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Abstract

An earth-rock dam involves many different types of materials, and is compacted with
complex compaction techniques. The diversity of compacted materials, the variation of
vibration modes, and the instability of roller outputs, poses the applicability problem of
intelligent compaction (IC) in such projects. This research investigated factors that
might influence the intelligent compaction measurement values (ICMV) based on
Geographical Detectors, which indicated that vibration frequency is the major factor
that induces the fluctuation of ICMVs. Several improved ICMYV prediction models were
proposed by considering the vibration frequency. The applicability of the improved
ICMVs in different compacted materials was quantitatively evaluated by field
experiments. The results demonstrated the robustness of the improved CCV in

representing the compaction quality of different earth-rock dam materials. This study
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provides a useful guideline for using ICMVs for quality control or quality assurance
(QC or QA) in complex jobsite environments.
Keywords: Earth-rock dam construction; Compaction quality; ICMV; Influence

factors; Applicability

1. Introduction

During earth-rock dam construction, vibratory compaction is the most critical step
for the compacted materials, e.g. rock-fill materials, transitional materials, bedding
materials, asphalt mixtures of core wall, and cohesive clay, to obtain proper stiffness,
strength, and density [1]. Conventional methods rely on onsite supervision to ensure the
compliment of compaction schemes and use in-suit tests to evaluate compaction
quality. This practice is labor-intensive and inefficient. In addition, using a limited
number of test samples (less than 1%) to represent the compaction quality of the entire
working zone might yield unreliable results [2].

In recent years, intelligent compaction (IC) technology emerges as a promising
technique to innovate existing construction practices by automating the process of
compaction quality control. With this technique, the drum vibratory acceleration is
continuously collected by a mounted accelerometer. Based on the collected
acceleration, the intelligent compaction measurement values (ICMV) is calculated in
the real time, which provides an estimation of compaction quality of the materials with

100% coverage. Extensive case studies have demonstrated the feasibility and accuracy
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of IC technology in infrastructure construction, such as highways [3], railways [4] and
airports [5]. As an effective approach for quality control or quality assurance (QC or
QA), the application of I1C technology has also been expanded to a bunch of earth-rock
dam projects [6-8].

However, the values of ICMVs in earth-rock dams might be affected by many
factors. First, earth-rock dam construction usually has complicated compaction
schemes, which involves different vibration modes in different compaction stages [9],
e.g. high amplitude with low frequency at the first and final passes and low amplitude
with high frequency at the other passes. This variation in operation modes might result
in totally different ICMVs, even if the compacted materials have the same properties
and compactness [10]. Second, some rollers used for earth-rock dam compaction cannot
maintain their outputs at a constant level. For example, the vibratory frequency and the
speed of such rollers vary as the opening of throttle valve changes or the alternating
rolling directions [11]. These unstable outputs of the rollers lead to the fluctuation of
ICMVs. Third, the variation of material properties also affects the ICMVs. An earth-
rock dam normally comprises many different sub-regions, in which the used materials
are different in terms of gradation, composition, and particle size, e.g. rock-fill materials,
transitional materials, bedding materials, asphalt mixtures of core wall, and cohesive
clay. The materials in different sub-regions might have different responses to the same
compaction loading, thus yielding different ICMVs. Under the influences of the above-

mentioned factors, the ICMVs detected in earth-rock dam projects might deviate
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significantly from the ground-truth values. Without effective methods to decouple the
influence of irrelevant factors, the distorted ICMVs would fail to correctly reflect the
compaction quality, and thus hinders the further acceptance and application of IC
technology in earth-rock dams.

In this research, a series of field tests were implemented to investigate the influence
of different vibration modes and rolling directions (i.e. forward or backward) on
ICMVs. Taking compaction meter value (CMV) [12], total harmonic distortion (THD)
[13], compaction control value (CCV) [14] and crest factor value (CF) [8] as examples,
the sensitivity of ICMVs against different influence factors was analyzed, based on
which several improved ICMVs were proposed by coupling the influence of frequency.
Field experiments were performed to quantitatively evaluate the applicability of the
improved ICMVs in five different earth-rock materials (see Figure 1) from the
perspectives of correlation and reliability. The experiment results provide a useful
guideline for selecting a suitable ICMV for the different types of materials contained in

earth-rock dams.

