria defining susceptibility to suffusion are first recalled and applied to the moraine
materials composing the S. Valentino (ltaly) and Suorva (Sweden) dams. An original numerical
procedure to simulate the particle migration phenomena in granular media due to seepage
processes is then reported. Effects of deposition—erosion processes occurred in the moraine
materials composing the S. Valentino and Suorva dams, at the interface core—granular transition,
have been then simulated and interpreted: the tolerable malfunctions (higher free surface profile
and pore pressures) in the core of the S. Valentino dam and the failures at Suorva dams Paper by

F. Federico and A. Montanaro

oraine materials compose the core
of several dams throughout the
world, e.g. in the North of Ttaly (S.

Valentino dam'?), in Sweden® (Suorva dam*®) or
in the James Bay territory,® for their availability
and ability to bear large strains, without hosting
cavities or hollow fractures for a long time6,
especially if characterized by low clay contents,
moraine materials exhibit significant self-healing
properties.

After some years of operation, these dams
often show anomalies, high pore pressure and
free surface profile in the core, pore pressure
dissipation occurring near the downstream face
of the core and in a thin zone of the material
downstream of the core (filter or downstream
shell), turbid water and leakages, rip-rap
deformation, and sinkholes in the upstream
shell.”#

Moraine materials, in fact, are characterized
by widespread grain size distribution (Figure
1), negligible cohesion, clay content and local
heterogeneity; therefore, the finer fractions
of these soils are susceptible to suffusion
phenomena_w‘w,nnz

The finer grains, under seepage forces
depending on hydraulic gradients, may migrate
through the voids bigger than their size, formed
mainly by coarser particles. The drag forces
may exceed the friction forces related to normal
contact forces induced by their effective weight
and confining pressures. The confining pressures
are related to the effective stress state, which
depends on the height of the dam, the geometry
of the core, and the shape of the valley.

To safeguard the core (base B) material and

100 + —=S.Valentino core [ a P
90 | = S.Valentimno transition : Va o ol — <]
—+Suorva core A = par A
80 - . ] / T A
-#-Syorva transition 4
70 - i = ol A | LY
—+—Suorva transition i 1| . i
<_°\ 60 re / .e"p ‘/
T 50 . A LA s
% | i TILA
40 g 2T
30 AN ] 118 4 £
3 /‘ 0.075 & [ I
20 i Szl -
= r D .
Lt I7( /
10 Eﬂﬁﬂi{«y Tk i ‘/‘"‘,i
0 e — =
0.001 0.01 0,1 10
d (mm)

avoid the progress of erosion, a protective
transition (7) must be correctly designed; its
voids, related to the grain size distribution and
porosity, must be sufficiently small to stop the
migrating B particles within short distances,

thus avoiding limit states related to backward
erosion leading up to flow pipes generation; (7)
must also allow a safe drainage of B, to avoid limit
states as clogging and blinding, inducing in turn
uncontrolled increases of pore pressures.

Problem setting
The core materials of the Suorva and S.Valentino
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dams, despite their comparable heights, physical
and mechanical properties, behaved differently
in operation. The Swedish dam suffered several
accidents caused by the internal erosion
processes (pipes, sinkholes, leakages...), while the
Italian dam has operated efficiently since 1950,
despite some minor and tolerable malfunction,
specifically the higher free surface profile and
pore pressures in the core, as compared to those
expected in the original design.

The different behaviour of the two dams is
analyzed by simulating the hydro-mechanical
behaviour of the involved materials'” through a
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Figure 2: Problem setting. (1) One-
dimensional unsteady seepage flow
through a heterogeneous base (B) — tran-
sition (T) system; (2) B and T are divided
into elements; (3) a constant total piezo-
metric head difference AH is imposed.

BASE MATERIAL (B) ANULAR TRANSITION (7)

Figure 3. Forces acting on a migrating
particle; a) plugged particle (d = d0); b)

unplugged particle (d < d0); d, particle di-
ameter; d0, average size of a pore channel.
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an advanced numerical procedure. Specifically,
both spatial and time variations of the grain size,
volume voids distributions and porosities’ are
simulated.

