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The numerical analysis was used to predict the rockfill dam displacement, and the model parameters were calibrated using the
triaxial experiments on scale-down rockfill samples. Due to the scale effect of rockfill material, the displacements were usually
underestimated in the design phase. This study focused on the scale effect of rockfill material and an extrapolation model was
proposed to extrapolate the prototype modulus from the laboratory modulus. By conducting confined compression experiments,
the size effect was investigated using ball heaps. Based on the experimental findings, considering a granular heap as a cumulative
particle structure, the structural mechanics approach was introduced to establish the size effect model. Then, the boundary
constrain effect model was speculated using the elastic mechanics analysis. By conducting the confined experiments on ball heaps,
the modulus variation with particle breakage was investigated and the breakage effect model was established consequently. Finally,
via combining the effects from the size, boundary constrain, and particle breakage, a scale effect model was established for
extrapolating prototype modulus from the laboratory modulus. The proposed model was evaluated through numerical analysis of
an actual dam. The experimental results revealed that the compressive modulus decreased as the initial void ratio increased; under
the same initial void ratio, the compressive modulus decreased as the ratio of the specimen width to particle size increased; the
compressive modulus decreased as the particle breakage increased. The numerical analysis results showed that prediction accuracy
for rockfill dam displacement was improved by 8%-10%. The proposed model represents a new approach for investigating the
scale effect of rockfill material, which could be adopted by engineers to improve the prediction of rockfill dam displacement.

1. Introduction

The prediction and control of displacements is a key con-
sideration in the design of rockfill dams. This requires not
only that a proper mathematical model to be adopted for the
displacement prediction but also that the parameters of this
model be accurately calibrated. Theoretically, tests on the
original rockfill in the field provide the best solution for
calibrating such parameters for a dam. However, the original
particle sizes in the field in the case of a dam with a height of
more than 200 m are likely to exceed the tolerance of the test
container, making it impossible to conduct tests on the
original rockfill. Currently, scaling-down techniques are
adopted to reduce the size of the rockfill to suit the

experimental equipment [1-7]. However, it has been shown
that displacements are predicted as being smaller when
directly using parameters calibrated via tests on a scaled-
down rockfill [8-11].

One solution is to increase the container size and build
a superlarger machine. Table 1 lists some superlarge appa-
ratuses developed by researchers. Marshal [12] conducted
the triaxial experiments on EI Infiernillo dam, and Marachi
[10] conducted the triaxial experiments for Oroville dam,
Pyramid dam, and Crushed Basalt rockfill; they all used the
apparatuses to study the rockfill shear strength, and the
results showed that the inner shear angle increased as the
particle size decreased. Ning and Kong [13, 14] conducted
the superlarge triaxial experiments on rockfill, and the
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TaBLE 1: The super large apparatuses for rockfill triaxial experiment.
References Specimen diameter Specimen height Maximum grain Confining pressure Axial load
(mm) (mm) size (mm) (MPa) (kN)
Marshal [12] 1130 2500 180 0~2.5 0~15000
Marachi [10] 915 2286 152 0~2 0~18000
Kong et al. [13] 1000 2050 160 0~4 0~10000

results showed that the modulus calibrated by the superlarge
machine was less than the modulus calibrated by the usual
triaxial apparatus. Although the superlarge triaxial experi-
ments can reduce the modulus errors between the experi-
mental results and the actual value for prototype rockfill, the
modulus value is not the real prototype value and the scale
effect still exists.

The alternate solution is to determine the variation rules
of the modulus with grain size so as to extrapolate the
experimental modulus to the prototype modulus. Currently,
the extrapolation method is more used on the shear strength
extrapolation [10, 12, 15-22], and the studies on rockfill
modulus are not the same as the studies on shear strength.

The variation of the modulus with the particle size has
been studied by multiple researchers. Using a backtracking
analysis for rockfill deformation on filling construction,
Hunter and Fell [23] found that the modulus of the rockfill
decreased with increasing particle diameter. Using consol-
idated drained triaxial tests, Varadarajan et al. [24] found
that the modulus for rockfill material with rounded particles
increased with increasing particle size but that angular
rockfill showed the opposite trend. Using the triaxial tests,
Wu et al. [25] obtained that the initial modulus of rockfill
material increased as the particle size increased. The vari-
ation equations, however, were not provided in these studies.

