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Abstract. In this paper, a predictive method accounting for the scaling effects of rockfill materials in the numerical
deformation analysis of rockfill dams is developed. It aims to take into consideration the differences of engineering properties of
rockfill materials between in situ and laboratory conditions in the deformation analysis. The developed method is based on the
modification of model parameters used in the chosen material model, which is, in this study, an elasto-plastic model with double
yield surfaces, i.e., the modified Hardening Soil model. Datasets of experimental tests are collected from previous studies, and a
new dataset of the Nam Ngum 2 dam project for investigating the scaling effects of rockfill materials, including particle size,
particle gradation and density, is obtained. To quantitatively consider the influence of particle gradation, the coarse-to-fine
content (C/F) concept is proposed in this study. The simple relations between the model parameters and particle size, C/F and
density are formulated, which enable us to predict the mechanical properties of prototype materials from laboratory tests.
Subsequently, a 3D finite element analysis of the Nam Ngum 2 concrete face slab rockfill dam at the end of the construction
stage is carried out using two sets of model parameters (1) based on the laboratory tests and (2) in accordance with the proposed
method. Comparisons of the computed results with dam monitoring data indicate that the proposed method can provide a simple
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but effective framework to take account of the scaling effect in dam deformation analysis.
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1. Introduction

Concrete face slab rockfill dams (CFRDs) are
increasingly constructed for many purposes, for instance
irrigation, human consumption, flood control and
hydropower. The settlements and horizontal movements are
the main concerns in the design and operation of this dam
type (Xu et al. 2012b). Large deformation of rockfill
materials, which are the main material of this dam type,
could induce abnormal behavior in the contact between the
concrete face slabs and cushion layer or may cause cracks
in the face slab (Cook 1984). It is thus important to
accurately simulate the deformation of CFRD (Kim et al.
2014). At the present, numerical approach by the finite
element method (FEM) or finite difference method (FDM)
has mainly been used to analyze the behavior of CFRDs.
One of the key points in the analysis is the determination of
the model parameters to cooperate with the selected
constitutive model for reproducing a reasonable response of
the rockfill materials under loading.

The mechanical properties of rockfill materials are
essentially determined from laboratory tests. In the
laboratory, samples with maximum particle size in the range
of 25-80 mm are typically prepared using one of the scaling
techniques (i.e., parallel gradation technique, scalping
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method, equivalent substitution method and combination
method). In reality, the composition of rockfill material in a
construction site is typically comprised of silt, gravel,
cobbles, and boulders, which probably have maximum sizes
of over 1 m in diameter (see Fig. 1). This scaling effect
results in differences of the engineering properties of
rockfill materials between in situ and laboratory conditions.
To gain insights into this problem, the influence of particle
size on the deviator stress-strain-volumetric strain behavior
of rockfill materials has been experimentally examined by
many investigators (e.g., Varadarajan et al. 2003 and 2006,
Honkanadavar and Sharma 2014). Rockfill samples have
been scaled down by using the parallel gradation method
with maximum diameters of 25-80 mm. For quarried
rockfills (used in most dams (Li et al. 2016)), the
experimental results indicate that an increase of the particle
size reduces the elastic stiffness and peak deviator stress,
and more contraction behavior is observed. However, the
scaling effects correspond to not only the effect of particle
size but also the effect of particle gradation. A number of
scientific papers related to the influence of particle
gradation on the mechanical behaviors of rockfill materials
have been published during the past decades (e.g., Kokusho
et al. 2004, Hamidi et al. 2012, Tabibnejad et al. 2014). All
of them reported experimental investigations on the
influence of particle gradation of rockfill materials on the
shear strength, deformation and collapse behaviors. The
laboratory results indicated that the shear strength
characteristics are enhanced with increasing gravel content.
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Fig. 1 The prototype rockfill used in dam construction
and the scaled gradation used for laboratory samples
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Due to the realization of scaling effects on rockfill
properties, preparing rockfill materials for testing with a
smaller density of the prototype rockfill material is
currently used in engineering practice (Xu et al. 2012a). In
recent years, a series of large scale triaxial compression on
Tacheng rockfill materials with different initial densities has
been conducted by Xiao et al. (2014). For the specimen
prepared with the highest density in the study, the material
exhibits dilation behavior at the very beginning of shearing.
The dilation behavior is gradually suppressed with
diminished dry density. Although a number of research
investigations have been conducted on the effects of
different states between laboratory preparation and in situ
conditions, each of them only focused on a certain factor
(size or gradation or density).