The adopted numerical procedure takes into
account the grain size curve and the effective
stress state, the hydraulic gradients and the flow
velocities that, as a whole, influence the amounts
of eroded fractions and the length of their
migration paths.

Numerical procedure

Problem setting

Distributions of voids, constriction sizes and
porosities of the granular material (“geometric-
probabilistic models”19%21.2%) have been coupled
to the “hydraulic model”#%%, to evaluate the
rate of the seeping suspension, the piezometric
gradients and the amounts of eroded/deposited
granular fractions.

Movable particles may be eroded only if high
hydraulic gradients or flow velocities, greater
than their critical values, act (hydraulic condition)
as well as if the particles cross voids greater that
their sizes (geometrical condition).

The local variation of the grain size curve
and porosity, due to the erosion/deposition
of particles, modifies the volume voids
distribution and permeability; so, flow rate,
hydraulic gradients, drag and lift forces on
migrating particles, the geometrical conditions
(voids'sizes) change in space and time*? too.
The phenomenon evolves towards a stable
condition (equilibrium) or an ultimate limit state
(full erosion, clogging, blinding...).

To simulate this complex process, the 1D
unsteady seepage flow through a heterogeneous
base (B) - transition (T) system, coupled with
the migration of movable particles, induced by a
constant, overall piezometric head difference AH,
has been modeled and simulated.

Variable and governing equations

To better define the local hydraulic and
geometric conditions, (B) and (T) have been
decomposed into several elements (Figure 2),

each characterized by initial grain size curve (Pj‘o),
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porosity (n,) and permeability (k,); i and j define
the system elements and materials granular
fractions, respectively.

The variables P, and n;, change during
time due to the erosion-deposition processes;

according to the Kozeny-Carman equation”* , k.,

changes too:
Kig =y
( )2

v,, being the water specific weight; 11, the water
viscosity; d,, the equivalent grains diameter; x, a
numerical coefficient.

The unsteady state is decomposed as a
sequence of steady states, whose time interval
is At (“successive steady states” method?#); At
may assume constant or variable value; for each
At, the continuity equation holds:
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Therefore, the suspension rate Q, through the
elements section (), and the volume of the
granular suspension V, , composed by the
scoured particles dragged by the seeping fluid,
entering and washed out from each element, is
the same during each temporal step:

Ah.
Qr=Q kit 'T,"t: Vime= Q¢ At
1

So, the total volume of each element, composed
of the original material (Vm ), accumulated
material (V, ., V., = 0)and water saturating the
™ element (V,, ), doesn't vary during At.

The specific weight of filtering suspension is
valued rearranging the equation proposed by

Indraratna & Vafai®:
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S, .;; DeIng the fraction of accumulated material
scoured from the (i) element; S, fraction

of the original material scoured from the (i)
element, at time t. S, . and S, are computed
through both hydraulic and geometric methods.

The particles can be scoured only if subjected
to a flow velocity greater than the local, critical
flow rate*# (v_); v, is evaluated by analysing
the forces acting on a movable particle and
imposing its dynamic equilibrium along the flow
direction.

A particle can migrate if the drag force F,
(Stokes law) exceeds the local shear resistance
induced by the effective weight of the particle (A)
and the confining stresses (F,) (Figure 5): g being
a coefficient that allows us to take into account
the density of the granular matrix (0 < B< 4/m; B
= 4/m for granular matrix composed by spherical
particles arranged in hexagonal configuration,
most dense state??.

For a horizontal flow path, v, is expressed as:

@ pd
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The original material is generally subjected

to strong confining actions (frictional forces,
geometric hindrances); high values of the flow
velocity need to mobilize the plugged particles.
Conversely, the accumulated, unplugged
particles, may be easily scoured during
simulation; the corresponding critical flow
velocity thus assumes small values (Equation 5).

The hydraulic conditions allowing the
migration of movable particles are first
considered; the analysis of the geometric
conditions follows, if the previous one is verified
(v>v,).

The particles (diameter q ) composing the (i)
element can be scoured only if they are able to
cross through the voids of the (i+1)” element.