Several extrapolation methods have been proposed. It is
usually accepted that the modulus remains constant when
the ratio of the specimen diameter to the particle size exceeds
6 (ASTM D4767 2011). Wang [9] proposed an empirical
equation relating the experimental modulus to the in situ
modulus by conducting experiments on rockfill and ex-
trapolating the analysis to rockfill dams. Wei et al. [26]
developed a multiscale unified correction model based on
the contact deformation theory. These studies were pre-
sented in the plane strain space.

Although the previous studies proposed several ex-
trapolation equations, Wang’s equation is an empirical
equation which lacks the theoretical proof, and Wei’s
equation was developed in the plane strain space which lacks
the experimental evaluation. Factually, the actual rockfill
tolerates the triaxial stress. So far, no extrapolation equations
in the triaxial stress space were developed. To predict the
actual modulus accurately, a model based on an analysis in
the triaxial stress space needs to be developed and the tests
on the triaxial samples need to be conducted to evaluate
the model.

This study focused on the scale effect and performed an
analysis in the triaxial stress space. By conducting confined
compression experiments on ball heaps, the laws governing
the variation of the compressive modulus according to
particle size, the initial void ratio, and particle breakage were

obtained, respectively, and a scale effect model is proposed to
extrapolate the actual modulus from the experimental
modulus of scaled-down rockfill. The proposed model was
evaluated through numerical analysis for an actual
rockfill dam.

2. Materials and Methods

To obtain the size effect law in which the compressive
modulus varies with the particle (and specimen) size, the
confined experiments were conducted on the granular
heaps. To obtain the particle breakage effect law in which the
compressive modulus varies with the particle breakage, the
confined experiments were conducted on the ball pack
cumulated by the breakable particles.

2.1. Confined Compression Experiments for the Size Effect.
The confined experiments were conducted on the particle
heap specimens to obtain the relationship between the
compressive modulus and the size.

2.1.1. Experimental Specimen. The size effect should only
consider the effect that comes from the size and avoid the
impact from the breakage and particle shape. As for the
experiments, the nonbroken polytetrafluoroethylene (PTFE)
balls were used to configure the specimen. Balls with a di-
ameter in the range of 10-40 mm were used (Figure 1).

The material characteristics of the balls are listed in
Table 2.

The parallel scaling-down technique was used to scale
the specimen. It was found that the actual dam rockfill
gradation met the fractal equation [27, 28]. The fractal
gradation equation is formulated as follows:

3-D
p; :(dd> x 100, (1)

max

where d is the particle diameter, p; is the percent of material
passing the sieve (d < d,), d,,, is the maximum particle size
of the specimen, and D is the fractal dimension. To model the
actual dam, the fractal equation (1) was used to configure the
specimen gradation. When selecting the balls to make
a specimen, the maximum particle size was determined
previously, and for the situation p; = 100%, it held d <d, .,
so it was necessary to revise the definition of p; into the mass
percent with d <d,. It was also found that the D value scope
of gradation is 2.2-2.63 [27], so the fractal D was used as
D=2.5 in this paper. In this way, the mass percent is cal-
culated to show in Table 3. The gradation curves are as
shown in Figure 2.
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FIGURE 1: Balls used in tests (PTFE: polytetrafluoroethylene; d: ball diameter).

TaBLE 2: Characteristics of particle material.

Particles Chemical formula Density (kg/m3) Young modulus (MPa) Poisson ratio
PTEE balls (C,F,), 2185.71 259.92 0.49
TaBLE 3: Specimen gradation.
. Ball diameter, o

Specimen d (mm) Mass percent, p; (%)

40 100
Specimen with d, ., = 40mm 30 86.6

20 70.7

20 100
Specimen with d,, = 20mm 15 86.6

10 70.7

100

90

80

70

Mass percent pi (%)

60

50 I T T L

10

Particle diameter d (mm)

—o— dmax=20 mm
—o— dmax=40 mm

FiGUre 2: Gradation curves.