2. Literature review
The concept of the ICMV was first proposed by Geodynamik in 1978 [12]. After
years of development, it has now evolved into many different types of indices.

(1) Time Domain Indices
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This type of ICMVs includes Evib, Kb, and vibratory compaction value (VCV). Kréber
et al. [15] mathematically deduced the formula of Evi» based on the analytic solutions
of lumped-parameter vibration model. Anderegg et al. [16] simplified the calculating
model of K, based on the theory of nonlinear vibrations. Zhang et al. [17] defined VCV
which took the impact effect between the drum and the compacted materials into
account, as a type of resistance index for continuous compaction.

(2) Frequency Domain Indices

Representatives of frequency domain indices include CMV, CCV, THD, and CF.
Sandstrom et al. [12] found the relationship between the proportion of harmonic
components of acceleration signal and the compaction quality, and used CMV to
represent the soil deformation modulus Ec. In the study, resonance meter value (RMV)
was used as a detector for “double jump”. Considering the effect of multi-frequency
vibration, Mooney et al. [13] and Sakai et al. [14] respectively developed THD and
CCV. Inspired by the peak load index in the area of alternating current, Hua et al. [8]
proposed CF to describe the waveform change law of the roller acceleration signal.

(3) Energy Indices

Typical energy indices include machine drive power (MDP), E, and Omega. White
et al. [18] discovered the strong correlation between the average compaction quality
and the output power of the roller, and suggested to use MDP to reflect compaction
quality. Based on an analysis of energy flow in a vibratory compaction system, Kréber

etal. [15] and Liu et al. [19] created Omega and E, respectively from the perspective of
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energy integral and effect equilibrium. These two indices quantitatively assess the
compaction quality based on the amount of energy dissipation.

(4) Indices based on Artificial Intelligence (Al)

With the development of Al technology, many Al-based indices have been proposed,
such as pooms and Mnn. Minchin et al. [20] proposed popwms by using an Al-based
optimization algorithm to calibrate a multiparameter prediction model. Commuri et al.
[21] built an artificial neural network (ANN) to identify the measuring index for
continuous compaction — Mnn, and trained the model with different compactness data
and the corresponding acceleration harmonic responses.

In recent years, extensive researches have been carried out to investigate the
influence factors of ICMVs and its applicability. One line of works focused on the
dynamic response mechanisms, e.g. operation modes [22] , phase lags [23], underlying
surface [24], rocking [25], and effective depth [26]. Other line of works tied to
understand the influence of material properties, such as material types [27], moisture
[28], lift thickness [3], and asphalt temperature [24]. Based on these researches, some
improved ICMVs have been presented [7, 24, 27].

Although these improved ICMVs allow to decouple the effects of the resonance and
vibration amplitude, they fail to consider the influence of vibration modes (high
amplitude with low frequency or low amplitude with high frequency) and rolling
direction (moving forward or backward). In addition, since the construction of an earth-

rock dam involves the compaction of multiple different types of materials, the
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applicability of these improved ICMVs, which are mainly designated for subgrade and

pavement construction, needs to be further testified in earth-rock dam projects.

3. Methodologies

Figure 2 demonstrates the overall research framework of this paper. First, two field
tests (i.e. Test 1 and Test 2) were implemented to investigate the influence of vibration
modes and rolling directions on the fluctuation of four ICMVs, i.e. CMV, THD, CCV
and CF. Then, based on the experiment results, geographical detectors were used to
analyse the sensitivity of the ICMVs to different factors (i.e. roller speed and vibration
frequency), through which the underlying factor that contributes to the ICMV
fluctuation was identified. Based on the identified factor, several improved ICMVs
were proposed. Finally, Test 3 was carried out to apply the improved ICMVs in five
different earth-rock dam materials. The correlation between the improved ICMVs and
the compaction quality (i.e. dry density or compactness) was analysed as well as the
reliability of these ICMVs. From the perspectives of correlation and reliability, the
applicability of different improved ICMVs in different materials is discussed, which
provide a useful guideline for determining a suitable index for continuous compaction
in earth-rock dams.
3.1. Intelligent compaction measurement values

(1) Compaction meter value (CMV)
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CMV is defined as a ratio of the first to the fundamental harmonic content of the drum

acceleration [12] , as illustrated by Eq. (1):
CMV =300 22 )
A

where A; and A are, respectively, the amplitudes of the fundamental and the first
harmonic component.