Aside from experimental results, many investigators
have attempted to develop constitutive models and
numerical methods for simulating the response of triaxial
test results (e.g., Varadarajan et al. 2003 and 2006, Zhang et
al. 2007, Liu and Zou 2013, Ma et al. 2014, Pramthawee et
al. 2017). The disturbed state concept developed by Desai
(1995 and 2001) was used to investigate the effects of
particle shape (round and angular shapes) and particle size
(Varadarajan et al. 2003). A state-dependent model based on
the critical state framework was developed to describe the
behavior with different initial void ratios (Xiao et al. 2014).
However, among the comprehensive studies related to
scaling effects, most of them are still limited to the
simulation of only the stress-strain relations of triaxial
testing results.

In parallel, many finite element analysis applications in
conjunction with back analysis methods have been carried
out to investigate the field mechanical properties via case
histories (e.g., Zhou et al. 2011, Wang et al. 2014, Jia and
Chi 2015, Zhou et al. 2016). The hyperbolic elastic model
developed by Duncan and Chang (1970) has been
commonly utilized for simulating the triaxial stress-strain
curves together with back-analysis methods, i.e., particle
swarm optimization (Zhou et al. 2011), evolution algorithm
(Yu et al. 2007), colony optimization (Kang et al. 2009) and
clonal selection algorithm (Zheng et al., 2013). Model
parameters were computed by considering the dam
deformation of the selected observation point. However, the
model parameters obtained from the back-analysis method
are not directly associated with the laboratory data. The
computed model parameters, for instance K (modulus
number), K, (bulk modulus number) and n (exponential
number) values, are strongly affected by each calculation
method. The back-analysis methods also need enough
monitoring data from several observation points to attain
high validity.

Despite the fact that some attention has been paid to
study the scaling effect of rockfill materials, there is still no
link of such effect in dam deformation analysis. This
current study intends to develop a method to take the
scaling effect into account in dam deformation analysis by
numerical simulation. The main concept is to modify the
model parameters used in a chosen material model from the
test state to the in-situ state. To achieve this, relations
between key influencing factors and model parameters need
to be established. A series of experimental data collected
from the literature and a new dataset of Nam Ngum 2
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(NN2) rockfill materials are used in this paper. The
influence of particle size, particle gradation and density on
the response of rockfill materials, as well as the strength,
stiffness and volumetric strain, is discussed. To
quantitatively take the influence of particle gradation into
account, the coarse-to-fine content (C/F) concept is
proposed in this study. In all numerical analyses, an elasto-
plastic model with double yield surfaces, namely a modified
hardening soil model (Sukkarak et al. 2017), is employed to
characterize the response of rockfill materials. The three-
dimensional (3D) FE analysis of NN2 CFRD during the
construction stage is carried out using two sets of model
parameters, i.e., (1) directly obtained from the calibration of
laboratory tests and (2) using the established relations in
this study to transform to in-situ conditions. Finally, the
comprehensive dam monitoring data (including settlements,
lateral movements toward upstream-downstream and
longitudinal directions) are compared with the computed
results to highlight the importance of scaling effects and to
confirm the effectiveness of the developed method on the
improvement of dam deformation analysis.

2. Concept, assumptions and limitations

2.1 General

This section describes briefly the impacts of key
influencing factors, i.e., particle size, particle gradation and
density on the behavior. On the basis of the problem stated
previously, the developed method must be capable of
characterizing the influence of not only the particle size but
also the gradation on the parameters affecting the behavior
of rockfills. Moreover, because a smaller density is
commonly considered in current practice for the laboratory
test as indicated by the available case studies (shown later),
the influence of density is also included in the study. The
coarse-to-fine content (C/F) (modified from Sé&nchez-Leal
2007) is proposed to quantitatively define a unique
parameter representing the particle gradation. Subsequently,
the relationships between the constitutive model parameters
and key influencing factors are established as the simple
functions.

Particle size-The experimental studies on the influence
of particle size and particle shape have been investigated
extensively in the literature (e.g., Marsal 1967, Marachi et
al. 1969, Varadarajan et al. 2003 and 2006). In the
experiments conducted by Varadarajan et al. (2003 and
2006), the specimens were prepared by using the parallel
gradation technique (Lowe 1964) to scale the particle size.
Fig. 2(a) shows the relationship from the drained triaxial
test of Purulia rockfill material for tests with o5 of 0.8 MPa
( as an example). The elastic stiffness decreases with the
maximum particle size. In the same manner, with full set of
experimental results for various a3, the friction angle and
dilation angle decrease with the maximum particle size. In
term of the volumetric strain response, for quarried
material, the rockfill achieving the largest deviator stress
(Dmax= 25 mm) exhibits the highest dilatancy.

Particle gradation-A further effect on the rockfill
behavior is particle gradation (see Fig. 2(b)). A difference in
particle gradation leads to changes in the mechanical
behaviors of rockfill materials, as reported by a number of

researchers (Kokusho et al. 2004, Ramon et al. 2008,
Hamidi 2012, Meng et al. 2014, Wei et al. 2014). More
recently, Tabibnejad et al. (2014) showed that the stiffness
modulus decreases with an increase of fine content.
Consistent with other groups of researchers, they showed
that the shear strength parameters increase with an increase
of gravel content (Kokusho et al. 2004, Hamidi 2012,
Tabibnejad et al. 2014, Meng et al. 2014).

