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Introduction

This volume contains eight papers that were accepted and presented at the
GeoChina 2021 International Conference on Civil & Transportation Infrastructures:
From Engineering to Smart & Green Life Cycle Solutions, held in Nanchang,
China, during September 18–19, 2021. The articles presented in this volume cover
new approaches of geotechnical engineering introduced by researchers, engineers
and scientists to address contemporary issues in geotechnical engineering such as
the usage of sustainable materials in soil, soil characterization with new methods
and numerical simulations to predict material properties. This information should
lead to smart and green life cycle solutions in engineering. Various types of
research were used in the various studies, including field measurements, numerical
analyses and laboratory measurements. It is anticipated that this volume will sup-
port decisions regarding the optimal management and maintenance of civil
infrastructures to support a more sustainable environment for infrastructure users.
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CBR Strength of Treated Subgrade Soils
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Abstract. Calcium-based stabilizing agents have been extensively used to
improve the engineering properties of base and subgrade layers of pavement sys-
tems. Recently, polymers and chemical stabilizers have become popular due to
cost efficiency, ease of application, and fast curing times. This study presents
a comprehensive laboratory testing program quantifying the strengths of treated
subgrade soils. Here, the strength is defined in terms of California Bearing Ratio
(CBR) values. The results of the CBR tests showed that non-traditional stabilizing
agents significantly increased the strength characteristics of subgrade soils.

1 Introduction

A typical pavement structure consists of three layers including asphalt, base, and sub-
grade layers. The subgrade layer is made up of native soil and it acts as the founda-
tion that provides stability to the pavement structure. Effectively designed pavements
are expected to last for long periods but throughout the service life pavements experi-
ence distresses in terms of fatigue cracking (alligator cracking), rutting, bleeding, and
potholes. Distresses significantly reduce the overall strength and durability of a pave-
ment system and put additional costs on the rehabilitation and maintenance budgets of
state and federal transportation agencies. Numerous researches are actively working on
developing methods and products to increase the pavement resistance over distresses.
The stabilization of subgrade and base layers improves the strength, compressibility, and
durability characteristics of pavements.

Calcium-based stabilizers including cement and lime have been effectively used by
the U.S. transportation departments. Cement stabilization depends on hydration prod-
ucts immediately created by the calcium silicates and calcium aluminates present in the
cement itself. Excess free lime produced during hydration also allows for long term
pozzolanic reactions to occur. Since base courses typically have low plasticity, cement
is often used to improve the strength characteristics of these materials. Research find-
ings also reveal that cement treated soils show a brittle behavior which is often the
reason for shrinkage cracks in the stabilized layer. Reflection cracks through the asphalt
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surfaces typically follow the same patterns as the cracks in a cement treated base [1].
Soluble sulfates present in soils can induce chemical reactions between cement/lime and
residual soils resulting in significant loss of strength and heaving. Sulfates cannot be effi-
ciently removed from the soil; therefore, non-traditional stabilizers have been recently
recommended as alternative base stabilization products. Introduced as a non-traditional
stabilizer for soil stabilization and erosion control, polymer and chemical stabilizers
have become popular also due to cost efficiency, ease of application, and fast curing
times. In this paper, an extensive laboratory testing program was executed to determine
the CBR strength characteristics of subgrade soils after polymer and Claycrete (a chem-
ical stabilizer) treatment. Parametric sensitivity analyses were carried out to evaluate the
effects of subgrade soil type and stabilizing agent treatment levels.

2 Literature Review

In the literature, calcium-based stabilizers including cement and lime have been docu-
mented by numerous researchers. Kayak and Akyarli [2] studied the effects of lime on
soil stabilization in clayey soil in theAnkara Province road in Turkey. In this study,%5 of
lime by weight led to an increase in the CBR value by around 16 to 21 times for different
type of clays. Similarly, Sariosseiri andMuhunthan [3] studied the use of cement to treat
soils in the Washington state. Cement treatment showed significant improvement in the
engineering properties. Particularly at 10% cement rate the soil samples showed rela-
tively high unconfined compressive strength. Treated samples; however, showed more
brittle response compared to untreated soils.

Non-traditional stabilizers including polymer and chemical admixtures have also
been documented. For example, Hawakins et al. [4] proposed a method using chemical
stabilizers named carboxylic acid and polyolefins for dust control and soil stabiliza-
tion. A heterogeneous mixture was produced by blending the aliphatic or cyclic organic
compounds with carboxylic acid. It was observed that polyolefins control the dust and
improves the soil stiffness and modulus by more than 100%. It was reported that this
chemical acts as a plasticizer and the penetration of this chemical helps for dust con-
trol.Recently, Srinath et al. [5] studied polymer binders to stabilize the subgrade soils.
The primary objective of this study was to investigate the subgrade soils engineering
properties in terms of physical, chemical, mechanical and microstructural properties and
the results were utilized in the pavement design and analysis to determine their impact.
The results showed a significant reduction in the subgrade rutting under high loading and
different weather conditions. It was concluded that reduction in subgrade rutting helps
for effective deformation transfer, subgrade to have longer bonding, and to reduce the
rehabilitation costs. More recently, Hemant Gc et al. [6] investigated the significance of
rubber and polymer in asphalt mix towards the pavement fatigue performance in terms of
tensile strength and cost-effectiveness. In this study, three different mix designs such as
conventional HMAmix, Asphalt Rubber (AR) and Polymer modified mix were adopted
and these mixers were evaluated utilizing 3D move analysis software. It was observed
that the utilization of modified mixtures significantly increases the service life of the
pavements and more economical. From the results it was concluded that the AR mix
has significantly increased the fatigue life and also it was cost effective (by 24 times
compared to conventional HMA). It was observed that high speed and thick pavements
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show much more significant results as the asphalt is much stronger at high frequency
loadings.

3 Objectives

Engineering properties of subgrade soils can be improved with the application of non-
traditional stabilizing agents including polymer and chemical admixtures. The main
objectives of this research are to compare the CBR strength properties of polymer
and claycrete treated subgrade soils and to investigate the impact of different types
of admixtures on the overall pavement performance.

4 Laboratory Testing Program

Laboratory investigations were based on two types of stabilizing agents including poly-
mer and Claycrete. The polymer was in the form of aqueous dispersion. The pH value
was around 4.5–5.5 and the density was around 0.9982 g/cm3 (68 °F or 20 °C). The
specific gravity (relative density) was around 0.95–1.10, Water = 1 (liquid). Claycrete
was used as a chemical stabilizer in the laboratory testing program. It is an ionic soil
stabilizer which is designed especially for clay soils. The pH value was around 2.0 to
2.5. The specific gravity of claycrete was around 1.1. The flash point of the claycrete
was greater than 61 °C. The polymer was provided by Terra Pave International which is
located at the University of Texas at Austin.

Two commonly observed soil types were used in this study. They were labelled as
Clayey Soil (CS) and Sandy Soil (SS). The gradation of the CS soil was chosen to be
as 40% of retained soil in between sieve no.4 (opening size 4.75 mm) and sieve no. 40
(opening size 0.425mm) plus 40% of retained soil between sieve no.40 and sieve no. 200
(opening size 0.075 mm) plus 20% of clay. The gradation of SS soil was chosen to be
as 45% of retained soil in between sieve no. 4 and sieve no. 40 plus 45% of retained soil
between sieve no. 40 and sieve no. 200 plus 10% of clay. The particle size distribution
curves of CS an SS soils are given in Fig. 1.

Fig. 1. Particle size distribution curves of CS and SS soils
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Compaction curves of CS and SS soils are shown in Fig. 2 and Fig. 3. Figure 2 shows
similar compaction characteristics for the treated and untreated CS soils. Therefore,
a maximum dry unit weight of ~126.6 pcf and water content of ~10% was adopted
for the testing program. In Fig. 3, however, the compaction curves of treated SS soils
show around 5% increase in maximum dry unit weight and around 10% decrease in the
optimumwater content compared to the reference SS soil. An optimummoisture content
of 10.5% for reference SS soil and 9.5% for treated SS soils were adopted for the testing
program.

Fig. 2. Compaction curves of treated and untreated CS soils

Fig. 3. Compaction curves of treated and untreated SS soils

The CBR test is one of the most widely used penetration tests for determining the
strength of subgrade soilsASTMD-1883 [7]. CBR results are typically used to determine
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the total rutting and fatigue of pavements and the thickness of pavements. CBR values
can be used to determine the resilient modulus of the subgrade soil which is a critical
factor in predicting pavement rutting performance [9, 10]. In this laboratory testing
program, CBR tests were performed on untreated and treated CS and SS samples. Here,
polymer treated samples were prepared using 0.25%, 0.5% and 1% polymer by weight
Saygili et al. [8]. Claycrete treated specimens were prepared using 0.01% and 0.02%
claycrete by specimen weight (Claycrete Global Company, personal communication).
Three specimens were prepared for each admixture type to minimize specimen bias. A
total of 42 soil samples were prepared for the laboratory testing program. 24 h curing
was adopted for this study (Fig. 4).

Fig. 4. Soil specimens before and after CBR test

CBR test results of CS and SS soils are shown in Fig. 5. Here, the averageCBRvalues
are presented together with 95% error bars. As shown in Fig. 5a, the results of CBR tests
on reference specimens reveal that untreated CS soils have low load bearing capacity
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Fig. 5. CBR results for (a) CS soils and (b) SS soils

with CBR values as low as around 4. It is observed that the 0.25% polymer treatment
showed a significant improvement in the CBR by 4.5 times compared to untreated soils
followed by 0.5% polymer treatment with 3.5 times and 1% polymer treatment with 3
times. It is observed that the 0.01% claycrete treatment increased the CBR significantly
by 6 times compared to untreated soils followed by 0.02% claycrete treatment with 3.4
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times. As shown in Fig. 5b, the results of CBR tests on reference specimens reveal that
untreated SS soils have low load bearing capacity with CBR values as low as around 7.
It is observed that the 0.5% polymer treatment showed a significant improvement in the
CBR by 2.2 times compared to untreated soils followed by 0.25% polymer treatment
with 2.1 times and 1% polymer treatment with 1.8 times. It is observed that the 0.01%
claycrete treatment increased the CBR significantly by 3.3 times compared to untreated
soils followed by 0.02% claycrete treatment with 2.5 times. However, the lower dosage
rates can lead to field challenges, but the challenges can be overcome by utilizing the
equipment such as reclaimer for uniform stabilization and to achieve a through mix
of stabilizing agents to soil (Claycrete Globel Company, n.d.). This kind of equipment
are capable as stabilizer and recycler. As this paper focuses mainly on the laboratory
assessment of CBR strengths of treated subsoils. The field operations are beyond the
scope of this paper.

5 Conclusions and Recommendations

An overall comparison of the results suggests that polymer and claycrete treatment
significantly increased the engineering properties of the subgrade soils. For CS soils, the
optimum levels for polymer and claycrete treatment are 0.25% and 0.01%, respectively,
whereas for SS soils the optimum level for polymer treatment increases to 0.5% but the
optimum claycrete treatment level stays the same. This observation shows that claycrete
is less sensitive to the particle size distribution of subgrade soils.

The trend lines between different treatment levels suggest that further increase in
polymer and claycrete content will reduce the CBR values; however, actual testing is
required to confirm the trend. The admixtures are viscous fluids. They are first mixed
with water and then added to the soil for compaction. Without admixtures water acts as
a “softening agent” which helps soil particles move into a more compact position. With
admixtures added to water, it is possible that the binding process starts immediately and
it prevents water to redistribute particles for a compact configuration. It can be speculated
as the reason for a reduction inCBR strengthwith an increase in the admixtures treatment
level. Further testing is necessary to verify this observation.

Typically, the performance of cement treated specimens exceeds the performance of
specimens treated using non-traditional stabilizers; however, various research findings
revealed that utilization of cement leads to additional shrinkage and reflection cracking
due to cement’s brittle nature. Also, cement treated specimen may perform poorly by
time as cement is prone to chemical attack.
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Abstract. The horizontal-to-vertical spectral ratio (HVSR) method for seismic
site characterization usingmicrotremor and earthquake recordings has beenwidely
employed since its introduction in 1989.We applied HVSR to analyze seismic and
strong-motion earthquake S-waves in the Gansu province, China. The seismic sta-
tionswere bedrock installations, whereas the strong-motion stationswere installed
on soils throughout the Province. Results show that most of seismic stations have
no obvious predominant peak, but the strong-motion stations exhibit predominant
peaks. Therefore, we corroborate HVSR as a cost-effective method to characterize
ground-motion site effect caused by the near-surface soils.

Keywords: Horizontal-to-Vertical Spectral Ratio (HVSR) · Earthquake
recordings · Microtremor · S-wave spectral analysis · Site effect

1 Introduction

The Horizontal-to-Vertical Spectral Ratio (HVSR) analysis has been widely used to
characterize the shallow-subsurface seismic properties of engineering interest by single-
station surfacemeasurements. This approach to site effect characterization was proposed
by Nakamura (1989) based on microtremor and earthquake recordings which overcome
the difficulties of traditionalmethod using a reference site or borehole data. The site effect
is a common phenomenon during strong earthquakes and continue to be a significant
subject for seismological research (Fleur et al., 2016; Woolery et al. 2016). HVSR
gained popularity due to its simplicity in field acquisition and signal processing. Lermo
and Chavez-Garcia (1993) applied the H/V method to earthquake S-wave recordings.
Yamazaki and Ansary (2008) extended this approach to use of strong motion records
to assess site characteristics or site classification and other applications. Dimitriu et al.
(1998) and Bonilla et al. (2002) proved that the site predominant period obtained by
different methods were basically consistent by comparing the H/V spectral ratio with
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the traditional site characteristics research methods. Satoh et al. (2001) analyzed the
differences of site characteristics among ground pulsation, P-wave, S-wave and tail-
wave.