The balls are weighed according to Table 3 and filled into
the steel container to configure the specimen, as shown in
Figure 3. The containers were made into two types, one was
with the inner size (L X B) 120 mm x 120 mm and the other
was with the inner size of 180 mm x 180 mm (L X B); there-
fore, the specimens held the length L = 120 mm (180 mm) and
the width B=120 mm (180 mm). In this study, the void ratio
of the cumulative particles was calculated as follows:

LeB*H

e = - L @)
"TTLV;

where V; is the volume of ball i and 7 is the number of balls.
In this study, the specimen depth was considered equal to
the specimen width (i.e., L = B). From equation (2), it can be
seen that the initial void ratio varies with the specimen
height (H), so the specimens with various heights (H) were
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FIGURE 3: Specimen with container.

made to get the various initial void ratio (e,). The specimen
characteristics in this study are listed in Table 4. A specimen
view is shown in Figure 3.

2.1.2. Experimental Procedure. The confined compression
experiments were conducted in the laboratory of the China
Institute of Water Resources and Hydropower Research, in
accordance with the relevant Chinese Code [1]. The testing
machine was a “Universal Testing Machine Inspekt 100 kN”
(Hegewald & Peschke Inc., Germany).

The experiments are conducted in accordance with the
details outlined in Table 5. Meanwhile, to avoid the sidewall
friction, the inner sidewalls of the steel container were
skinned by the Vaseline.

2.2. Confined Compression Experiments for the Particle
Breakage Effect. As a result of the breakage of grains, the
rockfill compressive modulus for large angular grains is less
than that for small particles [9, 24]. For purpose of in-
vestigating the particle breakage effect, the relationship
between the compressive modulus and the particle breakage
was tested via confined compression experiments.

2.2.1. Experimental Specimen. To examine the particle
breakage, polymethylmethacrylate (PMMA) balls (Figure 4)
were used to form a ball pack. The PMMA characteristics are
shown in Table 6. To exclude the effects of particle sliding
and to directly examine the broken particles, PMMA balls
with a diameter of 10 mm were stuck to balls with a diameter
of 20mm to form a chain of balls; these chains were then
placed in the experimental container in parallel to form a ball
pack (Figure 4).

The geometric characteristics of the specimen are shown
in Table 7.

2.2.2. Experimental Procedure. The experiments were con-
ducted following the procedure given in Section 2.1.2 except
that the maximum axial strain was setup as 20% to make the
balls broken.

3. Results and Discussion

Following the experimental procedure, the confined com-
pression experiments were conducted on the PTFE ball
heaps and PMMA ball pack. The stress-strain relationship
was obtained from the experiments. By analyzing the ex-
perimental data, the size effect equation which expresses the
relationship between the compressive modulus and the size
was obtained; also, the breakage effect equation which ex-
presses the relationship between the compressive modulus
and the particle breakage index was obtained. Based on the
experimental findings, an extrapolation-based modulus
model was established to extrapolate the prototype modulus
from the experimental modulus.

3.1. Experimental Results. Via conducting the confined ex-
periments on the granular heaps, the stress-strain re-
lationship was obtained.

3.1.1. Stress-Strain Relationship for PTFE Granular Heaps.
Figure 5 shows the stress-strain relationship for the PTFE
ball heaps. In this paper, the ratio R, of specimen width B to
the maximum of particle diameter d,,, (R; = B/d,,,,) was
used as the size index.

max max

3.1.2. Stress-Strain Relationship for PMMA Ball Pack.
Figure 6 shows the stress-strain curve for the breakable ball
pack. Note that, sharp decreases occurred at strains of 3.74%,
10.59%, and 16.7%, which means that the three balls broke at
these strains. During stage I, with a strain scope of 0%-
3.74%, the balls were elastically compressed and the stress-
strain curve shows linear elastic behavior. Because the ball
pack was nonuniform, one weak ball was broken at ¢, =
3.74%; then, the cumulative structure changed and the load
was resisted by the new structure. Subsequently, the second
and third balls broke; this marked stage II, with a strain
scope of 3.74%-16.7%, where stress was not increasing as
a result of the breakage of the particles. After the breakage
was completed, the stress-strain curve entered stage III, with
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TABLE 4: Specimen characteristics.