Density-Concerning the effect of density, Xiao et al.
(2014) performed a series of triaxial tests on Tacheng
rockfill material with a wide range of initial density and
pressure. Fig. 2(c) shows the triaxial test results at a
confining pressure of 0.8 MPa of the specimens with
different initial dry densities. As shown in the figure, the
different initial dry densities have a significant effect on the
response of rockfill material. The peak deviator stress and
stiffness modulus increase with increasing dry density. For
the highest density specimen, the material exhibits dilation
behavior at the very beginning of shearing. The dilation
behavior is gradually suppressed with diminished dry
density.

In conclusion, the properties that depend on the particle
size, particle gradation and density include the stiffness
modulus, shear strength characteristic (commonly shown in
terms of the friction angle) and dilatancy. Therefore, to
reflect the deformation behavior, the favorable models must
include these properties in the model parameters. These
include most models in the family of elasto-plasticity, such
as the generalized plastic model (Mroz and Zienkiewicz
1984) and hardening soil (HS) model (Schanz et al. 1999).
In this study, a modified model (described later) based on
the framework of the HS model is chosen. The stiffness
modulus, shear strength characteristic and dilatancy are
represented by Esy (together with Eyq and Ey), ¢ and w
respectively, in the HS model (see later for details).

As described above, each research in the past has
focused only on a single influencing factor individually.
Moreover, no sufficiently available information considering
the effect of several influencing factors with the same type
of rockfill exists; it is then difficult to characterize the
effects of several influencing factors simultaneously on
each property. In this study, each property is thus
characterized by each influencing parameter separately to
obtain a simple relationship. These relationships of each
influencing parameter are later combined together to
transform the parameters from the laboratory testing
condition to the in-situ condition as shown in Eq. (1),
assuming that no interaction exists among the factors.

A = A,-F(D,,.C/F,p,) = A -F(D,,) F,(C/F)-F(p) (1)

where A represents each model parameter which shows a
relationship against D, particle gradation and dry density.
Either a linear or power function is used for establishing the
simple relation for parameter predictions. With a limited
range of each influencing parameter in engineering practice,
these two simple mathematical forms provide a sufficiently
accurate characterization. The following power function
form is considered in this study (see Fig. 3)

A=A (D,.)’ @

The parameters A, and 4 are constants in the power
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function.
2.2 Coarse-to-fine content (C/F) concept

While the effect of the particle size and density can be
quantitatively represented by the maximum particle size
(Dmax) and dry density (pg) of the prepared rockfills, the
gradation cannot be directly quantified as a single
parameter. In this study, a similar concept from research on
mixed asphalt is adopted. A convenient form, i.e., Gravel-
to-Sand (G/S) (Sanchez-Leal 2007), has been used to study
the performance (i.e., workability, resistance to rutting and
permeability) of mixed asphalt materials with different
particle gradations. For that purpose, there are two
parameters, i.e., Dyax and n. The parameter n is the shape
coefficient and Dy is the maximum particle size, which
must be obtained from the gradation curve. To reliably
obtain the parameter n, the Fuller’s model is recommended
(Sénchez-Leal 2007).

The definition of gravel content (G) can be expressed as

G=1- P75 3

where p47s defines the percentage finer than No. 4 (4.75
mm). The fine content (F) is written as follows

F = Poors 4)
Sand content (S) is limited by
S=1-(1- p4.75) = Poors = Pazs = Poors )

Consequently, a general expression can be inferred for
any combinations of gravel G and sand S contents (see Fig.
4(a)) by dividing Eq. (3) by Eq. (5) as follows

E: Dma: 4,75 : 6)
S 475 -0.075
As suggested by Sanchez-Leal, we notice that the range
of gravel content used in pavement works is obviously
smaller than that of the rockfill material applications.
Therefore, the original concept of G/S is modified in this
study markedly as Course-to-Fine (C/F) (see Fig. 4(b)). The
coarse content is given by

C = 1_ pD50 (7)

The fine content (F) is given by
F= pDSO B poin (8)
A general expression can be inferred for any

combinations of coarse C and fine F contents by dividing
Eq. (7) by Eq. (8), as follows

D! -Dg
C / F — max 50 (9)
D5nO - D:win

The effectiveness of this proposed C/F is that it is
adaptable for a wide range of particle sizes. In case that the
material is scaled down by using the parallel gradation
technique, the ratio of C/F does not change.

decreasing trend
A=A(D,,)’
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A= Ay(D )’
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Fig. 3 Power functions used in the model parameter
calculations for rockfill materials
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3. Constitutive model and determination of

parameters

The modified hardening soil (HS) model (Sukkarak et
al. 2017) in the family of elasto-plasticity (originally
developed for fine grained soils i.e., sands and clays
(Schanz et al. 1999) and later modified for rockfill
materials) has been chosen in this study. The original model
(hardening soil model) has been extensively used in
numerical analyses of various kinds of geotechnical works
(e.g., Pramthawee et al. 2011, Jongpradist et al. 2013, Chen
et al. 2014, Hosseinzadeh and Joosse 2015, Jamsawang et
al. 2016). The salient features of the model are briefly
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described herein.