HVSR does not need ground models and can be applied to either microtremor
or earthquake recordings; it only requires a single station recording. Along with the
technical progress of digital strong vibration observation instruments, HVSR has been
extended from ground pulsation to seismography and strong vibration recording since
it was introduced in 1989. It is not only cost-effective but applicable in many kinds
of field conditions, and has been the focus of numerous investigations (Roberto et al.
(2007); Picotti et al. (2017); Neroni et al. (2018)). However, recent studies (Carpenter
et al. (2018); Kawase et al. (2019); Wang et al. (2019); Chuanbin et al. (2020)) have
shown that HVSR also has some limitations.

We applied HVSR in this study to analyze site characteristics of the seismic and
strong-motion stations in Gansu province, China.

2 Horizontal-to-Vertical Spectral Ratio (HVSR)

Nakamura (1989) defined the HVSR as the ratio between the horizontal Fourier ampli-
tude of motion and vertical Fourier amplitude of motion recorded on soil at free
surface:

HVSRS = HS

VS
, (1)

where HS and VS are Fourier spectrum of horizontal and vertical components of record-
ings on soil at surface, respectively (Fig. 1). Nakamura (1989) also defined the horizontal
transfer function, TFH , as,

TFH = HS

HB
, (2)

where HB is Fourier spectrum of horizontal component of recording at top of bedrock
(Fig. 1).

Fig. 1. Schematic diagram of soil, reference rock, and bedrock recordings.
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Equation 2 can be rewritten as,

TFH = HS

HB
= HS

VS
∗ VS

VB
∗ VB

HB
, (3)

where VB is Fourier spectrum of vertical component of recording at top of bedrock. The
vertical component transfer function, TFV , can be defined as,

TFV = VS

VB
, (4)

and the HVSR at bedrock as,

HVSRB = HB

VB
, (5)

Thus, Eq. 3 can be written as,

TFH = HVSRS ∗ TFV

HVSRB
, (6)

As shown by Nakamura (1989), HVSRB ≈ 1.0, therefore, Eq. 6 becomes,

TFH ≈ HVSRS ∗ TFV , (7)

In traditional earthquake engineering, ground motion site effect is quantified by the
site-to-reference spectral ratio (SSR) of the horizontal component of S-wave motion
recorded on soil at surface and S-wave motion recorded on rock at surface (Borcherdt
1970) as.

SSR = HS

HR
, (8)

whereHR is the S-wave motions recorded on rock at surface (Fig. 1). And if the soil and
rock sites are close enough, can be regarded as HB ≈ HR

2 ; then SSR is equal to,

SSR = TFH

2
= HVSRS ∗ TFV

2
, (9)

Under the assumption of TFV ≈ 1.0 (Nakamura, 1989), Eqs. 7 and 8 become,

TFH ≈ HVSRS , (10)

Thus, Nakamura (1989) proposed to use the HVSRS to approximate the site effect
with ambience noise and earthquake recordings.
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The cost-effective simplicity of HVSR has led to wide use in site characterization
investigations, particularly for engineering purposes. For example, Zare (1999) and Lee
et al. (2001) classified the sites according to the predominant period by the strong vibra-
tion recordings in Iran and Taiwan, respectively. The advantages of this method are that
it is not subject to the reference site, simple and easy to operate, and low cost. Rong et al.
(2016) applied HVSR of weak S-wave motions as a tool to invert shear-wave velocity,
comparing the theoretical results with this empirical method, and finding that HVSR
resembles the empirical transfer function for nonlinear site response. Kassaras et al.
(2017) similarly applied the HVSR method on free-field ambient noise measurements
to define the site response characteristics of peak frequency and amplification.

However, HVSR also has limitations. For example, recent studies found that the
assumption of TFV ≈ 1.0 (Nakamura 1989) is not valid, particularly at higher resonance
modes (Carpenter et al. 2018, 2020 Kawase et al. 2019; Chuanbin et al. 2020). It has
also found that the ambient-noise HVSR is different from earthquake S-wave HVSR:
ambient-noise HVSR results from the ellipticity of the fundamental Rayleigh wave,
whereas S-wave HVSR results from the S-wave resonance (Carpenter et al. 2018, 2020;
Wang et al. 2019 Carpenter et al. 2018) found that TFV is approximately equal to
1.0 at lower resonance modes (up to the fifth resonance mode), at the fundamental
mode frequency in particular. Thus, we can utilize the HVSRS to study the fundamental
frequency (or predominant site period).

3 Data and Processing

Figure 2 shows the seismic and strong-motion stations in Gansu Province, China. The
seismic stations are installed on rock and instrumented with three-component medium
to long period velocity seismometers. All seismic data with a rate of 100 samples per
second are transmitted to the Gansu Seismic Network Center in Lanzhou for analysis. As
a part of China Strong Motion Network, the strong-motion stations in Gansu Province
are installed on soil. Strong-motion data with a rate of 200 samples per second are
transmitted to the China Strong Motion Network Center in Beijing for analysis.

For seismic data, the principles for selecting seismic records are as follows:➀ Earth-
quake records with magnitude ≥ Mw 3.3 between 2017 and 2019; ➁ Screening out seis-
mic waveform features are obvious and includes complete waveform of noise segment,
P-band and S-band; ➂ Filtering and S-wave picking the records with a complete S-wave
seismic phase.

55 seismic event waveforms that satisfy these conditions were selected in seismic
database. As for strong motion data, due to the small number of records and the low
signal-to-noise ratio in many cases, it is more difficult to filter. However, basic principles
for strong-motion filtering are the same as seismic data, but only the first criteria is
changed to events recorded since 2008, and the seismograph is triggered by earthquake
records with magnitude ≥ Mw 4.9. Ultimately, only 20 seismic records were chosen.

The data are converted to a usable format for removing mean value, linear trend,
and waveform pinching. Deconvolution is applied by a script to remove the instrument
response from the waveforms, and perform simple filtering utilizing suppress the low
and high frequency parts of the waveforms. The Taup software is subsequently used
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Fig. 2. Seismic and strong-motion stations in Gansu Province, China

to calculate seismic travel time and determine the initial arrival time of P-wave and
S-wave seismic phases, then cut out S-wave band (Fig. 3). Fourier amplitude spectrum
was calculated for the windowed S-wave seismic phase. A Hanning filter was used to
smooth the amplitude spectrum in order to better identify the predominant period of the
site. Processing parameters shown Table 1.

Table 1. Paremeter selection during seismic data processing

tpre-p (s) twin (s) Taper
(%)

f lo/f hi (Hz) f smooth (Hz)

21 21 5 0.05/40 0.5

An important step for the strong-motion data is baseline correction that minimizes or
eliminates baseline drift caused by background noise, instrument noise, and instrument
tilt. Processing parameters are shown Table 2. For the sake of accuracy and operability,
manual picking method is selected, which need visually inspect each recording and
determine the S-wave window through the daily work experience. The other steps are
the same as data used for seismic data processing.

More rigorous data screening requires Single-to-Noise (SNR) calculation. That is
the ratio of the amplitude spectrum of signal and noise. In this paper, in order to select
high-quality recordings of weak motions to avoid contaminating the spectral ratios and
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Fig. 3. S-wave window of GaoTai (GTA) station in ZhangYe 5.0 earthquake on 2019.9.16 (in
the picture: BHE, BHN, BHZ represent three components of broadband high resolution record-
ing. B represent broadband, H represent high sensitivity, E,N,Z represent E-W,N-S,and vertical,
respectively.).

Table 2. Paremeter selection during data strong-motion processing

tpre-p (s) twin (s) Taper
(%)

f lo/f hi (Hz) f smooth (Hz)

10 10 5 0.05/40 0.5

their averages with noise, the SNR threshold for each component is set to be greater than
2.5 (Fig. 4). The 2.5 was chosen because this is the normal threshold for seismic data
processing.

HS =
√
ST 2 + SR2 (11)

HN =
√
NT 2 + NR2 (12)

SNR = HS/HN (13)

HS Represents the synthetic horizontal signal information, HN is the synthetic
horizontal noise information. ST and NT are the radial component of the signal and
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noise, respectively. SR and NR are the transverse component of the signal and noise,
respectively.

Fig. 4. Signal-to-Noise ratio of three component all larger than 2.5

4 HVSR Analysis and Results

Each seismic station had no less than 6 available seismic event records. An average of
the HVSR results for the different seismic events was used to obtain the representative
site HVSR amplitude spectrum ratio curve. Only 40 seismic stations obtained reasonable
HVSR results. The strong motion stations having fewer records, thus we considered no
less than 3 seismic event records for each. Only 8 fixed strong motion stations produced
an average amplitude spectrum ratio curve with these constraints. As an example, Fig. 5
shows HVSR for the seismic station GTA where the predominant site period is not
obvious. Figure 6 is the HVSR for the strong-motion station MXT, which shows a clear
predominant site period at approximately 0.21s.
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Fig. 5. HVSR at Seismic Station GaoTai (GTA).

Fig. 6. HVSR at Strong-motion Station Minxian (MXT).

The predominant site periods and peak ratios of the 40 seismic stations are listed
in Table 3. The peak ratios at most seismic stations (30/40) are generally less than 2.0.
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However, there are a few seismic stations (10/40) with higher peak ratios. The results of
strong motion stations are significantly different from those of seismic measurements.
The amplitudes are all larger than 2.0, some even reach 7.8, suggesting the site amplifi-
cation effect is significant. The predominate periods for the strong motion stations are
larger than the seismic stations, which can be explained by the site conditions (Table 4).

Table 3. Results of seismic stations

Station Predominant site period Peak ratio

GTA
AXX
BYT
CHM
CXT
DBT
DHT
GLT
HJT
HXP
HYS
HZT
JFS
JNT
JTA
JYG
LQT
LTT
LXA
LYT
LZH
MIQ
MXT
QTS
SBC
SDT
SGS
SGT
SNT
TSS
WDT
WSH
WXT
WYT
YDT
YJZ
YWX
ZHC
ZHQ
ZHY

0.08
0.2
0.1
0.18
0.07
0.35
0.07
0.13
0.18
0.10
0.20
0.25
0.20
0.07
0.70
0.09
0.12
0.10
0.06
0.11
0.20
0.12
0.25
0.18
0.30
0.80
0.20
0.25
0.40
0.18
0.10
0.40
0.13
0.30
0.08
0.25
0.18
0.08
0.17
0.15

1.5
2.0
1.5
1.8
1.6
1.8
2.5
2.0
1.6
2.0
2.0
1.9
2.5
1.8
1.6
1.5
1.8
1.5
1.8
1.0
2.5
1.5
1.8
3.0
3.2
1.7
1.5
1.7
2.8
1.7
1.8
5.0
1.8
1.8
1.5
5.8
1.3
2.5
1.9
2.5
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Table 4. Results of strong-motion stations

Station Predominant site period Peak ratio

DLA
DIB
KLE
LUQ
MXT
YLG
ZM2
ZNI

0.5
0.3
0.13
0.18
0.25
0.13
0.07
0.20

3.0
2.5
2.4
3.2
7.8
3.8
2.9
3.0

5 Discussion

The peak ratios at most seismic stations (30/40) are generally less than 2.0. However,
there are a few seismic stations (10/40)with higher peak ratios (Fig. 2).As shown inFig. 5
relative flat and the peak ratio <2.0, while in Fig. 6 there is a single distinct dominant
peak, and the peak ratio even reach to 7.8, which can be explained by site dynamic
amplification effect. That is the larger peak ratio, the more obvious amplification effect
in site.

For the Gansu seismic station the fundamental amplitude changes little, but the shape
of HVSR curve and peak period TP for the stations vary significantly. TP of some station
is very obvious, for example DBT, QTS, SBC, WSH and so on; these stations are on
the bedrock, with thin relatively simple soil veneers. Other stations such as JTA, JNT,
LQT and other HVSR curves do not have peak period at all. The reason may be that
these stations are located on the unweathered bedrock and the site effect is relatively
weak, so the HVSR amplitude tends to 1.0. However, there are stations HVSR curve
amplitude changes a lot, such as station WSH where the peak period reached 5.0, but it
is located in the loess covered area in the southeast of Gansu province. While the basic
bedrock is glutenite, due to the larger surrounding soil coverage, a site amplification
effect may occur. Also, there may be of various compositions of bedrock with differing
velocity that may contribute to the response. The amplitude of LYT station was lower
than 1.0, the platform data showed that although the platform was granite, it was built
in a semi-basement, which was likely to cause the calculated velocity in the bedrock to
decrease, thus explaining the phenomenon that the amplitude was lower than 1.0.

The results of strong motion stations are significantly different from those of seismic
measurements. The amplitudes are all larger than 2.0, some as large as 7.8 (Fig. 2),
suggesting an obvious site amplification effect.