R, d,. (mm) (LxB) (mm x mm) H (mm) €
117.93 0.670
63.18 0.702
3 40 120 x 120 4570 0.739
31.80 0.797
116.48 0.740
88.50 0.787
6 20 120 x 120 38.06 0.778
64.35 0.833
119.03 0.655
9 20 180 x 180 88.49 0.690
73.995 0.699
TaBLE 5: Experimental details.
Project Value
Loading velocity 0.01 H/min
1kN

Preloading

The ending of tests

One of the bellows was reached:
(i) Axial strain: 5%

(ii) Axial stress: 6 MPa

(iii) Decrement of loading: 10%

ssessetel
333300381

,%1

Y

FiGURE 4: Pack with breakable PMMA balls.
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TABLE 6: PMMA characteristics.

Particles Chemical formula Density (kg/m3 ) Young modulus (MPa) Poisson ratio
PMMA balls C,,H,40, 1234.43 2406.40 0.34

TaBLE 7: Geometric characteristics of the breakable ball pack.

Wld.th of Hel‘ght of Diameter of Number of . Initial void
specimen B x B specimen H ball (mm) balls Ball material ratio
(mm x mm) (mm)
60 60 48.2 » N PMMA 7.94

0.8 0.8

Stress o (MPa)

0 1 2 3 4 5
Strain ¢ (%) Strain ¢ (%)
—=— ¢e0=0.740 —— e0=0.787 —=— ¢e0=0.670 —— ¢e0=0.739
—+— ¢e0=0.778 e0=0.833 —— e0=0.702 e0=0.797
(a) (b)
0.8

Stress o (MPa)

0 1 2 3 4 5
Strain ¢ (%)

—— e0=0.699

—+— e0=0.690

—=— e0=0.655

(c)

FIGURE 5: Stress-strain curves. (a) R; =3 (B=120mm, d=40mm). (b) R; =6 (B=120mm, d=20mm). (¢) R; =9 (B=180 mm,
d=20 mm).

a strain scope of ¢, > 16.7%; in this stage, a stable structure ~ 3.2. Experimental Results Analysis. By analyzing the ex-
once again formed to resist the load with linearly increasing ~ perimental results for PTFE ball heaps, the size effect
stress versus strain. equation was obtained. And, by analyzing the experimental
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FIGURE 6: Stress-strain curve of the breakable ball pack.

results of the PMMA ball pack, the particle breakage effect
equation was obtained.

3.2.1. Analysis of the Size Effect. The size effect law of
granular heap was obtained by analyzing the experimental
results of PTFE ball heaps. Based on the experimental
findings, a size effect model was proposed adopting the
structural mechanics theory. Finally, the model was assessed
by the confined compression experiments.

(1) Experimental Size Effect. The compressive modulus E; is
obtained by linearly fitting the stress-strain curves in Fig-
ure 5. And, the R; (= B/d,,,,) was used as the size index. The
E,~R; equation was obtained by fitting the
experimental data.

The size effect focuses on the relationship between the
compressive modulus (E;) and the size index (R;), which
requires that the compressive modulus of the cumulative
particles with various R; should be compared under the
same void ratio. As can be seen from Table 4, the same initial
void ratio under different values of R; was not obtained for
the granular heap. The solution is to plot the compressive
modulus (E;) and initial void ratio (e,) in one coordinate and
to fit the data of (e;, E;) to obtain the E;-e, equation. Then,
the several equations for the various R; can be used to
calculate the compressive modulus under the same initial
void ratio. The plots of (e,, E;) for the PTFE specimens with
R; =3,6,9 are shown in Figure 7. Under the same R, the
compressive modulus decreases as the initial void ratio e,
increases, as a result, the E;—e, equation can be fitted by the
power function as follows:

E-_ %
e (3)

where & and w are model parameters.

Also, it can be seen from Figure 7 that the E;—e; curve for
R; =9 locates beneath the curve for R; = 6, and the curve
for R; = 6 locates beneath the curve of R; = 3. To predict E;,
equation (3) was used. For example, selecting e, = 0.70 and
0.80, respectively, the calculated E; and specimen R, is

16

14

12

10

Compressive modulus Ei (MPa)

8
0.6 0.7 0.8 0.9
initial void ratio e0
—— Rd=3
Rd=6
—=— Rd=9

FIGURE 7: E;-¢, relationship for PTFE ball heaps.

plotted in one coordinate as shown in Figure 8. It can be seen
that the E; decreases as R, increases under the same e;, and
the exponential function was used to fit data (R, E;) to
obtain the E;~R; equation as follows:

E; = A*exp (—%), (4)

where A and # are model parameters.