(2) Total harmonic distortion (THD)

THD measures the comprehensive influence of all the harmonic contents in the

acceleration signal [13] , which can be calculated by Eq. (2):

THD - VA FA T A o, (2)
A
where A1, A2, ..., An are the harmonic contents, and the subscript designates the

harmonic sequence.
(3) Compaction control value (CCV)
Other than the harmonic components, CCV also considers the influence of the sub-

harmonic ones [14], as is illustrated by Eqg. (3).

cov = As T Ast A At A g 3)
AstA

(4) Crest factor value (CF)
CF is a measurement that describes the waveform changes of the acceleration signal,
which is considered closely relevant to the compaction quality[8]. As shown by Eq. (4),

CF is generalized from the peak load index in the area of alternating current.

CF = :" o a,=max{|Al}, a, = /%EAZ 4
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where a, and ams are the peak value and the root mean square of the vibration
acceleration, respectively.
3.2. Sensitivity analysis based on Geographical Detectors

To identify the main factors that contribute to the ICMV fluctuation, Geographical
Detectors [29], a series of statistics based on the spatial variation, are used for the
sensitivity analysis. Compared with the conventional correlation indices, Geographical
Detectors can not only reflect the general properties of the goodness of fit, but also
capture the minor variation of sample data. In this study, the statistic g (range from 0 to
1) is used to measure the effect of an independent factor x on the spatial variation (e.g.,

local variation) of ICMVs in the data cluster, which can be calculated by Eq. (5).

1
q=1- NGZZNhaﬁ ®)

where N and & are the total number and the global variance of samples, respectively;
the subscript h denotes the data cluster.

The g value measures the extent to which the instability of ICMVs can be attributed
to a certain factor (e.qg. roller speed or vibration frequency), based on their comparability
of the spatial variation in the data cluster. A g value of one indicates that the investigated
factor x completely determines the local variation of the ICMV, whereas a ¢ value of
zero indicates an irrelevance to the fluctuation of the ICMV.

Based on the Geographical Detectors, the sensitivity of the results obtained by Test
1 and Test 2 (see Sections 4.1 and 4.2) are analysed. The specific steps are given as

follows.
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(1) To produce data clusters for the sensitivity analysis, the raw data were pre-
processed, based on the natural breaks method [30]. Through this operation, the discrete
original samples (e.g., ICMVs and the influence factors) were transformed into clusters
that have consistent fluctuation tendency in the space domain.

(2) To measure the sensitivity of ICMVs against the roller speed and the vibration
frequency, the corresponding q values were calculated.

(3) By comparing the g values, the main factor that leads to the ICMV fluctuation
was identified.

3.3. Improvement of ICMVs

Based on the identified factor, the compaction quality prediction model is improved.
The improved model not only includes ICMVs, but also considers the correlation
between the identified factors and the ICMV fluctuation. As a result, the deviation from
the ground-truth compaction quality is rectified. The improved model is formulated as
Eq. (6).

D= f(ICMV, X, %, %) +& (6)
where D is compaction quality (i.e. dry density or compactness); xi is the identified
influence factors to research, i=1,2,---,n; /8 is the regression coefficient; and ¢ denotes
the residual error.