The strong-motion stations show much more complex responses, with three main
attributes: first, some stations have obvious peak predominant period, we think that the
base soil layer of these stations is a relatively simple single lithology; second, the peak
predominant period of some stations is very diffuse, it is likely related to a much more
complex subsurface lithology; third, some stations have two peak predominant periods,
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suggesting the lithology is divided into two types. The peak predominant period is clearly
related to the site lithology, however.

6 Conclusions

We applied HVSR to analyze earthquake S-waves of the recordings from the seismic
and strong-motion stations in Gansu province. The seismic stations were installed on
rock, and the strong-motion stations were installed on soil overburden. Our results show
that most of seismic stations (i.e., 30 of 40) have no obvious predominant peak, which
is consistent with general observation of HVSR ≈ 1.0 for a station on rock. Our results
also show that the strong-motion stations have an obvious predominant peak. Thus, our
results demonstrate and corroborate that HVSR can be effectively used to characterize
the ground-motion site effect.

Whereas this study only uses weak motion, not strong motion that is of engineering
interest. In this paper suggests that single station S-wave HVSR can be used to obtain
the fundamental site frequency that is of engineering interest, we can speculate that this
method will be more useful when more and more strong motion data become available
in Gansu, as well as China.
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Analysis of the Bearing Capacity of Press-in Pile
with Installation Assistance into Stiff Ground
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Abstract. Press-in piling method enables displacement piles to be installed with
little noise and vibration. Though installations into hard grounds require instal-
lation assistance such as water-jetting, augering, and rotary-cutting, the effect of
these techniques on the bearing capacity has not been clear. This paper collects
loading tests of steel pipepiles installedby thepress-in pilingwith the assisted tech-
niques and studies the axial performance. The test results of the load-settlement
curves and unit resistances suggest that standard press-in and rotary cutting press-
in pile have similar mechanisms with driven pile. Water-jetting decreases shaft
resistance and varies base resistances, and the load-settlement curve resembles
that of the bored pile. Finally, the estimated ultimate resistance coincides with the
measured ones well, based on the proposed characteristic values. These results
can supply basic information to design pile foundations with press-in piling.

1 Introduction

Press-in piling is one of the steel pipe pile installation methods with hydraulic force
(Fig. 1). Since impact/vibratory driving are difficult to be adapted in residential areas
because of the noise and vibration, inner excavation (as known as bored pile) and screw
piling are becoming to be used for steel pipe pile installation in Japan (e.g. Koda 2019).
Since press-in piling method enables displacement piles to be installed with little noise
and vibration, and is also environmentally friendly, recently it has been used for pile
foundations.

Assistant techniques of press-in piling into the dense ground include water jetting,
augering, and rotary cutting (Fig. 2). Although the axial performance of assisted press-in
piles has not been proven, there has been strong demand for usage especially in urban
areas where noise and vibration problems are a concern and where the site conditions
are restricted, such as under bridge piers. The axial performance depends on the piling
methods and has been analyzed statistically (e.g. Paikowsky 2004, Nishioka et al. 2008,
Nanazawa et al. 2019, Kitamura et al. 2019). Although we also reported on those of the
rotary cutting press-in (Suzuki et al. 2019), there was no report summarizing the bearing
performance of other assisted press-in pile.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
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Impact driven pile Vibratory driven pile Bored pile Screw pile Press-in pile

Fig. 1. Types of installation methods of steel pipe piles

Nothing (Standard) Water-jetting Augering Rotary cutting

Fig. 2. Illustrative assistant techniques of press-in pipe piles (after GIKEN (2020) online)

This paper collects and analyzes loading test results to grasp the performance of the
assisted press-in pile. It also investigates the relationship between the base resistance
and the shaft resistance and the ground (N-value and type).

2 Press-in Piling and Its Assistant Techniques

This section introduces an overview of the press-in piling assistance and researches
on its influence on the bearing capacity. More details, such as installation procedure,
applicable N-value and pile length, are described in IPA (2016). Also, this paper calls
press-in piling that does not use any assistance, standard press-in.
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2.1 Standard Press-in

Standard press-in piling, as known as jacking or pressing, is a method of installing piles
without the use of augers, water jets, or rotary-cuts as described below. Many studies on
bearing capacity have been conducted (e.g. White and Deeks 2007, Zarrabi and Eslami
2016), and reported that jacked piles have higher stiffness and bearing capacity than
driven piles.

Press-in piling which this paper introduces conducts installations and extractions of
piles alternately with reaction force by installed piles (Fig. 3). This action, as known as
“surging”, reduces shaft resistance during penetration (White and Deeks 2007). Aizawa
et al. (2018) also reported that the cyclic loadings reduce the resistance of open-ended
pipe pile during penetration both in saturated ground and in dry sand.

a) Self-walking system
(as known as SILENT PILER)

b) System that a piling machine stretches its arm
to sheet piles to obtain reaction force (OS1-3)

Fig. 3. Types of press-in piling system (GIKEN 2016)

Besides, the plug of open-ended piles depends on many factors, soil type, pile size,
particle crushing, and loading speed (e.g. Yamahara 1964, Randolph et al. 1991, White
et al. 2000, Suriyah et al. 2011, Paik et al. 2004), and it has not been clearly understood.
Furthermore, these studies had relatively small piles, diameters of 300mmatmost. Since
the plug, which is evaluated by the base resistance or inner soil movements, decreases
as the pile diameter increase (Kikuchi et al. 2009), researches with larger pile diameters
are necessary.

2.2 Water Jetting (WJ)

Water-jetting is a very efficient method of pile penetration (Tsinker 1988). Its penetration
mechanism and impact on the surroundings have been investigated even in recent years
(e.g. Shepley 2013, Gillow et al. 2018, Passini et al. 2018).

On the other hand, the effect of water jets on the resistance of press-in piles has
not been understood yet, though various Japanese guidelines and manuals (JRA 1999,
RTRI 2014, Society for Vibratory hammer 2015) have introduced reduction factors for
vibratory driven pile based on full-scale loading tests (Table 1).
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Table 1. Reduction factors of the bearing capacity for WJ in Japanese guidelines

Reference Pile type Reduction factor* Installation
method to
compare

Base resistance Shaft resistance

JRA 1999 Sheet pile/pipe pile 0 0.5 Driven pile

RTRI 2014 Sheet pile 1 0.33 Vibratory
driven
H-shaped
pile

RTRI 2014 Sheet pile with
Closed Section at
Bottom

0.33–0.5** 0.33 Impact
driven
pile***

Society for
Vibratory
Hammer 2015

Pipe pile 0.33–0.56** 0.5 Vibratory
driven pile

Note: This table doesn’t intend a comparison between the guidelines, because the quality controls
differ between the manuals
* The factors are ratios of the resistance between piles installed by water-jetting and those by the
installation method to compare.
** It depends on the N-value and the embedded depth in the bearing layer.
***Open-ended driven piles (pile diameter, D < 0.8 m, embedded depth into the bearing layer is
3D)

Water is injected downward from the tip of a steel pipe pile through 2–4 water hoses
installed on the outer circumference of the pile. The amount of water is determined
empirically by piling contractors, and the amount was about 1500–3600 L/min (as shown
in Table 4a and 4b of Appendix).

WJ press-in pile in this paper had interlocks (Fig. 4a). Also, some were tested in the
condition that interlocks were joined with those of next piles, and interlock resistances
were observed and estimated during piling (Table 4a and 4b).

(a) Pipe pile with interlocks 
(for WJ press-in pile in this paper)

(b) Cutting bits and water pipe of rotary press-in pile

Fig. 4. Steel pipe pile (after IPA 2016)
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2.3 Augering

An auger and a casing are installed simultaneously with the pipe pile. It drills hard
grounds at the pile toe with axial press-in force and creates a hollow space. After the
pile is installed and the auger is extracted, final push-in is generally conducted to get
enough base resistance.

2.4 Rotary Cutting

The rotary cutting press-in piling penetrates a pile with cutting bits on the tip by applying
axial and rotational jacking force simultaneously (Fig. 4b). The tip protrudes amaximum
of 9–12 mm from the outer diameter of the steel pile, which is the same size as friction
cutters of the bored pile (JRA 2017). A small amount of water (less than 150 L/min, as
shown in Table 4a and 4b) is injected near the pile tip. This assistant technique expands
press-in application for reinforced concrete as well as hard ground, though steel pipe
piles with interlock are not applicable because of rotational procedures.

Though pile rotation during penetration greatly reduces shaft resistance as well as
surging (Ishihara et al. 2015, Galindo et al. 2018), shaft resistance is expected to recover
after curing periods. However, it has been also reported that the stiffness of shaft resis-
tance does not increase with increasing N-value in dense gravel layers (Suzuki et al.
2019), and additional studies are required.

3 Test Cases and Analysis Methods

3.1 Overview

This section introduces load tests of steel pipe piles and summarizes their test conditions
(Table 4a and 4b). The total number of tests is 36, which includes a static load test,
statnamic load test, dynamic load test, and pull-out test (Table 2). WJ has been applied
mostly at sites where the pile length is long; the embedded depth is about 25–50 m for
WJ piles, while about 10–25 m for other piles. It can influence the ratio of the base
resistance and the pile behavior.

Table 2. Number of axial loading tests of steel pipe piles

Pull-out Dynamic Statnamic Static Subtotal

Standard 0 0 0 4 4 (0)

WJ 0 5 2 7 14 (2)

Augering 0 0 0 2 2 (0)

Rotary 1 0 10 5 16 (5)

Subtotal 1 5 12 18 36 (7)

Note: () in subtotal represents the number of the tests which
measured pile tip settlement and ultimate behavior (that is the
maximum settlement is more than 10% pile diameter)
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3.2 Ground Conditions

Figure 10 in appendix shows the soil classification and N-value of the tests which was
not described by the previous works shown in appendix, Table 4a and 4b.

3.3 Analysis Method

Firstly, load-settlement curves of static and statnamic tests were compared with the
average behavior of impact driven pile and the bored pile with steel casing. Then, based
on static and dynamic tests, the relationship between the ground (type and N-value)
and the ultimate base and shaft resistance was presented and compared with that of the
driven pile, JRA (2017). Finally, the penetration mechanisms were drawn, and ultimate
resistances were checked using the proposed characteristic value.

The unloading point method (UPM, Middendorp et al. 1992) was used to obtain an
equivalent static pile response from statnamic tests. In dynamic tests, signal-matching
analysis with Case Pile Wave Analysis Program (CAPWAP, Rausche et al. 1972) was
conducted to analyze and obtain soil resistance.

Also, the ultimate resistance was defined as the load causing the settlement of the
pile head equal to 10% of the pile diameter in this paper, instead of that of the pile tip,
to ensure consistency even without data of pile tip settlement.

4 Results

Table 5 in appendix shows the representative results of themeasurements and the analysis
described below.

4.1 Load-Settlement Curve

Hyperbolic transformation curves (e.g. Chin 1972, Hirayama 1990, Fleming 1992,
Dithinde et al. 2011) and Weibull distribution curves (e.g. Honjo et al. 2007) are known
for fitting load-settlement curves. Though Wakita (1998) reported that the hyperbolic
approximation has a better fit, Nakatani et al. (2009) reported that the Weibull distribu-
tion curve supplies the characteristic values which highly fit the yield resistance. This
mathematical derivation of the yield resistance is less prone to human error than the
method derived from the break point of logP-logS (e.g. JGS 2002). Therefore, the resis-
tance when the settlement reaches 10% of the pile diameter, P10, was considered to be
the smaller of both approximations for safety.

Po

Pou
= 1 − e

−
⎛
⎝
So/D
Sos/D

⎞
⎠

m (1)

Po

Pou
= So

So + Sh
(2)

where Po: load at the pile head, Pou: ultimate resistance, So: settlement at the pile head,
Sos: the characteristic value of settlement at the pile head, m: displacement index, Sh:
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(a) Impact driven and bored pile (after Nakatani et al. 2009)

(b) Standard press-in pile (c) WJ press-in pile (The red/blue markers
represent piles without/with interlocks)

(d) Augering press-in pile
(The blue markers represent piles with interlocks)

(e) Rotary press-in pile (The red/green markers
represent piles embedded into soil/rock)

Fig. 5. Normalized load settlement curve. Impact driven and bored pile refer to Nakatani et al.
(2009).
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settlement when resistance reaches the half of the ultimate. Equation (1) withm = 1 was
the same as the proposal by Van der Veen (1953).

Figure 5 shows load-settlement curves of each assistant techniques. The load was
normalized by P10, and the settlement was normalized by the pile diameter, D, so the
curve always went through a point in the graph (1, 0.1).

Nakatani et al. (2009) fitted each loading test to aWeibull distribution curve based on
the database of loading tests, and presented the statistics of the characteristic values for
each pile installation method. They reported that Sos/D follows a log-normal distribution
and m follows a normal distribution. Figure 5a shows the average normalized load-
settlement curves and one sigma range (that is, lower/upper line: both m and Sos/D are
their means plus/minus standard deviations respectively) of the driven pile and the bored
pile. Figure 5b–e also add the average lines for reference.

The load settlement curve of the standard press-in pile was in good agreement with
that of the driven pile (Fig. 5b).