First, a number of large-scale triaxial experiments have
illustrated that the friction angle of a rockfill material is a
function of the confining pressure. Thus, the friction angle
of the modified model can be obtained as

@ =9, —Agplog [3] (10)
where p, is the atmospheric pressure, ¢, is the reference
friction angle, and Ag is the reduction factor. According to
the hyperbolic model developed by Duncan and Chang
(1970), a principle hyperbolic function is used to express
the stress-strain relations of the current model in primary
triaxial loading. Here, &, is the vertical strain and q is the
deviator stress. Based on the standard drained triaxial tests,
the relationship between ¢; and g can be expressed as

o9
E 1-q/q,

) for:q<q, (11)
where g, and E; are the asymptotic value and the initial
stiffness.

For yield surfaces, the shear hardening yield function f
has been specified in the following form

f=f-y° (12)
- 2 o} 2q
f=——2 =1
E 1-q/q, E, (13)
y'=—(26! —&)=—25 (14)

Here, f and y° are the function of stress and plastic
strains respectively. The second yield function for the yield
cap is expressed as follows

c éz 12 2
= arrop, (15)

where g is a special stress measure for deviatoric stresses
and a is an auxiliary model parameter that is related to K.
For an associated flow rule in plasticity, plastic potential
function g° is defined as the same of a yield function f* by

g-=f" (16)

The actual stiffness modulus are updated according to
current stress level which controlled by the model constant
(power parameter). Based on previously studied (Sukkarak
et al. 2017), the power parameters in the stress states
corresponding to triaxial and oedometer tests were defined
separately and denoted by m and n for triaxial and
oedometer tests, respectively

ccosp—olsing )
E, =EL (—¢’ = ‘”) 17)

50 ref &
ccosp+ p"™ sing

ccosw—%ncsinrp
E,=Ef| ———F—°>— (18)

oed — oed ref &
CCOsSp+p ~ Sing

Table 1 Experimental data used in this study

Variation of test

Source Materials  Dpax (mm) ( /E?ng) Specimen Reference
g ps  GSD
Kol dam Limestone  25,50,80 NIA v Varadarajan et al. (2006)
Purulia dam Hornbland_e- 25,50,80 NIA v Varadarajan et al. (2006)
quartz-schist
Parbati dam  Quartzite  20,40,80 NIA v Varadarajan et al. (2006)
Granite 2.05,
Tacheng ' 60 2.102.17, N Xiao et al. (2014)
conglomerate 297
NIA Limestone 50 2.15 N Tabibnejad et al. (2014)
NIA: No Information Available, GSD: Grain Size

Distribution

The stress-dependent stiffness modulus in cases of
unloading and reloading stress paths can be expressed as

£ _gn [ ccosp—o,sing j (19)

ur ref H
ccosp+ p” sing

According to the original Rowe’s stress-dilatancy
theory, the dilatancy equation can be written as follows

sing, —sing,,

siny,, = - -
1-sing, sing,

(20)
where w, is the mobilized dilatancy angle and ¢, and ¢,
are the critical state friction angle and mobilized friction
angle, respectively.

4. Investigation with existing experimental data

In the current study, the datasets of experimental tests
for various particle sizes, particle gradations and dry
densities were collected from previous studies (Varadarajan
et al. 2003 and 2006, Xiao et al. 2014, Tabibnejad et al.
2014) and a new dataset of the Nam Ngum 2 dam project.
The relationships of rockfill material factors (particle size,
particle gradation and density) with the constitutive model
parameters are established. Detailed information of the
experimental data is illustrated in Table 1. The constitutive
model parameters (po, w and Es™) were directly
determined from the test results.

4.1 Characterization of particle size on model
parameter

The effect of the particle size is observed in the case of
test samples prepared with the parallel gradation method
(C/IF constant-no influence of particle gradation). The
friction angle decreases logarithmically as the maximum
diameter increases. Similar relationships are also found for
the different sources of rockfill materials. To investigate the
influence of particle size on the mechanical response of
rockfill materials, Figs. 5(a)-5(c) show the dependencies of
9o, w and Esg™ on Dy, together with the regression, by
power relationships in the forms of

?,=¢,(D,,)" (21)

v=y,(D,,)" (22)
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B =B, (Dyw)” (23)

where ¢, v, and EE-,o,yr‘ef are the material constants; A, 1,
and 23 are the power law constants. It is seen that the
coefficients of determination R? of the regression results of
all parameters are higher than 0.92, except for Es, of Kol
rockfill. These correlations enable the prediction of model
parameters for various particle sizes. An interesting
observation is that the A values vary within a small range; it
may thus be applicable to impose / as a constant.