Compared with the conventional model that only considering ICMVs, the improved
model can attain a higher prediction precision, because the model not only reflects the

correlation between ICMVs and the compaction quality but also considers the effect of
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the other underlying influence factors induced by the varying vibration modes, and
rolling direction. In practice, the improved model also requires the correction based on
field tests to account for actual field condition, e.g. material properties.
3.4. Applicability analysis of the improved ICMVs

The construction of earth-rock dams involves many different types of materials that
have different compositions and gradations. Since different ICMVs focus on different
harmonic contents in the acceleration signal, their responses to the different earth-rock
materials might be different. As a result, it is necessary to design an experiment (Test
3, see Section 4.3) to verify the applicability of the improved ICMVs for different earth-
rock dam materials.
3.4.1. Correlation of the improved ICMVs

The correlation between ICMVs and the compaction quality is the primary principle
for measuring the applicability. If an ICMV has a strong correlation with the
compaction quality, the compaction quality can be predicted with the regression model
between the ICMV and the compaction quality. The standards of goodness of fit have
been widely accepted to measure the correlation, and typical indices include the
coefficient of determination (R?) and the root mean square error (RMSE) [3].
3.4.2. Reliability of the improved ICMVs

In practice, the ICMV needs to be calibrated by the in-situ spot test. Due to the
heterogeneity of the compacted materials, the ICMV values are normally subject to a

certain probability distribution around the ground-truth compaction quality (e.g., dry

11
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density or compactness) of the test spot. If the estimated compaction quality predicted
by the ICMV deviates significantly from the ground-truth, it is believed that the ICMV
might have failed to reflect the compaction quality correctly. This characteristic of
being resistant to the external interference and insensitive to the minor fluctuation is
referred to as the reliability of the ICMV. To evaluate the reliability of the improved
ICMVs, the following two criteria were adopted. First, the acceptable ranges of
confidence intervals [LCL(«),UCL(a)] under a given significance level a were
compared. Second, a measurement call index coverage rate (ICR) was proposed, which
was defined as the ratio of the internal samples to external samples in confidence
intervals. Using this measurement, the reliability of ICMVs can be evaluated

quantitatively.

4. Experiments setup

Several field tests were implemented in three earth-rock dams located in southwest
China, i.e. the Jiayan face rockfill dam, the Tuoying asphalt core dam, and the
Wanggingtuo homogeneous earth dam. The ICMVs were collected by the Intelligent
Compaction Monitoring System (see Figure 3), integrated into the rollers on site.
4.1. Test 1: analysis on vibration modes

Test 1 aims to understand the effects of the different vibration modes on the ICMVs.
The experiment schemes are shown in Figure 4. There are totally two testing strips (60

m x 2.2 m x 0.88 m) filled with rock-fill materials, which had a relatively consistent

12



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

grain gradation and moisture content. A 26-t single drum compactor (XS263J) is used
in the field test with different vibration modes. Specifically, strip 1 is compacted 8 times
with low amplitude vibration at a high frequency (L8), whereas strip 2 is compacted 6
times with high amplitude vibration at a low frequency (H6). The rollers are designated
to roll the strips in the same direction.
4.2. Test 2: analysis on rolling directions

In Test 2, a control group including two testing strips is designed based on Test 1
(see Figure 5). The rollers are designated to roll the strips back and forth, whereas other
compaction parameters (e.g. vibration modes, roller passes, and roller speed) are the
same as Test 1.
4.3. Test 3: analysis on different materials

Test 3 aims to investigate the applicability of ICMVs in different earth-rock dam
materials. The experiments were implemented in the aforementioned three sites. In the
Jiayan face rockfill dam, the compacted materials are respectively rock-fill materials,
transitional materials and bedding materials, and a compaction scheme are adopted that
involves the two vibration modes (high amplitude with low frequency and low
amplitude with high frequency). The rollers are operated in a back-and-forth manner.
In Tuoying asphalt core dam, the compacted material is asphalt mixtures of core wall,
and a 1.5-t double drum compactor (LA-1.5T) is used to compact the materials with a
fixed vibration amplitude in a single direction (see Figure 6). In Wanggingtuo

homogeneous earth dam, the cohesive clay is compacted by a 20-t single drum

13
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compactor (LT320B) with the two aforementioned vibration modes and a back-and-
forth rolling manner (see Figure 7). The material properties and working parameters of

the rollers are shown in Figure 8, Tables 1 and 2.