That of the WJ press-in pile was divided into two types: one was similar to the
driven pile and the other was similar to the bored pile (Fig. 5c). The latter was joined
with interlocks to the next piles during loading tests. Although Tomisawa and Katakura
(1988) reported that interlocks of steel pipe sheet piles did not have a significant effect
on resistance, it is natural to assume that the division was due to the interlock resistance.
So, it can be inferred that the shaft resistance was lower than that of other press-in piles
because shaft resistance generally gets ultimate earlier than base resistance.

Next, the curve of the augering pile resembled that of the driven pile, though the
penetration procedure resembles the bored pile (Fig. 5d). This can be due to the interlocks
as well as the WJ pile, and the trend curve of the augering pile itself cannot be judged
here.

Finally, the curve of the rotary press-in pile embedded into soils changed shape from
that of the driven pile to that of the bored pile around Po/P10 = 0.8 (Fig. 5e). Since the
resistance was high from the initial settlement, it is expected that the effect of rotational
cutting on the shaft resistance is low. Some curves of tests embedded into rocks are
similar to that of the bored pile. This may because of the higher base resistance ratio due
to the rocks.

4.2 Yield Resistance

Figure 6 shows the relationship between P10, and the yield resistance, Py, which were
determined comprehensively based on the logP − logS, S − logt, and P − ΔS/Δlogt
curves (JGS 2002). JRA (2017) stated that Py can be estimated to be 0.65 (≈1 − 1/e)
timesP10 because itmatcheswellwith the characteristic value of theWeibull distribution,
Poy. Py of the standard press-in were good agreement with the estimated line in Fig. 6.
On the other hand, those of rotary cutting press-in and WJ press-in piles were about 0.7
times lower than the estimated. Though it may come from the embedded depth into the
bearing layer or surging procedure, it needs further investigations. Also, it should be
noted that Py of the test results depend on the interval of the load near the yield point.
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Fig. 6. Relationship between yield resistance, Py, and ultimate resistance, P10

4.3 Base resistance

Figure 7a shows the relationship between the unit base resistance, qd , and the average
N-value of 3D downward from the pile tip. qd was calculated from strain gages about 1D
above the pile tip, divided by the cross-sectional area of the pile. The evaluation formula
for driven piles (JRA 2017) is also shown for comparison; qd =min(130N, 6500) kN/m2

for gravels. Figure 7b corrected unit base resistance for plug ratio, η, which means the
assumed ratio of the base resistance of open-end pile to that of closed-end pile. It was
assumed to be in inverse proportion to the pile diameter (after Kikuchi et al. 2009);

η = (D/0.8)−1.4 (3)

Also, it should be noted that this paper doesn’t consider the difference of embedded
depths into the bearing layer.

The base resistance of the standard press-in was about 6000 kN/m2 (Fig. 7a), which
was approximately the same as the value of the driven pile, 6500 kN/m2. Others of WJ
and rotary press-in looked lower than that of the press-in pile. But, taking into account
the plug ratio (that is size effect), base resistances of standard press-in and rotary press-in
did not have any differences (Fig. 7b). That of the WJ press-in pile had a large scatter,
which might come from the quality control at the end of penetration.
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(a) Unit base resistance (b) Unit base resistance divided by estimated plug
ratio of Eq. (3)

Fig. 7. Relationship between N value and ultimate unit base resistance. Driven pile refers to JRA
(2017).

4.4 Shaft resistance

Figure 8 shows the relationship between the maximum of the unit shaft resistance, f and
N values for each type of ground. The evaluation formula for driven piles (JRA 2017) is
also shown for comparison; f =min(5N, 100) kN/m2 for cohesionless soil; f =min(6N,
70) kN/m2 for cohesive soil.

It cannot be said that the shaft resistance of standard press-in pile was lower than the
driven pile, though only one case of sandy soil and one case of clay soil were available
(Fig. 8a-1 and a-2).

As for WJ piles, shaft resistances with interlocks were measured higher than those
without interlocks (Fig. 8b-1 and b-2), the former was disregarded here. The shaft resis-
tances in sand and silt were about 0.1–0.3 times lower than those of the driven pile, which
is further lower than the previous findings of the vibratory driven piles (as shown in Table
1). This may be because the high-pressure water injection runoff the fine grains of the
ground around the pile (IPA 2016). Figure 8b-3 and b-4 show the result of dynamic load
tests analyzed by CAPWAP. All test piles have interlocks, and the average resistance
were higher than that of the static tests.

The average shaft resistances of both cohesionless and cohesive soils of the rotary
press-in pile were similar to those of driven piles (Fig. 8c-1 and c-2). Thus, particle
fragmentation, which occurs especially in sandy soils during rotational cutting (IPA
2016), did not directly lead to a decrease of shaft resistance after the curing period.



Analysis of the Bearing Capacity of Press-in Pile 31

(a-1) Standard press-in pile for cohesionless soil (a-2) Standard press-in pile for cohesive soil

(b-1) WJ press-in pile for cohesionless soil (b-2) WJ press-in pile for cohesive soil

(b-3) WJ press-in pile for cohesionless soil by 
dynamic load test

(b-4) WJ press-in pile for cohesive soil by 
dynamic load test

(c-1) Rotary press-in pile for cohesionless soil (c-2) Rotary press-in pile for cohesive soil

Fig. 8. Relationship between N value and maximum shaft resistance. Driven pile refers to JRA
(2017).
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5 Discussions

5.1 Penetration Mechanism

The above results suggest that the following mechanisms work during rotary cutting and
WJ pressing, compared with standard press-in piling.

Rotary cutting has an as small impact on the surrounding ground as the driven pile. A
large amount of penetration into the bearing layer is generally not required, because the
piles should be penetrated without exerting a large vertical force due to the limitations
of the piling machine and reaction forces. Therefore, it exhibits high rigidity before
yielding, and the resistance increases gradually even after yielding.

On the other hand, WJ injection discharges fine sand and silt grains, and the shaft
resistance doesn’t recover even after curing periods. Therefore, the resistance tends to
depend on the base resistance, and the increase in resistance to the settlement is small.
Also, the base resistance varied widely because of the difference of the quality control
at the end of penetration.

5.2 Estimation of Ultimate Resistance

Based on the results and the previous works, characteristic values for ultimate resistance
were proposed in Table 3 using Eqs. 3–6.

Table 3. Proposed characteristic values for ultimate resistance

Piling
method

Base resistance Shaft resistance

Cohesionless soil Rock Cohesionless soil Cohesive soil Rock

αbs βbs αbr αss βss αsc βsc αsr βsr

– kN/m2 – – kN/m2 – kN/m2 – kN/m2

Standard 140 5500 – 5 100 6 70 – –

WJ 140 5500 – 1 15 2 20 – –

Augering – – 0.1 2 50 4 50 – 50

Rotary 140 5500 0.6 5 50 6 50 – 100

Qs = U
∑

min(αsiN , βsi)Li (4)

Qb = ηqbA (5)

qb =
{
min(αbsN , βbs)

αbr(qu, 60N )
(6)

where Qb and Qs are the base and shaft resistance; subscripts i represent cohesionless
soil: s, cohesive soil: c, and rock: r, respectively; N is the converted SPT N value; A is
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the base area of the pile, U is the circumference of the pile and Li is the pile length at
each soil layer. Shaft resistance at 1D from the pile tip was included by base resistance,
and it was excluded from shaft resistance.

The ultimate resistance of piles with interlocks was calculated by subtracting the
estimated interlocking resistance, Pi, if observed during penetration (Table 4a and 4b).
Otherwise, they were estimated from the maximum of those of other tests, i.e. 540 kN
per interlocks. However, the ultimate resistance might be overestimated since the inter-
locking resistance can recover from piling to testing. Also, though characteristic values
for rock depended on just a few cases and they were just for the reference, those of both
augering and rotary-cutting were smaller than the previous studies, such as qb = 2.5–3.0
qu (e.g. AASHTO 2004, JRA 1999).

Figure 9 shows the ratio of measured ultimate resistances, P10 to estimated ones
from N-value, the characteristic values proposed in Table 3, and Eqs. 3–6.

Fig. 9. Ratio of the ultimate resistance between estimated by the proposed characteristics and
measured

Naturally, the larger themaximum displacement went, the lower the ratio varied. The
estimated resistances were in good agreement with the measured ones, except for those
of WJ press-in piles, and the proposed characteristic values in Table 3 were considered
to be reasonable. The coefficients of variations (COVs) were around 0.2, which are
equivalent to or lower than those of other piling methods (e.g. Nanazawa et al. 2019). It
should be noted that this includes errors in the statnamic test and in the approximation
of the settlement curve.
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Whereas, the ratios of the WJ press-in varies widely, and the COV was about 0.8.
This may be because the interlocks were joined or not, the amount of water injection
differed among the test piles, and the particle size had a large effect on grain transport,
which were not considered as a parameter in this study.

6 Summaries and Conclusions

This paper investigated loading tests to grasp the performance of the press-in pile assisted
with various techniques: water-jetting, augering, and rotary cutting. The following
conclusions were reached.

• The presence or absence of interlock joints could affect the load-settlement curve and
shaft resistance.

• The load-settlement curves of the standard press-in pile were in good agreement with
the driven pile. That of the WJ pile resembles the bored pile. Rotary press-in pile had
a middle shape of those of standard press-in and WJ press-in pile.

• The ratio of the yield resistance to the ultimate one with standard press-in pile was
almost the same as that of the driven pile. Whereas, those of rotary press-in and WJ
press-in were about 0.7 times lower.

• The average base resistances of standard, WJ, and rotary press-in were similar if
considering plug ratio or size effect, though the one of WJ varied widely.

• The shaft resistances of standard press-in and rotary press-in had little difference with
that of the driven pile. That of WJ pile was about 0.1–0.3 times lower than that of
the driven pile, which was further lower than the previous studies on vibratory driven
piles.

• The characteristic values for the ultimate resistance were proposed, and the estimated
resistance, other than WJ, coincided with the measured ones well.

The estimated resistances of theWJ press-in were highly variable. Also, we reported
that the coefficient of the horizontal subgrade reaction of theWJ press-in also has a large
variation (Suzuki and Kimura 2018). It is a future challenge to understand the effect
of the parameters, such as the particle size and the amount of water injection, on the
resistance for better construction management.

Besides, the resistance in Fig. 9 includes errors of the approximation curve. Fur-
thermore, due to the lack of test data, we did not consider the embedded depth into the
bearing layer. Further analysis including these factors will supply a better understanding.

Wehope that this reportwill be useful as an estimationof the resistance for the assisted
press-in piling. Nishioka et al. (2008) might be helpful, which proposed a method of
obtaining a new bearing capacity formula for a new piling method from a few loading
tests.

7 Appendix
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Table 5. Summary of the load tests and the analysis results of tests

Pile Weibull distribution curve
(Eq. 1)

Hyperbolic
transformation curve
(Eq. 2)

Estimated
resistance
from the
curves

Ratio*

Installation Symbol M Pou Sos Pou Sh P10

– kN mm kN mm kN –

Standard OS1 0.7 3207 14.5 3462 9.7 2979 1.2

Standard OS2 1.1 3625 8.2 4954 10.1 3624 0.9

Standard OS3 0.7 3925 14.4 4077 8.5 3636 0.9

Standard NN2 0.7 1337 11.8 1354 6.0 1277 1.2

WJ SK1 – – – 10527 59.3 7510 0.5

WJ KR1 1.0 5011 8.1 5815 7.1 3931 0.9

WJ TN1 – – – 5942 12.4 4062 1.0

WJ OG1 – – – 4395 72.3 2309 2.0

WJ BG1 0.9 8169 14.7 11402 17.8 7069 0.7

WJ SN1 1.0 23526 29.7 41498 51.4 20292 0.2

WJ YT1 – – – 18439 65.5 10137 0.4

Augering CD1 0.8 2158 4.5 2346 3.3 2158 1.2

Augering CD2 0.6 3032 15.5 3044 7.7 2808 0.9

Rotary IJ1 0.5 7068 94.2 5016 14.2 4260 1.2

Rotary TK1 0.4 7006 91.3 4932 9.4 4285 1.0

Rotary FT1 0.5 8376 50.6 6812 12.1 6078 0.8

Rotary AK1 0.5 621 10.2 603 4.1 573 1.2

Rotary NN1 0.6 5392 19.2 5314 8.5 4896 1.1

Rotary HG1 – – – 12533 14.2 10974 0.5

Rotary KK1 1.0 3509 15.3 6989 32.3 3503 1.2

Rotary KK2 – – – 10867 35.0 7823 0.6

Rotary YM1 1.2 14606 28.9 38025 92.6 14456 1.3

Rotary YM2 1.0 22830 38.2 37090 59.7 21147 1.0

Rotary YM3 1.2 20578 51.9 – – 18334 1.2

Rotary YM5 1.3 15991 28.7 25857 45.9 15986 1.7

Rotary YM6 1.3 28489 51.5 – – 27921 1.0

Rotary RK1 – – – 8832 14.5 7882 0.7

Note: * represents the ratio of the ultimate resistance, P10 between the estimated ones based on
Table 3 and the measured ones based on the load-settlement curves
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Fig. 10. Site profiles of tests which has not been reported yet by the previous works shown in
Table 4a and 4b



Analysis of the Bearing Capacity of Press-in Pile 41

References

American Association of State Highway and Transportation Officials (AASHTO): LRFD Bridge
Design Specifications, Washington, D. C. (2004)