4.2 Characterization of particle gradation on model
parameter

According to several existing scaling techniques, e.g.,
parallel gradation technique, scalping method, equivalent
substitution method and combination method, the influence
of particle gradation can be very significant in the design of
mixtures of test materials. Fig. 6(a) illustrates the gradation
curves used in the experimental work of Tabibnejad et al.
(2014). Three samples were prepared with different
gradations. Fig. 6(b) presents, for instance, the fitting of the
gradation of rockfill with 2% fine content by Fuller’s model
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to obtain the parameters n and Dp.. Note that Fuller’s
model is used to quantify the curve of particle gradation
(Sanchez-Leal 2007). The result indicates n = 0.565 and
Dimax=50.

As Tabibnejad et al. (2014) reported in their research
findings, the shear strength and stiffness of rockfill
materials increase as the fine content decreases (higher
coarse content), and the difference of the dilation behavior
is relatively small. Therefore, only ¢ and Es"" (determined
from the test result) are considered to be influenced by the
particle gradation.

Fig. 7 presents the influence of C/F on ¢, and Es™,
where [C/F], is a normalizing constant or original
gradation, [C/F]s is the scaled gradation, and ¢, and
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Esoo™ are the normalizing constants at the original
gradation. The parameters ¢, and Es," increase with the
C/F and can be approximated as

2. _[(ICIF),
Y ‘al([C/F]J*az 24)
Es. [C/F]
s _ s b
e (e )

As mentioned earlier, if the material is scaled down by
using the parallel gradation technique (C/F constant), ¢o
and Es™ can be obtained without considering the particle
gradation effect; however, consideration of the D, effect
still remains.

4.3 Characterization of density on model parameters

Comprehensive experimental data focusing on the effect
of density were obtained by Xiao et al. (2014). Tacheng
rockfill material with various initial dry densities (pq) of
2.05-2.27 t/m*® was tested with confining pressures of 0.4-
1.6 MPa. Fig. 8(a) shows the variations of the model
parameters with different dry densities. Their results
indicated that the peak deviator stress and stiffness modulus
increase with increasing dry density. Rockfill shows a
contractive behavior when the dry density decreases. ¢, y
and Eso™ increase with increasing p. It is also observed that
the values of ¢y, y and Es,"" show a linear increasing trend
with pq. In engineering practice, the dry density of the
rockfill does not vary much and is typically in the range of
2.05-2.25 t/m®. This narrow range can be satisfactorily
captured by a linear function. Fig. 8(b) presents the
relationships between the normalized ¢,  and Eso™ against
the normalized pg4, Where pq, is a normalizing constant or
original dry density (taken to be 2.1 t/m®), pas IS the
considered dry density, while go, w, and Esoo* are the
corresponding values at the original dry density. The
density-dependent parameters can be expressed as

Pos _ c, [&j+c2 (26)
q)p,o pd,u
Yo g, (’ij +d, @7
l//o pd,o
Eref

2t g, (ﬁjw (28)
ESO, [ pd,u

where ¢4, ¢y, dq,d,, €; and e, are the constant values

In conclusion, the model parameters (of the selected
modified HS model) directly calibrated from tested rockfills
with various Dy, gradation and density for all collected
rockfill materials are carefully observed. The following
conclusions are drawn:

« The investigation indicates the effect of the particle
size, particle gradation and density on three independent
model parameters, i.e., go, ¥ and Es™ (Eoed™ and E,"" are
considered to be ratios of Es,™).
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« A strategy for transforming model parameters

associated with scaling effects is provided in this section.

Note that particle breakage is not considered in this
study. Based on previous studies, the behaviors of quarried
and alluvial rockfills are different. In this study, only
quarried rockfill, which is the main type of material for dam
construction, is considered. However, the procedure
proposed in this study can be extended for alluvial rockfills
as well. Since a series of experimental data collected from
several data sets, in order to enhance the reliability of the
proposed method, future clarification should be done from
series of tests on the same rockfill material.

5. Prediction of model parameters and stress-strain
relationship for prototype rockfills

By using the developed method, different sets of
parameters for different rockfills (different maximum sizes,
densities and gradations) can be obtained. Table 2 provides
the equations to calculate the transformed model parameters
considering scaling effects. These model parameters were
obtained by calibrating with the available triaxial test data
from previous study.