(2) Size Effect Model. On the basis of the results obtained
from the confined compression tests, a size effect model
based on the ball heap was established by analyzing the
cumulative structure using the Hertz contact model in this
section.

For the situation of particle-particle contact under
a compressive load (Figure 9), it is assumed that the de-
formation is elastic, the stress occurs in the normal direction,
and the contact face is squeezed to form a circular plane with
radius ¢ and the compression stresses g istributed as an
ellipsoid, which is formulated as g = g, \;1 — (r/c)?, where g
is the maximum stress on the contact face and r is the
distance from the center (0<r <c).

On the basis of the abovementioned assumptions, Hertz
formulated the following equations to relate the load to
particle deformation:

3P
=5 (5)
D 2mc?
) 1—2 1-2
CS — i Rl Rz My + @) P, (6)
4 R +R,\ E, E,

3 2 2
6§=3<1_.”1+1_/42> R1+R2P (7)

sW\E " E J\RR,

where § is the compressive deformation from the center of
particle 1 to the center of particle 2, E, and E, are Young’s
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FIGURE 8: E; — R, relationship for PTFE ball heaps.
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FiGure 9: Contact between particles.

modulus for particles 1 and 2, respectively, and g, and y, are
the Poisson ratios for particles 1 and 2, respectively.

Compared with equation (7), where P accords with § as
Poc & (Figure 9), the p—0 equation formulated by
Hooke’s law is P o< §. The contradiction is considered to arise
from the assumptions regarding the stress distributions of
the ellipsoid shown in Figure 9. To eliminate the contra-
diction, the displacement of 8*? should be modified to
satisfy Hooke’s law. Hence, § is defined as the displacement
satistying Hooke’s law, and thus it can be easily found that
5 oc 82, Considering the size effect equation (4) derived
from the experimental findings, it is assumed that the fol-
lowing equation holds:

R\ ~
8% = aeexp <_?d>.5, (8)

where a and b are model parameters.

For one particle inside the heap (Figure 3), while ig-
noring the effects of gravity acting on the particles, the forces
from the adjacent particles are loaded onto the particle as
shown in Figure 10.

From equation (7), the p-§ equation can be expressed as
follows:

4 E
p=3 -5 VRS )
31—y
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P; P,

FiGgure 10: Forces acting on one particle.

The forces of p; are loaded around the particle, as shown
in Figure 10. Before particle breakage occurs, the ball can be
considered to bear the pore pressure p and shear stress g. The
pore pressure increment p can be formulated as follows:

) 32
>pi 1 E (5) _ 1 Ez(e.v)yz’

b= n°(471R2) T3m- ‘uz

R 311 -

(10)
where ¢, is the ball volumetric strain with ¢, = §/R.

Introducing equation (8), equation (10) is transformed
into the following:

L _E ae ( Rd) 3
- ° X — )ec..
P 37_[1_‘[42 p b v (11)

In this paper, the deviator strain increment &, was de-
rived from the shear stress increment 4 and treated as the
void ratio increment €, = V,/V; meanwhile, the volumetric
increment of the void (Ve) and the volumetric increment of
the particles (V) are assumed as follows:

V,=[1-(1+¢)""|V.. (12)
Thus, the overall strain increment ¢ is as follows:
. . . Vs Ve 5 oy
E=¢,+¢g, = - =(1+ey) ¢,
T ey, ey, ()
(13)

Combining equations (11) and (13), it holds the
following:
. p ,
(1/3m)(E/1 - y*)*a exp (~R,/b)

&= (1+eo)5 (14)

The forces and displacements in the heap can be ob-
tained by integrating equation (14) to satisfy the boundary
equations, as follows:
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JJ'JVdp - ”Jvé 1 ijz"l €xp <_%>°mde.

(15)

The boundary equations should be satisfied as follows:

Displacement boundary: S = Syqyndary

Force boundary: F = Fy ;4. 1y

For the confined constrains, the integration result is as
follows:

(1+2k,) F 1 E 1 R;\10
7_2:_—275[”6@ <__>]_’
3 B 3m1-u (1+e¢)) b/1H
(16)

where k, is the stress ratio of the pressure in the horizontal
direction to the pressure in the vertical direction and F is the
load on top of the ball heap.