5. Results and discussions
5.1. Influence of vibration modes

In Test 1, two vibration modes were used, i.e. high amplitude vibration at a low
frequency and the low amplitude vibration at a high frequency. The nominal vibration
amplitude and exciting force of the roller are, respectively, 1.9/0.95 mm and 405/290
kKN. The measured vibration frequency of the roller is 28.75/35 Hz, which is slightly
less than the nominal value because of the equipment depreciation. The experiment
results are shown in Figures 9 and 10, from which the following phenomena are
observed.

(1) In both vibration modes, the values of CMV, THD, and CCV increase with the
growing of roller passes, which indicates a positive correlation between the three
indices and the roller passes. The correlation in high amplitude mode is stronger than
in low amplitude mode. The observation is consistent with existing research results [15].

(2) The evolvement of CF value shows opposite trends under the two different
vibration modes — positive correlation in low amplitude mode and negative correlation
in the other mode. The phenomenon might be related to the resonance of the roller-soil

system. During vibratory compaction, the energy exerted by the roller is absorbed by

14
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the soil to form a more solid structure with a significant resistance to shear and plastic
deformation. In the process, the stiffness of the system increases whereas the radiation
damping decreases, which results in a transfer of the resonant frequency towards a
higher level [2]. Therefore, if the resonant frequency spans over the vibration frequency,
the acceleration amplitude might probably decrease with the increase of roller passes,
which then leads to a negative correlation of CF.

The original resonant frequency of the system was assumed to be equal to the natural
frequency of the rock-fill materials (approximately 34 Hz) [31]. The vibration
frequencies (28.75/35 Hz) of the drum under the two different vibration modes were
located on both sides of the natural frequency. Thus, the opposite evolvement trends
were observed.

(3) The distribution of CMV and THD under the same roller passes is more dispersive
than that of CCV and CF. The difference might be explained by the definition of these
indices. Since CMV and THD mainly consider the higher harmonic contents in the
vibration acceleration, they tend to be sensitive to the heterogeneity of underlying
surface [13, 32]. By contrast, the definition of CCV considers the sub-harmonic contents,
which mainly reflect the contact condition between the roller and the soil, rather than
the soil stiffness [16]. CF is based on the acceleration amplitudes, which are relatively
insensitive to the variation of stiffness [13]. Therefore, CCV and CF are less sensitive

to the heterogeneity of the underlying layers, and hence have a centralized distribution.

15
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(4) The ICMVs detected in high amplitude mode is greater than those in low
amplitude mode. The increments of the slopes of the fitted curves for CMV, THD and
CCV are 281.1%, 295.2% and 711.8%, respectively, which indicates that the high
amplitude mode can rapidly improve the compaction quality by exerting massive
amount of compaction energy. Among the three indices, CCV, which considers both
the super-harmonic and the sub-harmonic contents, witnessed the most significant
increment, whereas the increments of THD and CMV, which only consider the super-
harmonic contents, are relatively insignificant. The observation implies that the
variation of acceleration signal under high amplitude mode is mainly induced by the
generation of sub-harmonic contents.

(5) The growth of ICMVs is not strictly proportional to the increase of roller passes,
but experiences continuous fluctuation. The observation implies that there might be
some underlying factors that influence the values of ICMVs, such as vibration
frequency and roller speed. The sensitivity of the influence factors will be discussed in
details in Section 5.3.

5.2. Influence of rolling direction

Figures 11 and 12 show the experiment results of Test 2. Comparing to the single-
direction rolling in Test 1, considerable fluctuation is observed for CMV, THD, and
CCV in Test 2 where the back-and-forth manner is adopted. Accordingly, the
correlation with roller passes is also undermined. Another interesting observation is that

the ICMVs in even passes (backward rolling) are generally greater than those in odd

16
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passes (forward rolling). Under high amplitude mode (figure 12), the fluctuation of
CMV, THD, and CCV is less significant than in low amplitude mode (figure 11),
whereas the CF values fluctuate more significantly than in low amplitude mode. The
ICMV fluctuation might be relevant to the detected turbulence of roller speed and
vibration frequency induced by the changing rolling direction, as shown by figure 13.
This finding might be helpful to understand the influence factors of ICMVs under actual
construction conditions, which will be further analysed in the next section.