To examine the predictive ability of the method on
model parameters, the simulations of gq—e;—e, curves by the
modified HS model with sets of parameters are performed.
The simulation results are compared with those of the
experiments. Fig. 9(a) shows the model parameters-Dax
relations of Purulia rockfill materials (with sizes in actual
laboratory tests) in semi-logarithmic space together with the
lines from obtained empirical equations (Egs. (21)-(23)).
The calculation of model parameters at D= 300 mm is
also conducted by interpolating from the equations as
shown in the figure. The simulation results considering the
effect of particle size are presented in Fig. 9(b).

In the figure, the predicted gq—e,—e, curves using the
modified HS model with sets of parameters from both direct
calibration of the test experiments (for D of 25, 50 and
80 mm) and calculated ones (from Fig. 9 for D, of 300
mm) are compared with the actual testing data. Simulations
using the model developed by Varadarajan et al. (2003) are
also illustrated. The simulation results in this study are in
good agreement with the tested data for various sizes of
rockfills and found to be close to the predicted lines of
Varadarajan et al. (2003), although small differences can be
noticed. For the prediction of g—e,—e, curves of rockfill with
Drax 0f 300 mm, the simulated result in this study exhibits
lower stiffness and higher contraction compared to the
results of smaller size rockfills. The result is also consistent
and close to that of Varadarajan et al. (2003), although a
little higher stiffness and contraction can be captured. The
developed method can be used to transform the model
parameters to provide satisfactory q—e,—e, response of
prototype rockfill material.

The data of laboratory tests on two sandstones (zone 2B
and 3A) of the Nam Ngum 2 CFRD project conducted by
the Institute of Water Resources and Hydropower Research
(IWHR 2007) are used to validate the introduced concept of
C/F. Fig. 10(a) shows the particle gradation distributions of
materials 2B and 3A in laboratory testing, with Dy,

Table 2 Determination of scaling model parameters

Case Formula Parameters used
o=¢,(D, )" v=y,(D,)" 4, =0.037 4,=018 4, =018
Dmax ! ! ! o '.
Ey =Epo(D)" 9010 Exyy = S Fig. 9(a)
P [C/F],
=a +a,

@y [C/F], a, =1.802,a, = -0.802

GSD

b, = 2.560,b, = —1.560

Ey CIF
s (LC1FLY,,
EY, [C/F],

¢, = 0.609,c, = 0.391
d, =6.737,d, = -5.734
e =12.682,¢, = —11.748
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Fig. 10 Calibrating the prediction method with the
available triaxial test results

Table 3 Model parameters used for Nam Ngum 2 CFRD

Po Y Eso‘am' Eoed™

Zone Parameter (deg) (deg) (MPa) (MPa) m n Ap Ry
Test 4223 32 65.0

2B Scaling 41.84 3.16 84.3 0.769E5™ 0.45 0.25 116 0.74
Change, % -0.9 -1.3 -10.3
Test 46.08 3.2 65.0

3A Scaling 4366  2.55 56.9 0.8Es™ 034 022 259 0.75
Change, %  -5.25 -20.3  -125
Test 47.09 3.2 80.0

3B1&3D Scaling 4303 213 52.0
Change, %  -8.26  -334 -35

0.688E5™ 029 015 299 0.78

Test 4260 05 32.0

3B2 Scaling 3893 013 20.8 0.75Es™  0.69 0.35 255 0.82
Change, % -8.62 -74 -35
Test 42.00 5 20.0

3C1&3E Scaling 3781 -3.64 16.4
Change, %  -9.98  -27.2 -18

0.85E5,™  0.64 0.25 245 0.68

Test 43.30 -5 12.0
3C2 Scaling 38.98 -3.64 9.8
Change, %  -7.67 -27.2  -183

0.833E5™ 070 022 3.95 0.65

E" =3E. p" -100kPa, c=1kPa, OCR=1, K =1-sin¢p v, =0.3
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Fig. 11 Material zones of Nam Ngum 2 CFRD

of 40 and 60 mm, respectively. Material 2B is considered to
be the prototype material, whereas material 3A is used as
the prediction case. The model parameters were originally
calibrated with the experimental data of the 2B rockfill. By
using the developed relationships which account for the
influences of particle size (Egs. (21)-(23)) and particle
gradation (Egs. (24)-(25)), the parameters and,
consequently, the q—e,—e, responses of 3A rockfill are
predicted.

In Fig. 10(b), the thin dotted lines show the simulations
using directly obtained parameters (from 2B rockfill). We
first consider only the effect of particle gradation. The
simulations using parameters obtained from the substitution
of 2B rockfill parameters into Eqgs. (21)-(23) are illustrated
as thick dotted lines in the figure. The results show that only
a small variation of the g—e,—e, response is observed,
probably because the maximum sizes of these two rockfills
are not much different. Next, the model parameters are
transformed in conjunction with the introduced concept of
C/F using Egs. (24)-(25). The simulations using this set of
parameters are represented in the figure as thick solid line.
It can be seen that the simulation results become
significantly different from the original ones (using 2B
rockfill parameters), indicating the impact of particle
gradation on rockfill response. By comparing the simulated
results for the 3A rockfill (using transformed parameters)
with real test data (depicted by symbols in the figure), good
agreement on not only the stiffness but also the peak
deviator stress and dilation angle after peak failure can be
seen.