Accordingly, the compressive modulus is expressed as
follows:

Parameter a can be obtained as follows:
a= (xBﬁ N (18)

where a and f§ are model parameters calibrated by the test.
For a granular heap in the triaxial stress space, it is

considered that the strain in the horizontal directions x and y

matches the strain in the vertical direction z as follows:

&, = €, = —KUE,, (19)

where « is the ratio of the horizontal strain to the vertical
strain.

On the basis of Hooke’s law, an equation for the co-
efficient of lateral pressure (k;) can be obtained as follows:

1-
ko = (7’0‘“2 ) ( 20)
1—u—-2ku
where « is a parameter describing the deformation degree in
the horizontal direction and « = 0 for confined compression.
Hence, from equation (20), it follows that the stress ratio is
ko = u/1 — u. Moreover, k = 1.0 represents the unconfined
compression and k, = 0. In addition, 0 < k, < 1.0 means that
deformation occurs in the horizontal direction.

(3) Size Effect Model Assessment. The size effect equation
(17) was evaluated in this section. The confined compression
tests on PTFE ball heaps were predicted using equation (17).
One of the experiments was used to calibrate the parameters,
and the calibrated parameters are shown in Table 8.

Using the parameters in Table 8, the modulus for ex-
periments in Table 4 is calculated using equation (17) and the
calculated E;~e, curves were obtained. The E;~e, curves and
experimental data (e,, E;) are plotted in one coordinate as
shown in Figure 11. It can be seen that the experimental data
(eg> E;) locate closely to the E;~e, curves and the model
performance is satisfactory.

9

TaBLE 8: Model parameters.
Material o B b ¢
PTFE 6.8 0.1 24 6

20

16

12 b [u}

Compressive modulus Ei (MPa)

0.6 0.7 0.8 0.9
Initial void ratio e0

Rd=3, Model Prediction
Rd=6, Model Prediction
- -~ Rd=9, Model Prediction

0 Rd=3, Experiments
& Rd=6, Experiments
A Rd=9, Experiments

FiGure 11: The calculated E;~e, curves vs. the experimental data
(eg> E;).

3.2.2. Analysis for the Particle Breakage Effect. To determine
the relationship between the compressive modulus and the
breakage, the experimental compressive modulus and the
breakage factor should be determined from the experiment.
When the confined experiment of the PMMA ball pack was
finished, three balls with diameters of 10 mm were broken
during the test; Figure 12 shows a view of the broken balls.
As shown in Figure 6, the first ball was broken on the strain
point &, = 3.74%, the second ball was broken on the strain
point ¢, = 10.59%, and the third ball was broken on the
strain point e, = 16.7%. The secant modulus for the previous
point of ball break of the stress-strain curve (Figure 6) is used
as the compressive modulus E;; that is, the secant modulus
for the points when ¢, is equal to 3.4%, 10.36%, and 16.7%.
For the purpose of analysis, the compressive modulus (E;) is
normalized by the confined compressive modulus (E;) in the
case without breakage. The normalized modulus E;/E values
are listed in Table 9.

As opposed to the usual breakage factor B, [12] and B,
[29], the breakage factor used in this paper is defined as
follows [30]:

Y

B
v Vt

> (21)

where V, is the volume of broken balls and V, is the total
volume of the balls.
Using equation (21), the breakage factors on the previous
points of ball break are calculated and listed in Table 9.
The experimental data (B,, E;/E,) in Table 9 are plotted
against one coordinate as shown in Figure 13, and it can be
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FIGURE 12: Broken PMMA balls.
TaBLE 9: Breakage factor and normalized compressive modulus.
Breakage Normalized modulus E;/E, Strain before broken ¢,
factor B, (%) (MPa) (%)
0 1.00 3.40
0.58 0.37 10.36
1.16 0.22 16.70
1.2
g 1
=
208
=]
S
[=]
S 06
o
S 04
g ’ A
Z 02
0
0 0.5 1 1.5

Breakage Factor Bv (%)

A Experiment
—— Fitting Curve

FIGURE 13: Plot of E;/E, versus B,,.

seen that the compressive modulus decreases with increasing
breakage factor. Meanwhile, the exponential function was
used to fit the (B,, E,/E;) data to obtain the E,/E-B,
equation as follows:

Ei y*B

—=e 7, 22

5 (22)
where y is the model parameter, and in this experiment, it
holds y = —1.381.