Nuruzzaman, A.S.M., Takashi, K., Kazunori, I.: Loading tests based on ASTM for steel pipe
pile installed by Press-in piling method assisted with water-jetting. In: Proceedings of the 74th
Japan Society of Civil Engineers Annual Meeting, Japan, III-12 (2019). (in Japanese)

Aizawa, M., Matsumoto, T., Moriyasu, S., Suko, S., Kobayashi, S., Shimono, S.: Experimental
study on influence of different pile installation methods on performance of pile. In: Proceedings
of the First International Conference on Press-in Engineering 2018, Kochi, pp. 343–352 (2018)

Chin, F.K.: The inverse slope as a prediction of ultimate bearing capacity of piles. In: Proceedings
of the 3rd South East Asian Conference on Soil Engineering, Hong Kong, 1972, pp. 83–91
(1972)

de Brum Passini, L., Schnaid, F., Rocha,M.M.,Möller, S.V.: Mechanism of model pile installation
by water jet fluidization in sand. Ocean Eng. 170, 160–170 (2018)

Dithinde, M., Phoon, K.K., De Wet, M., Retief, J.V.: Characterization of model uncertainty in the
static pile design formula. J. Geotech. Geoenviron. Eng. 137(1), 70–85 (2011)

Fleming, W.G.K.: A new method for single pile settlement prediction and analysis. Géotechnique
42(3), 411–425 (1992)

GIKEN Ltd.: 50 years history of GIKEN (2016). (in Japanese)
GIKEN Ltd.: Penetration techniques. https://www.giken.com/en/press-in_method/penetration_

tech/. Accessed 2 Oct 2020
Hirata, H., Suzuki, T., Matsui, T., Yasuoka, H.: Bearing capacity on rotary cutting press-in method

(Gyropress Method) (Part 1). In: Proceedings of the 64th Japan Society of Civil Engineers
Annual Meeting, no. III-129 (2009). (in Japanese)

Hirayama, H.: Load-settlement analysis for bored piles using hyperbolic transfer functions. Soils
Found. 30(1), 55–64 (1990)

Honjo, Y., Chung, K.L.T., Takagi, K.: Determination of vertical spring constants of a single pile
based on statistical analysis of pile loading database. J. Jpn. Soc. Civil Eng. A 53, 208–217
(2007)

Ihara, S., Mizutori, T.: Bearing capacity of press-in piles. In: Proceedings of the 40th Technical
Report of the AnnualMeeting of the Japan Geotechnical Society, Japan, pp. 1429–1430 (2005).
(in Japanese)

International Press-in Association (IPA): Press-in Retaining Structures: A Handbook, 1st edn.
IPA, Tokyo (2016)

Ishihara, Y., Haigh, S., Bolton, M.: Estimating base resistance and N value in rotary press-in. Soils
Found. 55(4), 788–797 (2015)

Ishihara, Y., Ogawa, N., Okada, K., Inomata, K., Yamane, T., Kitamura, A.: Model test and full-
scale field test on vertical and horizontal resistance of hatted tubular pile. In: Third International
Conference on Geotechnics for Sustainable Development, GEOTEC Hanoi 2016, pp. 131–139
(2016a)

Ishihara, Y., Okada, K., Yokotobi, T., Kitamura, A.: Pull-out resistance of a large diameter
steel tubular pile installed by rotary cutting press-in. In: Third International Conference on
Geotechnics for Sustainable Development, GEOTEC Hanoi 2016 (2016b)

Koda, M.: Change for railway pile foundations, foundations in railway structures - change of
foundations for Shinkansen and improvement of productivity, no. 180, pp. 71–75 (2019). https://
www.kenkocho.co.jp/html/publication/180/180_pdf/180_18.pdf. (in Japanese)

Japan Road Association (JRA): Design Guideline of Temporary Structures (1999). (in Japanese)
Japan Road Association (JRA): Specifications of Highway Bridges, Part IV: Substructures (2017).

(in Japanese)

https://www.giken.com/en/press-in_method/penetration_tech/
https://www.kenkocho.co.jp/html/publication/180/180_pdf/180_18.pdf


42 N. Suzuki and Y. Kimura

Japanese Geotechnical Society (JGS):Method for static axial compressive load test of single piles.
Standards of Japanese Geotechnical Society for Vertical Load Tests of Piles (2002)

Kikuchi, Y., Mizutani, T., Morikawa, Y.: Systematization of design verification and installation
of steel pipe piles with pile loading tests. Technical Note of the Port and Airport Research
Institute, no. 1202 (2009). (in Japanese)

Kinoshita, S., Tagaya, K.: The discussion on the axial load test analysis of jacked tubular piles:
especially the comparison between the single press-in method and the press-in method with
water-jetting. In: Proceedings of the 2008 Japan Geotechnical Society Shikoku Branch Annual
Scientific Conference, Japan (2008). (in Japanese)

Kitamura, T., Takahashi, H., Sowa, A., Tatsumi, Y.: Loading test of pile installed vibratory ham-
mer and discussion on the bearing performance. Found. Eng. Equip. 47(8), 68–71 (2019). (in
Japanese)

Kosugi, T., Kobayashi, H., Azegami, H.: Application of rotary cutting press-in method for tubular
piles into hard ground. In: Proceedings of the 54th Technical Report of the Annual Meeting of
the Japan Geotechnical Society, Japan, pp. 31–32 (2019). (in Japanese)

Dung, L.A., Fujiwara, M., Tsuchiya, M., Teijiro, S.: The countermeasure for press-in method
on lengthy SPSPs and the confirmation of the bearing capacity obtained by pile loading test.
In: Proceedings of the First International Conference on Press-in Engineering 2018, Kochi,
pp. 65–72 (2018)

Gillow, M., Haigh, S., Ishihara, Y., Ogawa, N., Okada, K.: Water jetting for sheet piling. In:
Proceedings of theFirst InternationalConferenceonPress-inEngineering2018,Kochi, pp. 335–
342 (2018)

Middendorp, P., Bermingham, P., Kaiper, B.: Statnamic load testing of foundation piles. In: Pro-
ceedings of the fourth international conference on application of stress wave theory to piles,
Hague, Netherlands, pp. 581–588 (1992)

Nakatani, S., Shirato M., Yokomaku, K.: Research on the axial deformation of a pile. Technical
Note of Public Works Research Institute (PWRI), no. 4139 (2009). (in Japanese)

Nanazawa,T.,Kouno,T., Sakashita,G.,Oshiro,K.:Development of partial factor designmethodon
bearing capacity of pile foundations for Japanese Specifications for Highway Bridges. Georisk
Assess. Manage. Risk Eng. Syst. Geohazards 13(3), 166–175 (2019)

Nishioka, H., Koda, M., Shinoda, M., Tateyama, M.: A calculation method of design bearing
capacity of piles for several construction methods by statistical analysis of loading test data
base. Railway Technical Research Institute (RTRI) report, vol. 22, no. 10, pp. 41–46 (2008).
(in Japanese)

Okada, K., Ishihara, Y.: Examples of vertical loading test of press-in pile. In: Proceedings of the
55th Technical Report of the Annual Meeting of the Japan Geotechnical Society, Japan, no.
21-9-4-01 (2020). (in Japanese)

Omori, T., Ise, M., Kimura, Y., Takano, K.: Steel pipe sheet pile foundation work for national
highway no. 30 at Kurashiki river bridges -press-in piling method assisted with water jetting
and loading test. Found. Eng. Equip. 31(8), 32–35 (2003). (in Japanese)

Galindo, P.G., Davidson, C., Brown, M.J.: Installation behavior of open ended and closed ended
piles with torque application. In: Proceedings of the First International Conference on Press-in
Engineering 2018, Kochi, pp. 379–386 (2018)

Paik, K., Salgado, R., Lee, J., Kim, B.: Behavior of open-and closed-ended piles driven into sands.
J. Geotech. Geoenviron. Eng. 129(4), 296–306 (2003)

Paikowsky, S.G.: Load and Resistance Factor Design (LRFD) for deep foundations. National
Cooperative Highway Research Program (NCHRP) Report 507. Transportation Research
Board, Washington, D.C. (2004)

Railway Technical Research Institute (RTRI): (Draft) Sheet Pile Foundation Design and
Construction Manual for Railway Structures, 3rd edn. (2014). (in Japanese)



Analysis of the Bearing Capacity of Press-in Pile 43

Randolph, M.F., Leong, E.C., Houlsby, G.T.: One-dimensional analysis of soil plugs in pipe piles.
Géotechnique 41(4), 587–598 (1991)

Rausche, F., Moses, F., Goble, G.: Soil resistance predictions from pile dynamics. J. Soil Mech.
Found. Div. 98(9) (1972)

Shepley, P.: Water injection to assist pile jacking. Doctoral dissertation, University of Cambridge
(2013)

Society for Vibratory Hammers: Handbook on Vibro hammer Design and Construction (2015).
(in Japanese)

Suriyah, T., Kobayashi, S., Matsumoto, T.: Push-up load tests using uncrushable particles and its
DEM analyses. Geotech. Eng. J. SEAGS AGSSEA 42(2), 43–55 (2011)

Suzuki, N., Kimura, Y.: Study on the horizontal bearing performance of steel tubular piles installed
by the Gyropress Method and the Press-in Method assisted with water jetting. In: Proceedings
of the First International Conference on Press-in Engineering 2018, Kochi, pp. 125–132 (2018)

Suzuki,N.,Kimura,Y., Sanagawa,T.,Nishioka,H.:Modeling of vertical bearing capacity of rotally
press-in pile used for a railway structure. In: Proceedings of the 23rd Railway Engineering
Symposium, pp. 217–222 (2019). (in Japanese)

Tomisawa, K., Katakura, K.: Report on impact test of steel pipe sheet pile foundation - bearing
capacity of steel pipe sheet pile. Monthly report of Civil Engineering Research Institute, no.
422, pp. 11–23 (1988). (in Japanese)

Tsinker, G.P.: Pile jetting. J. Geotech. Eng. 114(3), 326–334 (1988)
Van der Veen, C.: The bearing capacity of pile. In: Proceedings of the 3rd International Conference

on Soil Mechanics and Foundation Engineering (ICSMFE), pp. 84–90 (1953)
Wakita, E.: Study on standard settlement characteristic of pile. J. Jpn. Soc. Civil Eng. 1998(603),

45–52 (1998). (in Japanese)
White, D.J., Deeks, A.D.: Recent research into the behaviour of jacked foundation piles. Adv.

Deep Found. 3–26 (2007)
White, D.J., Sidhu, H.K., Finlay, T.C., Bolton, M.D., Nagayama, T.: Press-in piling: the influence

of plugging on driveability. In: Proceedings of the 8th International Conference of the Deep
Foundations Institute, New York (2000)

Yamahara, H.: Plugging effects and bearing mechanism of steel pipe piles. Transp. Archit. Inst.
Jpn. 96, 28–35 (1964). (in Japanese)

Zarrabi,M., Eslami, A.: Behavior of piles under different installation effects by physical modeling.
Int. J. Geomech. 16(5), 04016014 (2016)



On Earth Dam Leak Detection Based on Using
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Abstract. The main aim of this paper is to detect and fully evaluate the leakage
potential of an embankment based on the fiber-optic distributed temperature sens-
ing (DTS) under anR&Dprogram in France betweenCementys, INRAE andCNR
(CompagnieNationale duRhône). Thefield experimentalworks and real datamea-
surements have been applied for the current study. The developed measurement
and monitoring system in this study which installed inside of the embankment has
consisted of distributed fiber optic sensors, PT100 sensors, TDR sensors, Vibrat-
ingwire sensors, andMeteorological sensors. The solar-based energy resource has
been connected to the developed measurement system and WIFI technology has
been used for data transferring. The achieved result of heat measurement shows
that the current study developed system is able to measure the inside embank-
ment temperature with the perfect accuracy instantaneously. The achieved results
allow us to monitor the real-time temperature difference in the main body of the
embankment. Seasonal evaluation of results shows that the higher potential of leak-
age is occurred during winter and in the deeper parts throughout the embankment.
Besides, generating an exact Equi-potential dispersion map with considerable
accuracy compare with previous research and relationships has been performed.
The comparison results of current study measurement and previous research on
the IRFTA analytical model shows that the foundation level of the embankment
has a high potential location for leakage.

Keywords: Embankment · Earth dam · Leakage · Distributed temperature
sensing · Fiber optic · Heat transfer · Internal erosion

1 Introduction

Nowadays, there are different types of embankment health monitoring systems which
help to increase the durability of the infrastructure such as the embankment dam within
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operation time. Recent research has addressed that both physical and environmental
assessments are necessary to consider the infrastructure’s health monitoring and relia-
bility (Abbasimaedeh et al. 2017). The control of infrastructure foundation’s settlement,
dynamic behavior, crack and damage propagation, using non-destructive tests, and cor-
rosion and erosion measurements are suggested as the most considerable methods to
health monitoring of infrastructures (Abbasimaedeh et al. 2018). The Seepage study
with an emphasis on the heat measurement in hydraulic structures as a new interdis-
ciplinary research topic for erosion potential estimating and monitoring has recently
been taken into consideration for researchers (Johansson 1991; Armbruster and Merkler
1982; Armbruster et al. 1989).