6. Case study of dam construction

The Nam Ngum 2 (NN2) CFRD project is located on
the Nam Ngum river in Lao People’s Democratic Republic,

s
Sequence 1

(Feb 2008 — Mar 2008)
= ’
Sequence 2
(Apr 2008 - Jan 2009)

Sequence 3
(Feb 2009 — Jun 2008)

Sequence 4
(Jul 2009 - Nov 2009)

(a) Photo of valley and FE (b) FE stage of construction
modeling

Fig. 12 3D FE simulation

approximately 90 km north of the capital Vientiane and 35
km upstream of the Nam Ngum 1 dam and powerhouse.
The dam has a height of 182 m and crest length of 500 m.
The dam volume is approximately 10 million m?, and the
face slab area is approximately 88,000 m?. The designation
of the CFRD rockfill zones follows the guidelines of the
International Commission on Large Dams (ICOLD 2004).
The dam has an upstream slope of 1V:1.4H (vertical:
horizontal) and downstream slope of 1V:1.4H between two
berms (slope 1V : 1.5H including berms). Fig. 11 displays a
typical dam section of NN2 dam and the gradation curves of
the test samples and the in situ approximate target grain
size. In the preparation stage, a combination of the
Equivalent Quantity Replacement Method (EQRM) and
Similar Particle Distribution Method (SPDM) was
performed to scale the materials down, in accordance to the



220 Raksiri Sukkarak, Pornthap Pramthawee, Pornkasem Jongpradist, Warat Kongkitkul and Pitthaya Jamsawang

Specification of Soil Test of SL237-1999 (NJHRI 1999).
The rockfill samples were prepared by controlling the
compaction to obtain a dry unit weight of 2.10-2.15 t/m?,
while the dry unit weight achieved for in situ compacted
rockfill materials is greater than 2.15 t/m>. In assessing the
quality of compacted materials, a number of field density
tests

In this study, Hydrostatic settlement cells (HSC) and
settlement gauges (SG) were installed to observe the
internal settlement of the dam body. The lateral
displacement  (upstream-downstream and longitudinal
directions) was monitored by Probe Inclinometers (PI). The
Pl and SG sets were installed at the identical location. The
measured results are cumulative values after installation,
except for the Pl sets which were set to zero when the dam
embankment level rose up to 140 m.

7. Finite element analysis

The finite element software ABAQUS was employed to
simulate the deformation response of NN2 CFRD. Fig.
12(a) presents the photo of the valley and FE modeling. Fig.
12(b) illustrates the 3D FE mesh of the dam body part
during the stage of construction. The dam body and
abutment/foundation were modeled by 4-node solid
elements (C3D4), while the face slab was modeled by 3-
node shell elements (S3). The modified HS model was
numerically implemented into the FE program ABAQUS
through user-defined subroutines. The model parameters
used are listed in Table 3. The first set of parameters was
directly calibrated from the triaxial test results, whereas
another set was determined considering the scaling effects.
The rock foundation/abutment was modeled as linear elastic
properties with the typical characteristics of E=5 GPa and
v=0.2. The modulus of elasticity for the concrete is 20 GPa
and poisson's ratio is 0.2. In the construction stage, gravity
load was applied as the body force.

The interface between the dam body and face slab is
considered in terms of interactions in normal and tangent
directions. The sticking condition is assumed in the initial
ondition for both normal and tangential directions. In the
normal direction, the behavior is treated as open under
tension. If the shear stress in the tangential direction of the
interface exceeds the shear strength of the interface, sliding
between the two surfaces occurs (Tunsakul et al. 2013). It is
also assumed that failure occurs when the shear stress along
the predicted failure surface exceeds the Mohr-Coulomb
shear strength as expressed in Eq. (29).

7>C+o, xtang (29)

Once the stress state attains the failure criterion, slip
starts and the cohesion becomes zero. The post-failure
behavior of the interface is then assumed to follow the
Coulomb law

7>C+o, xtang (30)

The interface parameters followed a recent study on the
interface between concrete slab and cushion layer of
Sanbanxi CFRD (Zhang and Zhang 2008). A friction angle
of 40 degrees was adopted, and the cohesion parameter of
0.5 MPa was assumed in this study. Perfect bonding (no slip
condition) is assumed between the dam body and

abutment/foundation.

8. Results and discussion

Fig. 13 shows the computed deformation contours
(section 3) using the laboratory parameter set (LP) and the
scaling parameter set (SP), respectively.