3.3. Extrapolation-Based Modulus Model. To develop a ro-
bust scale effect model for extrapolating the actual com-
pressive modulus from a compressive modulus obtained in
the laboratory, the model should account for any factor that
might affect modulus extrapolation. On the basis of struc-
tural mechanics, the compressive modulus for rockfill
material is determined by the cumulative structure. The
structural elements are particles of several sizes and shapes,

and the structural connections are the points of contact
between the particles. The structural type is determined by
the locations of the particles, and the structural type is
randomly formed owing to the gradation and particle shape.
In addition, particle breakage changes the cumulative
structure during compression loading. Therefore, the
compressive modulus is affected by the gradation, particle
shape, the void, particle material, and particle breakage. The
impact of each of these factors is considered to be simul-
taneous. Accordingly, an extrapolation model should
comprise an equation that accounts for these factors as
follows:

E; = (03, D, B,, B,d, E, y, e,), (23)

where E; is the compressive modulus of particle heap, o5 is
the lateral pressure, D is the index describing the scaling-
down technique, B, is the breakage factor, B and d are the
heap width and particle diameter, respectively, E and y are
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the young modulus and Poisson ratio of particles, re-
spectively, and e is the initial void ratio.

In this paper, we assume that the modulus E; has the
following formula:

E;=f(03)*f(D)f (B,)*f (B,d)*f (E,u)* f (eo).  (24)

For extrapolating the prototype modulus from the ex-
perimental modulus, it holds the following:

Es _ f(03s).f (Ds).f(Bvs).f (Bs’ ds).f(Es"us).f(eOS)

E—L - f(os ) f (D) f (B,)*f (Br.dp)*f (Ep i) f (eor)’
(25)

where subscript s means on-site and L means laboratory.
The lateral pressure effect is described as the function of
lateral deformation in this paper, that is,

f(0'35)
f(o3p)

The size effect equation (17) was proposed basing on the
confined experiments, but the actual stresses in rockfill dam
are triaxial stresses, and the horizontal stresses are matching
the vertical stress as

= f(ex)' (26)

0,=0,= kyeo,. (27)

Thus, the extrapolation model derived from the confined
experiments should be corrected by accounting for the effect
from the lateral deformation, the function f(e,) is
used here.

As can be seen from equation (19), the factor x was
introduced to describe the degree of the lateral deformation.
Based on Hooke’s law, the compressive modulus E, of
a cumulative heap with horizontal deformation ¥ can be
calculated as

E 1-2u%/(1 -
fle)=tr= 2020

E, 1-20(1-0p/(1-p) 2

where E; is the confined compressive modulus.
The paralleled scaling method is discussed in this paper,
so it holds

f(Dy) _
Foy = Lo (29)

The breakage effect for the modulus is described as the
function of the breakage factor B,. Based on the particle
breakage effect equation (22), the particle breakage effect
equation f (B,) is as follows:

f(B,)= }c ((gi)) = o (BuBu), (30)

The scale effect from the heap size and particle diameters
is defined as the size effect in this study and described using
the ratio of heap width to the particle diameter as follows:

Rd :E. (31)

Therefore, the size effect for extrapolation is described as

11

(B d)
f(Bp.dy)

Based on the size effect equation (17), the function f (R;)
can be described as

1+2ky, (B.\' RdL—Rd)
R,) = sof 25 ) o exp( DL s, 33
FR) =155k, (BL) eXp( b =

= F(Ry). (32)

The scaling-down rockfill samples for the laboratory test
are usually derived from the construction site, it holds the
following:

f(Eop) _
FEap)

Based on the size effect equation (17), the effect of the
initial void ratio is described as

flep) = Slew) _ (H%L)E (35)

f(eor) 1 + e

Combining equations (25)~(35), the scale effect model
for the extrapolation is built as

B fe B RS 09

(34)

4. Model Assessment

To evaluate model performance, an actual rockfill dam was
used to predict displacements using the extrapolation model
proposed in this paper. The Hekou Village dam is a concrete
face rockfill dam, the geometric characteristics are as follows.

Dam height is 122.5 m, dam length is 530.0 m, top width
of dam is 9.0 m, the slope for the upstream and downstream
is1:1.5and 1:1.685, respectively, and the maximum rockfill
diameter is 800 mm. Also, the rockfill characteristics are
listed in Table 10.