There are various methods of seepage assessment such as field laboratory tests,
geophysical tests, telecommunication tests, and heat transport analysis (Abbasimaedeh
et al. 2020). However, the temperature data has been expressed as a feasible method,
able to give real information on seepage condition. The coupled modeling are normally
used to assess the seepage and thermal change in the soil media with an emphasis on the
validation of temperature measurement. However, it is possible to monitor the seepage
potential considering the fluid velocity, while the method is rarely used.

Several numbers of studies have been conducted on thermal and seepage transporta-
tion in the soil media from 1960 to 1980 (Stallman 1965; Birman 1968; Cartwright 1968,
1974; Sorey 1971; Domenico and Palciauskas 1973; Smith and Chapman 1983). The
result of the mentioned studies indicates that heat transportation by water movement has
considerable effects on the variation of temperature gradients within the earth (Brede-
hoeft and Papadopulos 1965). Moreover, it is depicted that the temperature of seepage
flows can play the role of natural leakage tracer which applied to the hydraulic structures
(Dornstadter and Heinemmann 2013). In recent decades, considerable developments
have applied to the heat transportation method with the support of advanced technol-
ogy in temperature measurement as well as the development of analytic approaches. In
general, using temperature to estimate seepage in embankments was divided into two
categories, active and passive, including analytical and numerical approaches with an
emphasis on the physical parameters.

The analytical methods have highly been counseled for the localized leakage poten-
tial. The proper approach is not only able to prospect a very small leakage process but
also can qualitatively specify the intensity of seepage inside the embankment (Beck
et al. 2010a, b, Khan et al. 2014, 2008, Lang et al. 2008, Pyayt et al. 2013, Radzicki
and Bonelli 2010b) . Previous scientific assessments show that the model with physical
parameters can be used to quantitatively evaluate the seepage velocity considering tem-
perature data. The Lag-time and amplitude proposed methods by Johansson could be
a considerable approach for the preliminary seepage analysis of simple geometry and
saturated soil layers (Johansson 1997).

On the other hand, the numerical simulation is a strongly accurate solution in case of
complicated geometry of the embankment. Numerical modelingwith the proper applica-
tion of boundary and initial conditions brings out the way to compute seepage velocity
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in the embankment using temperature monitoring. As a model verification, the vast
number of thermal-hydraulic parameters will be considered for exact computing the
concurrent temperature and seepage potential in the embankment. Then the expected
temperatures from numerical solutions will be compared with temperature measure-
ments to find out the closest result from which seepage velocity (Bui et al. 1968; Bui
et al. 2018, 2016; Johansson 1997; Radzicki and Bonelli 2010a, 2012, Yousefi et al.
2013; Shija and MacQuarrie 2015; Smith and Konrad 2008; Velasquez 2007).

Today, the developed thermometric methods based on the fiber optic temperature
sensors are considered as the most promising method to detect the leakage area in earth
dams (Artieres 2012). The distributed optical fiber allows the detection of the early signs
of internal leakage and erosion all along the embankment (Johansson 1997; Perzlmaier
2007; Côté et al. 1991). This method called first time so-called “passive” method which
has been developed and consists to measure the natural temperature along a horizontal
optical fiber located in the saturated area (Johansson 1997, 2005). Another measurement
technic is called “active” which has been developed in order to quantify locally the
identified anomaly (Aufleger et al. 1998). It consists of artificially heating the soil near
the optical fiber and to estimate the heat quantity carries away with the flow, which is
directly correlated to the water flow rate (Artières et al. 2007; Zhou and Zhao 2018).

In this paper, the result of a filed experimental work using Cementys patented devel-
oped instruments to measure the heating transfer in the main body of the embankment
using the DTS method has been recorded, analyzed, and compared with the suggested
method by the previous researcher. As the case study, the measurements were per-
formed on a real embankment located on the Rhone river in France. Cementys pieces
of equipment and its high-quality QA/QC and observation methods have been used for
the installation of instruments and fiber optics. The main aim of the current study is
to consider the efficiency of the innovative methods and instruments of measurement
to measure the internal heat transfer compare with previous approved analytical meth-
ods. The current study’s development In measurement technics will help us to monitor
the real-time inside temperature everywhere of the embankment during the operation
time. Furthermore, the proposed method helps to find the exact value and location of
the leakage potential in the main body of the embankment. Finally, the lower cost range
of the maintenance, choosing the best method to control the leakage, higher range of
safety factor, and real-time health monitoring with an emphasis on erosion and leakage
damages in embankment structures will be achieved using the current paper method.

2 Materials and Methods

Conceptual Methods and Assumption
To measure the leakage potential and erosion steps in the main body of the embank-
ment the heat transport evaluation with an emphasis on the collaborated real scale field
experimental work has been performed with Cementys and CNR on the embankment
located on the Rhône river. The heat transport in the body of the hydraulic structures is
described by an energy relationship (Eq. 1) in the literature. The second and the third
terms of this equation correlated the conductive and advective heat transport processes
respectively, where the advective process is defined as the transport of heat with the
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mass of flowing water. In this relation T is the temperature (c°), C is the volumetric heat
capacity of the porous domain, Cf is the volumetric heat capacity of water and λ is the
thermal conductivity of the porous domain (Radzicki and Bonelli 2012).

C
∂T

∂t
− λ

δT

δx2
− υCf

∂T

∂x2
= 0 (1)

The major dependencies were described by the energy conservation equation. Con-
sidering the zero water flow velocity, there is only heat conduction, which is a relatively
slow process. However, even a change in the moisture content of the soil medium is
able for the significantly affect local thermal front velocities. While the fluid motion
(seepage, leakage), heat is also allowed to transport along with the water mass. This
process is called advection and generates a much more substantial heat flow which is
faster the fluid flow. In addition, to get an exact expression of temperature loadings on
boundary conditions (reservoir, air temperature), temperature sensors are often required
to be set up in damming structure (Radzicki and Bonelli 2012).

Temperatures of the air and the water in the reservoir are the principal thermal load-
ings for the dam. In addition, It is assumed that other heat sources like geothermal and
frozen processes, radiation, andwind influence are neglected. In the case of the null water
velocity, there is only conductive, slow heat transport from the dam surfaces inward the
dam. Hence with rising the water velocity, the temperature from the reservoir is moved
quicker with the mass of water which results in the temperature field perturbation. Sim-
ilarly, there are significant temperature differences in the embankment body, especially
between the high and low potential of seepage. Finally, an analysis of the temperature
distribution in the dam’s body allows for leakage identification. Such temperature mea-
surements can be realized with the fiber optic cable at every meter of the embankment’s
length. This technology called distributed temperature sensing (DTS) gives a possibility
of continuous monitoring of the structure in space.

Case Study
Within the scope of an R&D program in the collaboration with Cementys (an inter-
national science-based company to monitor, implement, examine, and optimize the
maintenance of various projects, infrastructures, constructions) and CNR (Compagnie
Nationale du Rhône) aiming to produce tools andmonitoringmethods for the leak detec-
tion inside the earth dams, a sensitive section of an embankment has been instrumented
with optical fibers to complete the old configuration in the place monitoring system.

The structure instrumented is a canal embankment of a hydroelectric scheme owned
by the CNR on the Rhone river in France (Fig. 1). Rhone has about 812 (km) length
which expanded between Switzerland and France. In terms of flow, of all the rivers
flowing in the Mediterranean, the Rhône is second after the Nile, if one does not take
into account the Black Sea, where the Danube and the Don flow in particular.
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Fig. 1. The geological map of the Rhone river (left) and the aerial photo of embankment location
(right).

Instrument Installation
An overview of the current study’s DTS system is shown in Fig. 2. The new monitoring
installed the system on the embankment is consisted of a THMLoggerData Logger, and a
SensoLogger optical fiber interrogator. Themain energy for themeasurement system has
been supported by the solar-powered (Fig. 3). Furthermore, the system is continuously
connected to the web-based THM Insight® software, providing a real-time display of
the data in the control center.

Main canal
Downstream 

canal  

THM Logger and solar 
panel 

Fig. 2. Canal embankment of a hydroelectric scheme owned by the CNR (Compagnie Nationale
du Rhône) over the Rhone river with installed instruments for heat measurement.
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The monitoring and measurement system used in the current study includes the
following instruments:

• Distributed fiber optic which has been supported by the following sensors:

- SensoLux Detect®: Distributed temperature sensors (Raman backscatter) with Sixteen
numbers of 12 m depth thermometric tubes are installed in the leakage potential area.
However, two sensors with similar lengths have been installed in safe and lower leakage
potential areas of the embankment. All these tubes instrumented with a SensoLux Detect
optical fiber cable. The achieved data by mentioned optical fiber are able to become a
database to produce the 2D dispersion map of the temperature in the leakage potential
areas. Furthermore, in order to localize the leakage areas with the longitudinal profile
of the temperature, another optical fiber cable has been installed in the 50 cm depth of
the soil in the downstream toe.
- SensoLux TM®: Distributed strain measurement (Brillouin backscatter) at the top of
the embankment to observe the settlement of the ground (Fig. 4).

Fig. 3. THM logger on the downside of the embankment (left) solar system and metrological
sensor (right)

• PT100 sensors: temperaturemeasurement in the thermometric tubes in order to correct
and calibrate the optical fiber measurements.

• TDR sensors: water content measurement in the soil around the leakage area to control
the leakage evolution.

• Vibrating wire interstitial pressure cells water level measurements in order to feed the
statistical analysis.
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Fig. 4. SensoLux TM cables (left) and SensoLux Detect (right)

• Meteorological sensors: environmental parameters measurements (atmospheric pres-
sure, air temperature wind speed, humidity, rainfall) in order to the feed the statistical
analysis (Fig. 5).

Fig. 5. PT100 sensors, TDR sensors, Vibrating wire sensors and Meteorological sensors (left to
right)

Temperature measurements have been performed continuously without heating the
soil “passive method”. During punctual campaigns (twice a year), the soil was heated
around the fiber “active method” in the downstream toe. This measurement helps us to
better identification of the leakage area considering the increase of the thermal contrast
between areas in which only the conduction phenomenon occurs and areas in which both
conduction and advection phenomena occur.Moreover, thementionedmeasurementwill
enable us to highlight the evolution of the flow rate, without giving it a precise value.
The fiber optic and THM Logger installation location on the embankment have been
depicted in the Fig. 6. It is depicted that the reference tubes are located in both side of
the embankment which has a lower potential of the leakage while to aim of a perfect
measurement other tubes are considered on the middle part of the embankment with the
higher range of leakage potential.
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Fig. 6. Schematic of sensors implantation throughout the embankment

3 Results and Discussion

After installation of all optical fibers and connecting to the available old measurement
instruments, the system been fully checked under a professional QA/QC program by
Cementys professional, and then all the equipment and sensors were fully calibrated by
some sample tests. The achieved data relating to the temperature profile in vertical pipes
are illustrated in Fig. 7. The result shows that the average air temperature during winter
(January) has been detected approximately 5 °C while the average soil temperature at
depth in the foundation observed approximately 13 °C (left side). Within the summer
(July) the average air temperature is detected around 25 °C and the mean of the soil
temperature at depth in the foundation was measured around 11 °C (right side). In a deep
and accurate assessment, it is observed that the weather’s temperature has a significant
effect on the soil temperature up to 3 m in depth (zone A). The small seepage flow has
no remarkable effect on the seasonal temperature variation in the embankment and is
constant to approximately 3 m depth.

The exact penetration depth is related to soil mechanical and chemical properties.
The achieved result shows that the temperature profile will be changed in accordance
with the effect of the rate of heat transportation and the concentrated seepage flow. In
this case, the temperature profile is no longer constant in-depth. A good example is zone
Cwhich indicates the leakage area of the embankment. This is illustrated in Fig. 8 where
the seepage flow in the foundation has been detected (depth greater than 10 m, Zone C).
This Figure illustrates the leakage detection between first to mid of the March (every
2 h). Furthermore, the heat transported has a considerable correspondence to the water
temperature of the reservoir in previous weeks before the current measurement.



52 P. Abbasimaedeh et al.

Fig. 7. Vertical temperature measurement in vertical borehole (pipes) during summer and winter

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10 11

Te
m

pr
at

ur
e 

[C
°]

Depth [m]

Zone A

Zone B

Zone C

Fig. 8. Vertical temperature measurement in vertical pipes of leakage potential area

A three-month length of temperature variation record between January and February
2015 on the downstream toe of the embankment as the sample is depicted in Fig. 9. Total
2 years temperature record has been performed in this study. All the temperature values
have been recorded with an emphasis on the depth, length, and exact time of detection.
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Thementioned data can generate a strong database of heat transportation differences and
enough useful to accurately estimate the seasonal leakage potential in the embankment.
Such fiber optics’ data have been used to produce the accurate dispersion real-time map
of leakage and interior temperature of the embankment. Results of such measurement
show that there is a leakage area in the length of 650 to 750 m of fiber optic.
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Fig. 9. Horizontal temperature measurement throughout the embankment in the foundation level

Based on the achieved data and performing an accurate statistical analysis the inno-
vated leakage monitoring system has been developed in the scheme of a live 2D Equi-
potential (Equivalent dispersion) dispersion map of the temperature inside the embank-
ment to estimate the leakage potential. The developed Equi-potential dispersion map
represents the difference between the temperature profiles in the tubes in the leakage
area and the temperature profiles of the two available reference tubes located far away
from the leakage area. Hence, the obtained contrasts enable to detect the leakage area,
which is colder in-depth than the available tubes. As an example, a framed photo of the
Equi-potential dispersionmapwhich has been obtained inwinter is illustrated. The result
shows that the water temperature is significantly colder than the soil at this depth. This
2D Equi-potential dispersion map enables to display in real-time on the web application
THM Insight (Fig. 10).
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Fig. 10. Equi-potential dispersion map of the difference between the temperature profiles in the
tubes and the reference temperature profiles.