5.3. Sensitivity analysis

To determine the main factors that contribute to the ICMV fluctuation, a
geographical detector (namely the statistic ) was used to investigate the sensitivity of
ICMVs against vibration frequency (f) and roller speed (v). The results are listed in
table 3.

(1) In the case of single direction rolling (first row in table 3), the q value of vibration
frequency with CCV and CF is considerably greater than that of roller speed, which
indicates a relatively strong correlation between the fluctuations of the two ICMVs
(CCV and CF) and the vibration frequency. The observation suggests a high sensitivity
of the vibration frequency against the variation of CCV and CF under different vibration
modes. In terms of CMV and THD, the g value of vibration frequency is relatively small,
which is probably caused by the scatter distribution of these two ICMVs. As shown by
figures 9 and 10, the distribution of CMV and THD under low amplitude vibration mode

has a considerable overlap with the one under high amplitude mode — the average
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overlapped proportions for CMV and THD are respectively 70.8% and 72.2%. Such
considerable overlaps indicate that the CMV or THD cannot be easily distinguished
under two vibration modes. As a result, the vibration frequency fails to successfully
characterize the fluctuation of CMV and THD under different vibration modes.

(2) In the case of back-and-forth rolling (second and third row in table 3), the g value
of vibration frequency with ICMVs is in general greater than that of roller speed, except
for a few rolling conditions, e.g. the CF under low amplitude mode and the CCV under
high amplitude mode. The observation implies that the vibration frequency, compared
with the roller speed, is more suitable for reflecting the fluctuations of the ICMVs under
different rolling directions. In addition, it is noteworthy that the CF under low
amplitude mode (see Figure 11) and the CCV under high amplitude mode (see Figure
12) are both linearly correlated to roller passes. Since no significant fluctuation can be
observed, the fluctuated vibration frequency is difficult to effectively characterize the
weak variation of CF or CCV under special vibration mode.

(3) In general, the fluctuation of ICMVs is sensitive to the vibration frequency, which
demonstrates that the variation of ICMVs under complex and dynamic construction
environment can be effectively characterized by frequency. Hence, it is feasible to
improve the conventional ICMVs by adopting the effect of vibration frequency into the
regression model for compaction quality prediction.

5.4. Compaction quality prediction based on Improved ICMVs

18
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By adopting the effect of vibration frequency as an influence factor in Eq. (6), an
improved compaction quality prediction model (improved ICMVs) was proposed.
Based on Test 3, the effectiveness of the improved ICMVs was investigated on different
earth-rock dam materials. Table 4 lists the goodness of fit (e.g. R? and RMSE) between
ICMVs and compaction quality with and without considering frequency in the model,
from which significant improvements in correlation have been observed after coupling
the frequency into the model.

Owing to the differences of the compacted materials in composition and gradation,
the observed ICMVs also show different patterns.

(1) By considering both the super-harmonic and the sub-harmonic contents, CCV is
able to capture any subtle variation of the properties of the compacted materials. Thus,
CCV has a strong correlation with compaction quality for all the five types of compacted
materials.

(2) CMV and THD are more suitable for characterizing the earth-rock dam materials
with relatively finer particle size. With the increase of particle size, the correlation with
compaction quality tends to decrease gradually. Hence, CMV and THD generally cannot
work properly for rock-fill materials.

(3) For most of the earth-rock dam materials, the CMV and THD basically have the
same-level effectiveness in characterizing compaction quality. However, in the case of
asphalt mixtures of core wall, the correlation of THD is significantly lower than that of

CMV.
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(4) CF performs better in coarse gravel than in cohesive clay. In addition, since the
range of CF is narrow and its growth with the increase of roller passes is slow, it might
be unsuitable for practical field application.