The statistical distributions of the pore
volumes (V) and the corresponding constriction
sizes, related to the geometry of the micro-
configurations of suitably constrained granular
masses composed of randomly disposed spheres
(diameters d]) are first theoretically determined.

The analysis is carried out through the
Statistical Mechanics, by maximizing the
configurational entropy associated with the
distribution of these micro-variables?:%3!,

The theoretical pore size distribution (PSD)
curves is a function of the grain size P, and
porosity n,, of each element of the system.

The material scoured from the i element, at
time ¢ (V, ), depends on the specific weight of
filtering suspension , vy, *:
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The scoured volume of material is composed both
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granular fractions®:
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The element within which each scoured
fraction is deposited, is determined through the
corresponding length of the migration path,

L, o this one depends on the probability of a
particle not encountering a smaller constriction
size.

The length covered by an assigned particle
up to its arrest is finally based on concepts of
stereology; it depends on the PSD as well as on
the thickness of the filter?.%3,

The length of the migration path is then
compared to the length that the particles can
cross during each temporal step At:

Lmigj = min[s -mj; Uy At]

m, being the number of constrictions greater
than the particle size encountered by the particle
along its path; sis the unit step assigned to each
comparison.

At time t + At, the accumulated and original
volume fractions within each element become:

Figure b. Sand content (s.c.) retained in the gravel at the end of each filtering process; theo-
retical vs experimental results: a) s.c. after 6,5 h (Sand A - Gravel 1); b) s.c. after 3 h (Sand

B - Gravel 1); c) s.c. after 3,5 h (Sand A - Gravel 2); d) s.c. after 3,25 h (Sand A - Gravel 3).
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This procedure allows for evaluation of the time
evolution of the migration phenomena within
granular media.

Validation of the numerical

procedure

Theoretical analyses have been carried out first
to validate the proposed numerical procedure
by checking its ability to simulate the most
significant laboratory tests results obtained by
different authors through selected experiments
on different materials.

Figure 4. Grains size curves of involved materials22 (transition, T; base, B).
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Results by Atmazidis*

Atmazidis induced horizontal filtering processes,
through materials at contact, sands (base, B) and
gravels (transition, T) (Figure 4), by imposing

a constant hydraulic gradient (i = 0.25). At the
end of each test, the sand deposited within the
gravels voids was measured.

The main features of the tests and the grain
size curves of the involved materials are reported
in Figure 4. The sand content retained in each
gravel material, dragged from the B material, at
the end of each filtering process, as a function of
the distance from the interface among the two
materials, is represented in Figure 5.

The particles migration phenomena observed
by Atmazidis have been simulated according to
the proposed numerical procedure. The whole
thickness of the transition material (gravel),
equals the experimental value 2.5m and it has
been divided in 20 elements (each 12.5cm). The
Bmaterial (sands) has been modeled as a single
element (1m length); its erosion resistance has
been neglected.

The computed values of the particles migration
distances, larger for “clean” gravel (Gravel 1,

0% initial sand content) and smaller for gravels
initially containing small sand content (Gravel
2 and Gravel 3) appreciably agree with the
experimental ones (Figure 5).

Besides, the numerical procedure reproduces
the “birth” of a filtering layer, at the interface B-T,
which is able to avoid further sand erosion; the
sand content in the first 5 - 7 cm of the gravels,
after the sand-gravel interface, results extremely
high (about 15 + 25% by weight).

In the upstream zone of the gravels, a large
amount of sand particles is deposited; this way,
an effective filter layer, able to prevent further
sand migration, is formed.
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Figure 7:. Ratio Qt /Q0 versus time t (hours) (QO, initial value of the suspension flow rate Qt) Ah, = L -1,
and particles accumulation in the protective transitions (d = 0.002 mm).S.Valentino Dam - ’ Q-k, 4
Base and Transition: k0 = 1-10-6 m/s, n0 = 0.3, ¢ = 25.
Suorva Dam - Base: k0 = 1-10-6 m/s, n0 = 0.3, ¢ = 25; Finer Transition: k0 = 2.5-10-6 m/s,
n0 = 0.3, ¢ = 25; Coarser Transition: k0 = 5-10-6 m/s, n0 = 0.3, ¢ = 25. Besides, the theoretical results have been
expressed in terms of the equivalent permeability,
1 I I T I I T I kw, of the element’s series:
—e— experimental results, 0 = 50 ml/60 s; ¢, = 0.5 g/l
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0.6 3 o= theoretical vabues, 0= 100 0 55c3=108/1 | ¢, affects the rate at which k decreases; the
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= ‘\ e in the case of greater concentration. At the end
04 : A Ny ‘.‘-.,JI\- of the tests, the permeability reduction attains
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Distance from B-T interface (cm) Rgsults (?f nu@encal simulations show that
erosion mainly involves the finer fractions (d ~
0.002mm) of the analyzed core materials. The ratio