Tomakevalidation in the comparisonwith the results of previousmethods, the IRFTA
model for velocity analysis (Radzicki and Bonelli 2010, 2012) on the current study’s
data was performed. The mentioned method is an application to the thermal phenomena
of the original IRFA model (Bonelli 2009). The model is based on the influence of air
temperature and water temperature on the measured temperature in the embankment
and its foundation. Furthermore, the method allows us to quantify the delay time, the
thermal diffusivity of the soil, and the Peclet number, which is the ratio of the quantity
of heat transported by the water and the quantity of diffusion heat. After that, the method
allows us to estimate the magnitude of the water velocity, which is illustrated in Fig. 11
during leakage potential. Results show that the higher range of water velocity has been
detected in the deeper part of the embankment. Furthermore, it shows the current work
have an acceptable ability to accurate leakage location.
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Fig. 11. The water velocity values based on the IRFTA model.

4 Conclusions

This paper introduced a developed practical method to measure and estimate the leakage
potential using a real-timemonitoring systembased on the distributed temperature sensor
(DTS). The health monitoring system is installed in a sensitive leakage area (internal
erosion) of an embankment located on the Rhone river in France. The specificity of the
proposed system is that the optical fibers were installed both vertically and horizontally
in the main body of the embankment and downstream toe. The measured temperature
received by the vertical measurement using fiber optics in eighteen tubes distributed
along the embankment is the main database for future analysis in this system. The
proposed pattern allowed us to plot a two-dimensional Equi-potential dispersion map of
the dam temperature which is displayed in real-time on a web interface. Achieved results
show that the current paper’s developedmethod tomeasure the inside heat transportation
of the embankments has enough accuracy in a comparison with previous research and
analytical methods. Besides, the proposed measurement technology can estimate the
exact leakage potential location as a live dispersion map in the embankment during
operation time. Considering the advantages of our real-time monitoring system which
addressed in the introduction part, the owner selected the economic method (diaphragm
wall) to control the seepage and leakage in the embankment which considerably had the
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optimum cost for its organization and was successful to fully control the leakage and
eventually inside erosion.
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Abstract. A Morphometric assessment has emerged as an effective tool to rec-
ognize and analyze the neotectonic signatures governing a particular drainage
basin. Studies on Morphometric properties involving the linear, areal and relief
aspects are vital as it aids in evaluating the hydrological response and prioritiza-
tion of watersheds. This would further help in understanding the simulation of
the rainfall-runoff process as it forms an inherent component of the hydrological
environment at the watershed scale. The present research attempts to investigate
and compare the morphometric parameters of the Savitri watershed considering
two datasets (toposheet and DEM) over two time periods. The Savitri is des-
ignated as a seventh-order basin with a dendritic pattern covering a total area
of 1966.34 km2. Additionally, after the enumeration of the parameters, the runoff
estimation is determined using theNatural Resources Conservation Service-Curve
Number (NRCS-CN)method that incorporates soil types, land use, and land cover,
slope, rainfall of the region along with antecedent moisture conditions. The scatter
plot computed between rainfall and runoff signifies that the correlation coefficient
(r) is 1 representing a perfectly positive correlation between the two variables.
Thus, the results reveal that the runoff of the region has been substantially reduced
from high to moderate flow accompanied by a decrease in rainfall amount from
1990 to 2020.
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1 Introduction

Being an integral part of the fluvial landscape, watersheds form geohydrological units
draining to a common point by a system of streams (Sakthivel et al. 2019). To under-
stand the underlying structural components, hydrological and geomorphological fea-
tures, (Mahala 2020) it is necessary to investigate and quantify the Morphometric prop-
erties of each drainage basin.Morphometric analysis refers to the quantitative or numeri-
cal measurement of landforms (Clarke 1966) in respect to linear, areal, and relief aspects
of any basin that aids in assessing the hydrologic response (Abdulkareem et al. 2018)
and prioritization of watersheds. With time, owing to both natural and human-induced
factors, watersheds across the globe are facing rapid deterioration in terms of water
quality and aquatic ecosystems (Agidew and Singh 2018) that needs to be addressed.

The quantitative assessment provides insight upon the form and processes governing
a drainage basin and its related information is vital (Prabhakaran and Raj 2018) for
sustainable planning and managing the existing resources available within a watershed.
Initially, theMorphometric study propounded by Horton (1932, 1945) and later on many
scholars such as Stahler (1952, 1964) further carried forward the works (Asfaw and
Workineh 2019). Furthermore, geomorphological investigation reflects the hydrological
characteristics which are vital to understand the simulation of the rainfall-runoff process
and also to predict any flood peaks in the future (Abdulkareem et al. 2018). This rainfall-
runoff response constitutes an extremely complex event (Pathare and Pathare. 2020)
forming intrinsic components of the hydrological environment at the watershed scale.

Rainfall and runoff comprise the major sources of water for replenishing ground-
water in a particular watershed. The magnitude and rate of runoff are influenced by
geomorphological variables, especially the land-use dynamics, soil, precipitation data,
etc. (Kumar et. al. 2017). To estimate and predict the runoff volume for a given rainfall
event, the most widely used method developed by the United States Department of Agri-
culture (USDA) is Natural Resource Conservation Service Curve Number (NRCS-CN)
model (Rao 2020, Soulis and Valiantzas 2012, Saravanan and Manjula 2015).

With the advent of geospatial tools involving Remote Sensing (RS) and Geographi-
cal Information System (GIS), computation of various morphological and hydrological
parameters has become convenient and time-effective. The evaluation of various Mor-
phometric variables and runoff estimation of the present research has been assessed and
processed in a GIS environment (Agidew and Singh 2018, Pathare and Pathare 2020,
Agarwal et al. 2013). The work also involves a comparative analysis of Morphometric
variables extracted from the Survey of India (SoI) topographical sheet (1:50,0000) for
the year 1967 and AlosPalsar DEM (30 m) for 2020 to examine the changes developed
over the Spatio-temporal dimension in the study area. In contrast, for the assessment
of runoff, the NRCS-CN model is integrated with geospatial tools wherein the Curve
Number (CN) parameter values are selected from the NRCS standard table (Soulis and
Valiantzas 2012, Amutha and Porchelvan 2009). Keeping this view in the backdrop, the
present study aims to perform theMorphometric parameters and runoff estimation using
geospatial tools to assess the hydrological behavior sustaining in the Savitri watershed.
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2 Study Area

Administratively, the study area as shown in Fig. 1 is situated in the Raigad District of
Maharashtra State. The district is spread over 134 km in the north-south direction and an
average east-west extent is 52 km. The topography of the district is dissected by basins
of westward flowing rivers namely Patalganga, Amba, Kundalika, Kal, and Savitri. The
study area falls within theWestern Ghat region wherein the maximum elevation is 520m
and the width of the coastal belt in this region is about 50 km. The Mahad region is part

Fig. 1. Location map of Savitri watershed
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of the Konkan Coastal Belt from the Raigad district of Maharashtra. This region is
traversed by westerly flowing Savitri River and its tributaries. The major tributaries of
Savitri are Kal River, Gandari River, Ghodnala, Kalnadi, Negeshrinadi. The study area
is bounded between 17° 51′5′′ North to 18° 25′ 56′′ North Latitude and 73° 9′ 18′′ East
to 73° 41′3′′ East Longitude and includes about 1966.34 sq. km. The area is covered
by Survey of India topographic maps numbers of 47F/3, 47F/4, 47F/7, 47F/8, 47F/11,
47F/12, 47G/5, 47G/9 of 1:50,000 scale. In the study area, most of the drainages were
controlled by structural features and originated from the plateau top and make it highly
dissected in nature. Different geomorphic features like a dissected plateau, debris slope,
pediment, and Pedi plain complexes, and younger alluvial plain are found in the area.
The study region receives an average annual rainfall of 3413 mm per year. The study
region was affected by landslides due to heavy rainfall particularly during southwest
monsoon (June to September); for example in 1992 (20th August), 1994 (24th August),
2005 (25th and 26th July), 2018 (5th July) caused huge damages to properties, injuries
and death of people.

3 Morphometric Analysis

The flow chart of the adopted methodology is presented in Fig. 2. Initially, the base
map of the Savitri watershed is delineated using a set of geo-referenced Survey of India
(SoI) topographicalmaps viz. 47F/3, 47F/4, 47F/7, 47F/8, 47F/11, 47F/12, 47G/5, 47G/9
(R.F 1:50,000) and later verified with ALOS PALSAR data of resolution 30 m in GIS
platform. The main objective of the present research is to prepare a comparative study
of morphometric parameters extracted from two datasets separately - a) Topographical
maps (1:50,000 scale) for 1967 and b) ALOS-Phased Array type L-band Synthetic
Aperture Radar (PALSAR) digital elevation model (DEM) (30 m) for 2020 (Rajasekhar
et al. 2018). The comparative assessment is undertaken to understand the hydrological
characteristics of the basin over different time scales. Thus, the derived information of
the basin properties will enhance to estimate of the rainfall-runoff relationship that would
further predict the occurrences of flood peak in a basin (Harsha et al. 2020; Abdulkareem
et al. 2017).

Extraction of Morphometric attributes from topographical sheets is traditional as it
is manually computed but recently, it has been overcome by the use of digital datasets
having more global coverage with better resolution (Fenta et al. 2017; Kanday and
Javed 2017). For the present work, the parameters calculated using topographical maps
are considered as the base for comparing with that derived from ALOS PALSAR DEM
and is validated with Google earth imageries/country points. Within the framework for
assessingMorphometric variables, three aspects such as linear, areal, and relief involving
the variables such as stream order, stream number, stream length, form factor, elongation
ratio, circularity ratio, drainage density, stream frequency, relative relief, absolute relief,
etc. are selected for the study. The description of numerous Morphometric properties
(Table 1) and their comparative assessment is represented in (Table 2). The comparative
study is conducted to see the variation between the two datasets as well as to detect
the changes undergoing by the basin over the period. (Dikpal et al. 2017; Soni 2017;
Chandrashekar et al. 2015; Vincy et al. 2012, Malik et al. 2019; Balasubramanian et al.
2017).
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Fig. 2. Methodology flow chart for runoff estimation

Table 1. Standard methods of morphometric attributes

Sr. No. Morphometric attributes Methods

Drainage network

1 Stream order (u) Hierarchical rank

2 Stream numbers (Nu) Nu = N1 + N2 + N3 + …Nn

3 Stream length (Lu) Lu = L1 + L2…Ln

4 Bifurcation ratio Rb = Nu/Nu + 1

5 Main channel length (MC) GIS analysis

6 Sinuosity (Si) Si = VL/LB

Basin geometry

(continued)
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Table 1. (continued)

Sr. No. Morphometric attributes Methods

7 Watershed area (A) GIS analysis

8 Basin length (LB) GIS analysis

9 Basin perimeter (Pr) GIS analysis

10 Basin width (W) W = A/LB (km)

11 Circularity ratio (Rc) Rc = 4πA/P2

12 Elongation ratio (Re) Re = d/(Lb)

13 Texture ratio (Rt) Rt = ∑
Nu/Pr

14 Form factor ratio (FFR) A/LB2

15 Basin shape index (Ish) Ish = 1.27A/LB2

Drainage texture

16 Stream frequency (Fs) N/A, N is the total stream number

17 Drainage density (Dd) L/A, L is total stream length

18 Drainage intensity (Di) Di = Fs/Dd

19 Length of overland flow (Lo) 1/2D

20 Infiltration number (FN) FN = Ds * Fs

Relief properties

21 Maximum elevation (H) GIS analysis

22 Minimum elevation (h) GIS analysis

23 Relief (Rf) Rf = H−h

24 Relief ratio (Rr) Rr = (Rf/LB) * 100

25 Ruggedness number (Rn) Rn = Rf.D

26 Mean Elevation (Hm) GIS analysis

Table 2. Morphometric attributes of Savitri watershed derived from toposheet and DEM

Morphometric attributes Computed value

Toposheet (1967) DEM (2020)

Drainage network

Stream orders 7 7

Stream numbers 10132 6753

Stream length (km) 6490.89 5655.86

Mean Bifurcation ratio 3.83 3.8

Main channel length (km) 73.69 68.13

(continued)
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Table 2. (continued)

Morphometric attributes Computed value

Toposheet (1967) DEM (2020)