5.5. Reliability of the improved ICMVs

According to prior research, the improved ICMVs were assumed to be normally
distributed [33]. Base on the results of Test 3, the applicability of the improved ICMVs
in different materials was further investigated from the perspective of reliability, as
shown by Figures 14 to 18.

(1) In general, the confidence intervals of the improved CCV are centralized, and the
ICR values are significant, which demonstrates the robustness of the index in
characterizing the compaction quality of different materials. One exception might be
the cohesive clay, where the confidence intervals of the improved CCV are scatter
relatively, and hence the prediction precision might not be as significant as in the other
four types of materials.

(2) Although the improved CMV and the improved THD possess relatively high ICR
values, they have scatter confidence interval distribution for crushed stone and coarse
gravel. As a result, the two indices might not be reliable in predicting the compaction
quality of the compacted materials which consist of many large-sized particles, e.g.
rock-fill materials, transitional materials, bedding materials, and asphalt mixtures of

core wall.
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(3) The improved CF has centralized distribution of confidence intervals, but its ICR
values are too low to ensure a reliable compaction quality assessment in most of the
cases (except for transitional materials).

5.6. Applicability of the improved ICMVs

In this section, the applicability of the improved ICMVs is evaluated by considering
both the correlation and the reliability. Normally, an ICMV can be identified as
effective only if its R? is more than 0.5 [34]. Table 5 lists the evaluation results based
on the aforementioned criteria, from which we can see the improved CCV is the most
versatile index. As a result, the improved CCV is recommended if a project involves
different types compacted materials. In addition, more focuses should be placed on field

testing, which is still the unique standard for the decision of ICMVs.

6. Conclusions

The application of IC technology in earth-rock dams confronts many challenges,
such as variation of compacted materials, diversity of operations modes, and fluctuation
of output. To address the challenges, this study took CMV, THD, CCV, and CF as
examples to investigate the influence factors of that induce the fluctuation of ICMVs.
Based on the identified factor, several improved ICMVs were proposed. The
applicability of the improved ICMVs in different earth-rock materials (i.e. rock-fill
materials, transitional materials, bedding materials, asphalt mixtures of core wall, and

cohesive clay) was evaluated by field experiments. The main findings are as follows.
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(1) The vibration frequency is strongly correlated to the ICMV fluctuation induced
by the switch of vibration modes and rolling directions. Hence, the deviation of ICMVs
under actual construction conditions can be rectified by adopting the effect of vibration
frequency.

(2) The improved ICMVs, which couple the influence of vibration frequency, can
effectively improve the prediction precision of compaction quality under dynamic
environment and complex compaction techniques.

(3) Among the four investigated indices, the improved CCV is the most versatile one
that can reliably and robustly characterize the compaction quality of different types of
earth-rock dam materials.

(4) The improved CMV and the improved THD are suitable for the application in
fine-particle materials, whereas they might not work properly in crushed stone and
coarse gravel. The improved CF performs well in transitional materials that contain a
certain portion of coarse particles, but is unsuitable to reflect the compaction quality of
the other materials.

It should be noted that only a limited number of the test samples were used in this
study. As a result, the coefficient of determination (R?) of the improved ICMVs
observed in our experiments might be overestimated. More experiments (especially in-

situ tests) should be conducted in the future to further validate the above conclusions.
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Tables

Table 1 Compositions and gradations of the cohesive clay in Test 3 (unit: %).

Type

Sand (0.25~0.075mm)

Silt (0.005~0.075mm)

Clay (<0.005mm)

Silt clay 10

83.3 6.7

Table 2 Compaction schemes in the earth-rock dams in Test 3.