The dam displacements were predicted using numerical
analysis based on the E-B model in the design phase, and the
model parameters were calibrated following triaxial exper-
iments on scaled-down specimens. Meanwhile, the actual
dam displacements were measured in the field during
construction and throughout the operation. This study
predicted dam displacement through numerical analysis
using the E-B model with a compressive modulus modified
by the proposed extrapolation model, and the results were
compared to the on-site measurements and the displace-
ments calculated from the nonmodified model.

4.1. Modeling by Using the Extrapolation Equations.
Based on the method proposed in this study, the extrapo-
lation functions were determined as follows.

The model parameters for f(R;) are listed in Table 11.
Using equation (33), the value of f (R;) was f (R;) = 1.276.

The model parameter for f(B,) was y =-0.031 and
breakage was B,, — B,; = 15.2%, so the value of f (B,) was
f(B,) = 0.625.
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TaBLE 10: Rockfill characteristics.
Material Dry density (g/cm?) Void ratio N63.5
Alluvial subrounded rock 1.63 0.66 22
TaBLE 11: Model parameters.
B b &
0.6 0.2 175 6
TaBLE 12: Parameters of the E-B model.
Model K " R K ¢ %0 ©) Ap k m
f ur (kPa) o ©) b
Nonmodified 1660 0.21 0.85 3320 0 54 10.6 380 0.14
Modified 1245 0.22 0.82 3320 0 54 10.6 380 0.14

TaBLE 13: Comparison between calculated and measured dam displacement.

Settlements maximum (cm)

Type

Accuracy promotion (%)

Construction Water filling
On-site measurements 78.9 109.7
Predictions using a nonmodified model 61.2 68.1 8~10
Predictions using a modified model 69.8 774

For the rockfill, the initial void ratio has the relationship
with the dry density as e, = G,p,,/p; — 1, so the model pa-
rameter was f (e;) = f(p;) = 1.1.

In this paper, the value of f (¢,) was used as f (¢,) = 1.0.

Using equation (36), the extrapolation modulus was
E,/E, = 0.877.

For the displacement prediction, the initial compressive
modulus E; of the E-B model was modified. Consequently,
the K and n parameters of the E-B model were also modified.
The modified parameters were compared with the param-
eters obtained following triaxial experiments in the labo-
ratory, as presented in Table 12.

4.2. Modeling Results. Numerical analysis was conducted for
the dam using the software FLAC3D. The results obtained
using the modified model were compared with the results
calculated using a nonmodified model and on-site mea-
surements. The comparisons are presented in Table 13. As
can be seen, the modified model improved the prediction of
dam displacement.

5. Conclusions

To obtain the prototype rockfill modulus, an extrapolation
model was established to extrapolate the prototype modulus
from the laboratory modulus. By conducting the confined
tests, the variation of modulus according to the ratio of
rockfill width to the particle diameter (R;), the initial void
ratio (e,) and particle breakage was investigated, re-
spectively. Based on the experimental results, the equations
for the size effect and particle breakage effect were estab-
lished. The constrain effect was speculated following the

elastic mechanics theory. The main conclusions drawn from
this study are as follows:

(a) Under the same R, the compressive modulus de-
creases as the initial void ratio increases. Under the
same initial void ratio, the compressive modulus
decreases as R increases

(b) The modulus decreases as the lateral deformation
increases

(c) The modulus decreases as the particle breakage
increases

(d) An extrapolation modulus model was established to
incorporate the effect from the R, initial void ratio,
boundary constrains, and particle breakage

The model was evaluated by the numerical analysis of an
actual rockfill dam and found that the proposed model
improved the prediction of rockfill dam displacement. The
proposed model represents a new approach for investigating
the scale effect of rockfill material, which could be adopted
by engineers to improve the prediction of rockfill dam
displacement.

Compared with the previous works, the extrapolation-
based modulus model in this study was proposed in the
triaxial stress space which matches the actual stress con-
dition in the rockfill dam. The model was established using
the structural mechanics approach, it has the theoretical
basis compared with the empirical equations. However, as
the cumulative particles used in this study were the balls
which were different in shape to the actual rockfill material,
the effect on modulus extrapolation of particle shape should
be investigated in the future.
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