The deformation trends of the computed results with LP
and SP are similar. In terms of the deformation magnitude,
the computed results with LP have smaller magnitudes than
the results with SP. The maximum horizontal displacement
along the upstream-downstream direction (uy) occurs at the
middle dam height for both upstream and downstream
sides. The horizontal displacement towards the upstream
side is directed upstream. In contrast, the horizontal
displacement towards downstream side is directed in the
opposite direction. For the displacement along the
longitudinal direction (uy), the dam body moves to the river
for both left and right abutments. On section 3 (at river), the
dam body exhibits only a few millimeters of horizontal
displacement. In the case of dam settlement (u,), the
maximum settlement occurs at the rockfill in zones 3C1 and
3C2 (slightly downstream) because the overall stiffness of
these zones is lower than those of other zones. Based on the
monitoring data, the ratio of the maximum settlement to
dam height is 1.15%, which is very close to that of the dams
having similar heights, i.e., Pubugou (186 m) and Maoergai
(146 m).

Fig. 14 shows the comparison between the computed
settlement and the monitoring data observed by the HSC
sets. It can be immediately seen that the computed
settlements with SP achieve a satisfactory match with the
monitoring data in terms of the magnitude values and
settlement trend. The computed settlements with LP are
relatively smaller in magnitude, which is in agreement with
the previous studies (e.g., Zhou et al. 2011, Jia and Chi
2015). The settlements at various elevations were observed
by the Settlement Gauge (SG) sets located at the
downstream zone. Fig. 15(a) shows the computed
settlements and monitoring data of the SG set. It reveals
that both computed results (LP and SP) are close to each
other, particularly for sections 2 and 4 (SG 2.1 and SG 4.1),
whereas slightly higher settlements can be seen at section 3
(SG 3.1) for the computed results by SP.

Laboratory parameters

Scaling parameters

Fig. 13 Contours of the computed dam deformations
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Fig. 15(b) displays the computed horizontal
displacement (upstream-downstream direction) against
elevation at various observed sections along with the field
monitored data. The monitoring data were obtained from
the PI sets. The computed horizontal displacements by SP
are generally higher than those by LP. The difference
becomes more noticeable at a higher elevation and at a
deeper dam section (section 3). The simulation, particularly
by SP, can satisfactorily capture the field monitoring data
both in the tendency and in the magnitudes, except when
the elevation exceeded 290 m for section 3. For sections 2
and 4, both computed results (LP and SP) compare fairly
well to the monitoring data.Fig. 16 shows the monitored
and computed results of the horizontal displacements along
the longitudinal direction. At the left abutment (Pl 2.1), the
computed results by SP are in generally good agreement
with the monitoring data, whereas the results by LP exhibit
smaller values. For the right abutment (Pl 4.1), the
simulation with SP captures the monitoring data well except
for when the dam level is higher than 295 m. Like the left
abutment case, the
computed results by LP are smaller than those by SP.
Comparison of the computed results reveals that the
deformations predicted from the laboratory parameters are
significantly smaller than those from the scaling parameters.
Due to the scaling technique used in the tests, the difference
between both cases is attributed to the particle size effect. In
particular for zones 3B and 3C (main rockfill), the
maximum sizes of the materials in actual condition (800
and 1200 mm) are much larger than that prepared in the
laboratory (60 mm).

9. Conclusions

A method to account for the scaling effects of rockfill
materials in rockfill dam deformation analysis was
developed based on the modification of material model
parameters in numerical simulation. Various sets of
experimental data from the literature obtained by varying
the particle size and density and a new dataset of Nam
Ngum 2 (NN2) rockfill materials obtained by varying the
particle gradation were used, and the model parameters

were determined. Simple relations between key influencing
factors and model parameters were established to provide
the prediction of model parameters from one state to
another. Validation by comparing the simulated stress-strain
responses between using predicted parameters and the
actual testing results was conducted. Moreover, the
deformation analyses of NN2 CFRD were carried out by
comparing the analysis results with the dam monitoring data
to evaluate the performance of the developed method. The
following conclusions can be drawn:

« The proposed C/F concept was proven to be
sufficiently suitable to quantitatively take account of the
influence of particle gradation of the rockfill materials.

« By comparing with the test data, the proposed method
can be effectively used to predict the parameters for
simulating the q-e,—e, response of rockfill materials
considering scaling effects.

» Comparisons between the computed dam deformations
(by both laboratory and scaling parameter sets) and
monitored data showed that by taking account of the scaling
effect into model parameter modification using the
developed method, the dam deformation prediction by
numerical analysis can be fairly improved. Consequently,
this proposed method was able to predict the deformation
behavior of rockfill dam.

However, the proposed method is based on limited
available testing data, particularly the interaction among the
influencing parameters. Broader set of laboratory
investigations are needed to enhance the efficiency of the
method.
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