Dam
. Maximum Test strip Roller  Vibration Rolling
material .. . . . .
tvpe grain size  (length x width x lift) type mode direction
yp
Rock-fill
. 800 mm 70mx2.2mx88cm H2+L3+H1
material
Transitional XS5263J Back-and-
. 300 mm 70m x 2.2 m x 44 cm H2+L5+H1
material (26 1) forth
Bedding
. 80 mm 70mx2.2mx44cm H2+L5+H1
material
Asphalt
mixture
of core wall LA-1.5T
. 80 mm 14mx1.0mx25cm L16 Forward
(oil-water (151
ratio. 6.5
%)
Cohesive LT320B Back-and-
0.25mm 100mx 2.5m x 35cm
clay (201 forth

Note: H denotes the mode of high amplitude with low frequency; L denotes the mode

of low amplitude with high frequency.
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547  Table 3 Sensitivity of ICMVs against vibration frequency and roller speed under

548  different compaction schemes.

. g value g value
Compaction scheme Index Index

High or low amplitude vibration CMV 0.07 0.01 THD 0.08 0.01

during the single direction rolling
ccv 0.82 0.00 CF 0.55 0.01

Low amplitude vibration during CMV 0.14 0.02 THD 0.14 0.02

the back-and-forth rolling
Ccv 0.13 0.02 CF 0.03 0.00

High amplitude vibration during CmvV 0.26 0.02 THD 0.28 0.02
the back-and-forth rolling

ccv 0.01 0.04 CF 0.22 0.02

549
550  Table 4 Goodness of fit between ICMVs and the roller passes for different earth-rock

551  dam materials.

Dam material Vibration CmMVv THD Ccv CF
type frequency RMSE R? RMSE R?Z RMSE R?Z RMSE R?
N 853 021 875 023 1235 01 0.01 o0.01

Rock-fill material

566 045 748 044 428 089 001 0.52
Transitional 16,51 0.65 1899 064 905 062 005 0.14
material 9.85 0.88 1043 089 500 088 0.01 0.97

296 076 297 076 171 076 002 031
286 077 292 077 105 091 0.01 0.9
192 074 252 044 101 060 0.02 0.02
156 083 229 054 097 064 002 042
9.62 057 1003 056 7.06 050 0.10 0.10
759 073 790 073 508 074 010 0.19
552 Note: Y denotes the ICMV with consideration of the vibration frequency; N denotes
553  the ICMV without consideration of the vibration frequency

554

Bedding material

Asphalt mixture of
core wall

Cohesive clay

< Z<zZz<zZz<zZ<<
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555  Table 5 Applicability of the improved ICMVs for different earth-rock dam materials.

Dam Material Type CMV’ THD’ ccv’ CP
Rock-fill material N N Y N
Transitional material N N Y Y
Bedding material N N Y N
Asphalt mixture of core wall Y Y Y N
Cohesive clay Y Y Y N

556  Note: Y denotes the ICMV is acceptable; N denotes the ICMV is unsuitable.

557
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558  Figures

Dina=800mm |8

Dmax=0.25mm

559 (D (e)
560  Fig. 1. Different compacted materials in the earth-rock dams: (a) rock-fill material; (b)

561  transitional material; (c) bedding material; (d) asphalt mixture of core wall; (e) cohesive

562  clay.

563
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569

570  Fig. 4. Experiment setup for the rock-fill material in Test 1.
571 Note: H denotes the mode of high amplitude with low frequency; L denotes the mode
572 of low amplitude with high frequency.

573

574

575 Fig. 5. Experiment setup for the rock-fill material in Test 2.
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577 Fig. 6. Experiment setup for the asphalt mixture of core wall in Test 3.

578

579

580  Fig. 7. Experiment setup for the cohesive clay in Test 3.
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Fig. 16. Reliability analysis on the improved ICMV for the bedding material using: (a)

CMV’; (b) THD’; (c) CCV’; (d) CF.

Note: LCL means the lower control limit; UCL means the upper control limit.
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Fig. 17. Reliability analysis on the improved ICMYV for the asphalt mixture of core wall

using: (&) CMV’; (b) THD’; (¢) CCV’; (d) CF".

Note: LCL means the lower control limit; UCL means the upper control limit.
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621

622  Fig. 18. Reliability analysis on the improved ICMV for the cohesive clay using: (a)

623 CMV’; (b) THD’; (c) CCV’; (d) CF’.

624  Note: LCL means the lower control limit; UCL means the upper control limit.
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