Q/Q, versus time ¢ is shown in Figure 7 for the

Results by Reddi?*® Results (Figure 6) show the ratio k/k vs the three analyzed case; O is the initial value of the
Reddi measured the permeability reduction of non dimensional ratio “Pore Volume” (PV). This suspension flow rate: Q/Q, rapidly increases if the
a granular material due to the deposition of fine ratio expresses the total volume of the injected Suorva core material is protected by the coarser
particles, suspended in a flowing liquid. Granular granular suspension (Q-t) divided by the initial transition, due to the intense erosion of the finer
suspensions were composed by water and Kaolinite volume of the voids of the sample (n;Q-L): fractions of Band the corresponding increase of
particles (y, = 2650kg/m?’; two different values of permeability.

concentrations ¢, (0.5 and 1 g/l) and imposed flow After 12 hours, Q/Q, still increases: both

rate Q (50 ml/60s and 100 ml/60s) were considered in PV = nQTtL granulometric and hydraulic stabilizations have
the tests. The particle suspension was injected in a not yet occurred. If the Suorva core material is
cylindrical short column (1 -D flow, length L = 64mm, protected by the finer transition, after four hours
diameter D= 76mm), filled by sand (k, = 3.6-10%cmn/s; PVrepresents an indirect measure of time, Q/Q, slowly decreases: the erosion of Bis not
porosity 1, = 0.29). The permeability (k) of this thin because the suspension rate Q has been still exhausted; the voids of T are progressively
sample was indirectly computed by measuring the maintained constant during each test; so, the clogged, the process seems to reach a stable state.
total head loss AHinduced by the same sand filter: injected volume linearly increases with the test The finer protective transition of S. Valentino
duration. dam controls the washout of the finer particles
4-Q-L To simulate the injection process (Q = const; g of B; Q, very less increases respect to the Suorva
= m = Q/0) during time, the algebraic system (2) has analyzed cases. Stabilization occurs after six hours;
been slightly modified: Q, becomes only 1.2 times greater than Q.
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The lengths of the path crossed by the
eroded particles through the examined granular
transitions (7) are very different (Figure 7).
Within the T'material of the S. Valentino dam,
the maximum particles accumulation occurs
just few cm after the B-Tinterface; in the finer
transition material of Suorva dam, the maximum
particles accumulation occurs about 70cm after
the B-Tinterface; finally, in the coarser transition
material of Suorva dam, about 160cm after the
B-Tinterface.

Conclusions

An original numerical procedure to simulate the
particle migration phenomena in granular media
due to seepage flow, by taking into account
constriction sizes and porosities of the particulate
materials (geometric-probabilistic model) as

well as the rate of the seeping suspension and

piezometric gradients (hydraulic model).

The physical (porosity n) and hydraulic
(permeability k) properties of the medium,
during the coupled seepage flow, deposition and
scouring particles processes, vary in the space,
1D, and along time, t.

Validation of the proposed method has been
carried out by simulating selected experimental tests.
Then, the granulometric stability of cohesionless
moraine materials, composing the core of earth dams,
has been analyzed. The migration process that takes
place in proximity of the contact core-protective
transition has been numerically simulated. Results
put into evidence that the proposed numerical
procedure allows to simulate the considered
deposition—erosion process; specifically, erosion
phenomena mainly involve the finer fractions of
these materials and are not negligible and they may
cause anomalies and malfunction, such as those ones

often occurred in dams whose core is composed by
broadly graded cohesionless materials protected by
coarse granular transitions. Il
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