Sinuosity 1.45 1.39

Basin geometry

Watershed area (Sq. Km) 1966.34 1966.34

Basin length (km) 40.9 40.06

Basin perimeter (km) 361 361

Basin width (km) 48.07 49.08

Circularity ratio 0.2 0.2

Elongation ratio 0.8 0.8

Texture ratio 28.06 13.16

Form factor ratio 0.47 0.47

Basin shape index 1.52 1.55

Stream frequency (sq.km) 5.15 3.43

Drainage density (sq.km) 3.3 2.87

Drainage intensity 1.56 1.19

Length of overland flow (km) 1.65 0.8

Infiltration number 17 9.87

Relief characteristics

Maximum elevation (m) 1100 1401

Minimum elevation (m) 20 2

Relief 1080 1399

Relief ratio

Ruggedness number 3.56 4.01

Mean elevation 332 701

4 Comparative Assessment of Morphometric Parameters
Extracted from Different Datasets

TheMorphometric parameters undertaken for the present study are presented in Table 1.
Based on the selected indicators, a comparative analysis is prepared using manual and
digital extraction procedures for the years 1967 and 2020 in the GIS platform shown in
Fig. 3. This comparison analysis would help in synthesizing the changes in hydrological
behavior of a particular river basin affecting the runoff flow in the different periods. It is
noteworthy that the map scale and DEM resolution are vital in the extraction of various
quantitative factors.
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Fig. 3. (a) Drainage network, 1967 and (b) Drainage network, 2020

Stream order (u) happens to be the foremost step in any quantitative study (Rai. et al.
2019) wherein Strahler’s stream ordering is widely followed based on the hierarchical
ranking of streams. The streamordering of the Savitriwatershed is classified as a seventh-
order basin with a dendritic drainage pattern.While extracting from topographical maps,
the total number of streams (Nu) calculated was 10132 having a stream length (Lu) of
6490.89 km and the stream orders extracted from DEM are 4753 with a total length
of 3151.08 km respectively. The stream length is an important variable as it provides
information about run-off characteristics. Moreover, the bifurcation ratio (Rb) indicates
the degree of integration prevailing among the stream orders within a basin (Rai. et al.
2014). The mean bifurcation ratio of the watershed derived from both the sources are
similar i.e. 3.8 that describes lesser influence by the underlying structure on drainage
network. The main channel is considered as a stream segment that is joined to constitute
the next hierarchical order (Kaliraj et al. 2014) and the calculated channel length (L)
found varies from 73.69 km to 68.13 km from 1967 to 2020. Moreover, the sinuosity
of the basin ranges from 1.45 (toposheet) to 1.39 (DEM) indicating the straight-sinuous
channel of the Savitri river.

The basin geometry refers to the varied shape of a watershed that controls the rate
at which water is provided to the main channel (Fenta et al. 2017). The total area of the
Savitri watershed extracted from both topographical maps and DEM is 1966.34 km2 and
the basin perimeter i.e., the outer boundary of the watershed found is 361 km. However,
the circularity ratio of the basin is 0.2 representing a lesser circular shape while the
elongation ratio is 0.8 which indicates that the region is covered by high relief with
gentle to steep ground slopes (Schumn 1956). Another striking parameter is the form
factor which specifies that the lesser the form factor value, the more the basin will be
elongated and vice-versa. The calculated form factor of the present watershed is 0.47
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indicating elongation shapes that define the flatter peak of low flow for a longer time.
Drainage density (Dd) refers to the closeness of spacing between channels and it is
calculated as the total length of stream segments to the basin area (Meshram and Sharma
2015). The computed value of Dd extracted from toposheet is 3.3 km/km2 and DEM is
2.87 km/km2 which specifies that the region had fewer infiltration rates and more runoff
but in later years theDd value decreased that indicatesmore infiltration rate andmoderate
runoff. In contrast, the stream frequency (f) derived is 5.15 streams/km2 (toposheet) and
3.43 streams/km2 exhibiting a positive correlation to drainage density.

The relief aspects represent three-dimensional characteristics primarily depending
upon the maximum and minimum height of the basin (Venkatesh and Anshumali 2019)
mainly affecting the runoff and sediment transport. The basin relief as derived from the
topographical map (20 m contour interval) was 1080 m while the relief from DEM is
1399 m. The resultant values are responsible for the presence of some steep slopes and
high relief governing the watershed.

Relief ratio forms an effective measure to gradient aspects of the watershed. The Rr
value of 26.40 km (toposheet) and 34.92 (DEM) denotes the presence of hilly terrain
with low permeability (Prakash et al. 2017). Ruggedness number implies the structural
complexity of the terrain and the computed Rn value for the present watershed varies
from 3.56 (toposheet) to 4.01 (DEM) indicating that the region is highly erosion-prone
operating along the slopes.

5 Runoff Estimation Using NRCS-CN

Now, the enumerated Morphometric variables were matched with both the datasets for
the Savitri basin to evaluate its effect on runoff potential. The basin properties have
exerted a strong influence on hydrologic variables and therefore the estimation and
prediction of runoff amount are further determinedwith the help of theNatural Resources
Conservation Service-Curve Number (NRCS-CN) method described in this chapter.

After the enumeration of the selected quantitative attributes necessary to understand
the hydrological characteristics, it is significant to estimate the runoff flow governing in
a certain watershed (Savita et al. 2017).To achieve this, NRCSCN is applied along with
the parameters viz. rainfall, land use and land cover, slope, and soil texture maps that will
provide a combined hydrologic effect (Abdulkareem et al. 2017. For the preparation of
the rainfallmap, the average annual rainfall data is collected from1991–2020 for 30 years
from the Indian Meteorological Department (IMD). The land use and landcover map is
generated fromLANDSAT8 imagery of 2020 using a supervised classification approach.
In contrast, the soil texture map is prepared based on the National Bureau of Soil Survey
andLandUsePlanning (NBSS&LUP), and the resultantmap is converted into hydrologic
soil groups viz. A, B, C, and D depending on their soil infiltration capacity (Adham
et al. 2014; Satheeshkumar et al. 2017). The produced LULC map is overlaid upon the
hydrologic soil group and on this basis; a Curve Number (CN) is allotted for preparation
of soil cover complex map. Further, this process is accompanied by integrating the
obtained soil cover complex map and Antecedent Moisture Condition (AMC), allotting
actual curve number (CN) values thereby calculating maximum retention (S) and initial
abstraction (Ia) that finally leads to runoff estimation (Satheeshkumar et al. 2017, Rawat
and Singh 2017; Ajmal et al. 2014).
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6 NRCS-CN Model

The United States Department of Agriculture (USDA) and Soil Conservation Services
(SCS) have developed the most popular and commonmethod to determine runoff within
a watershed in the 1950s. The model was formerly known as the SCS-CN model and
later renamed Natural Resources Conservation Service (NRCS) (Pancholi et al. 2015).
This method is also known as Curve Number (CN) that was evolved primarily for
small agricultural watersheds (Rawat and Singh 2017). This technique incorporates
several influencing factors for runoff generation viz. rainfall, soil, land cover, slope, and
antecedent moisture conditions (AMCs) in a single CN parameter (Kumar et al. 2017).
Thus, the CN method is based on the assumption of proportionality between retention
and runoff (Bansode and Patil 2014) that is derived by the following expression

Q = (P − Ia)2

P − Ia + S
(1)

Where, Q = runoff (mm),
P = rainfall depth (mm),
S = potential maximum retention after runoff begins (mm),
Ia = initial abstraction (mm).
Initial abstraction (Ia) is determined based on antecedent moisture conditions. It

involves surface storage, interception, evaporation, and infiltration before the runoff in
the watershed (Kumar et al. 2017). Iahas been taken as 0.3S for Indian condition (Ahmad
et al. 2015) and hence, the empirical relationship can be represented as,

Ia = 0.3S (2)

Substituting Eq. (2) in Eq. (1); we get,

Q = (P − 0.3S)2

P + 0.7S
(3)

Moreover, parameter S indicates the potential infiltration after runoff begins derived by
the following equation.

S =
(
25400

CN

)

− 254 (4)

Where, CN stands for curve number, the values of which can be obtained from the SCS
Handbook of Hydrology (NEH-4), (USDA 1972) depending on land cover, HSG, and
AMC. It is noteworthy that the NRCS-CNmethod is revised for runoff assessment in big
watersheds by weighing curve numbers concerning basin land cover area. The equation
for calculating the weighted curve number is as

CNw =
∑

CNi × Ai

A
(5)

Where, CNw is the weighted curve number;
CNi is the curve number from 1 to any number N;
Ai is the area with curve number CNi; and
A is the total area of the watershed.
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7 Antecedent Moisture Condition (AMC)

Antecedent Moisture Condition refers to the availability of moisture content in the soil
before a storm event. It is determined by total rainfall in 5 day period preceding a day
of analysis (Askar 2013; Vinithra and Yeshodha 2013). Few properties of the basin
viz. LULC and soil types of the basin, AMC, and recharge capacity of the basin are
significant for computing the curve number method (Jasrotia et al. 2002). The Natural
Resource Conservation Service (NRCS) had developed three antecedent soil moisture
conditions namely AMC-I, AMC-II, and AMC-III representing dry, normal, and wet
conditions, respectively (Askar 2013; Amutha and Porchelvan 2009; Pandey and Stuti
2017) for dormant and growing seasons as shown in Table 3. In the current research,
average condition i.e. AMC II is chosen to obtain the CN value for this purpose.

Table 3. AMC classes for computation of CN values (Ref.: Amutha and Porchelvan 2009

AMC group Soil characteristics Five-day antecedent rainfall in mm

Dormant season Growing season

I Soils are dry but not to the
wilting point; satisfactory
cultivation has taken place

Less than 13 Less than 36

II Average Condition 13–28 36–53

III Heavy rainfalls or light
rainfall and low temperatures
have occurred within the last
5 days; stared soil

Over 28 Over 53

8 Hydrologic Soil Group (HSG)

Soil types are fundamental in the generation of runoff as varied soil types exhibit dif-
ferent infiltration rates. The infiltration rates of soils vary depending upon the nature
of subsurface permeability. For the estimation of runoff, curve number (CN) values for
individual soil types are necessary.

As per National Engineering Handbook (NEH) developed by the USDA, soils are
categorized into four groups viz., A, B, C, and D according to the soil’s infiltration
rate, texture, depth, drainage condition, and water transmission (Rawat and Singh 2017)
(Table 4). The present watershed is mainly dominated by the C soil group indicating
clay loam and shallow sandy loam soil with slow infiltration capacity.
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Table 4. Soil Conservation Service classification (USDA 1974)

Hydrologic soil
groups (HSGs)

Soil textures Water
transmission

Runoff potential Final infiltration

A Deep, well-drained
to excessively
drained sand or
gravel

Rapid rate Low >7.5

B Moderately deep to
deep, moderately
well-drained to
well-drained soils
of moderately fine
to moderately
coarse texture

Moderate rate Moderate 3.8–7.5

C Clay loams,
shallow sandy
loam, soils with
moderately fine to
fine textures

Slow rate Moderate 1.3–3.8

D Clay soils that
swell significantly
when wet, heavy
plastic, and soils
with a permanent
high water table

Very slow rate High <1.3

9 Area Weighted Curve Number

The distinct layers of HSGs, LULC, and AMC are overlaid and a new polygon attribute
table (PAT) is achieved using ArcGIS. The result obtained from the new PAT is used to
determine the total area-weighted curve number (WCN) of the watershed. The computed
weighted curve number (WCN) of the watershed is 81.14 as presented in Table 5.

Table 5. Weighted curve number for Savitri watershed

LULC HSG CN Area (km2) % Area % Area*CN Weighted curve
number (WCN)

Barren land C 83 2.08 7.89 0.11 8.77 81.14

D 87 5.82 0.30 25.75

(continued)
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Table 5. (continued)

LULC HSG CN Area (km2) % Area % Area*CN Weighted curve
number (WCN)

Built-up (urban
and rural)

C 90 0.12 7.05 0.01 0.55

D 95 6.93 0.35 33.50

Crop land A 67 1.88 750.54 0.10 6.42

B 78 0.09 0.00 0.37

C 85 243.10 12.37 1051.67

D 89 505.47 25.73 2289.63

Deciduous broad
leaf forest

A 42 0.15 197.82 0.01 0.33

C 79 83.76 4.26 336.77

D 85 113.91 5.80 492.78

Evergreen broad
leaf forest

C 71 124.14 142.80 6.32 448.59

D 77 18.66 0.95 73.13

Fallow land C 88 33.16 56.70 1.69 148.50

D 90 23.54 1.20 107.83

Mangrove forest C 98 0.12 0.12 0.01 0.60

Mixed forest A 38 8.91 262.70 0.45 17.22

C 75 137.76 7.01 525.86

D 81 116.03 5.91 478.33

Permanent
wetland

D 78 7.85 7.85 0.40 31.16

Plantation B 53 0.60 80.26 0.03 1.63

C 67 57.30 2.92 195.41

D 72 22.35 1.14 81.90

Shrub land A 36 2.86 416.10 0.15 5.24

C 73 267.82 13.63 995.06

D 79 145.42 7.40 584.69

Water bodies A 97 0.75 34.98 0.04 3.72

C 97 21.11 1.07 104.23

D 97 13.11 0.67 64.75

10 Runoff Estimation Through NRCS Model

To run the NRCS-CN model in the Savitri watershed, a set of variables such as rainfall,
soil types, LULC, slope, and AMC have been taken into account to estimate runoff flow
within the basin. The land use and land cover (LULC) map (Fig. 4) of the study area
have been prepared using satellite imagery for the year 2020 in the GIS platform. Based
on LULC classification, the Savitri watershed has been classified into twelve classes
viz. barren land, fallow land, cropland, deciduous broadleaf forest, evergreen broadleaf
forest, mangrove forest, mixed forest, built-up (urban and rural), permanent wetland,
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plantation, shrubland, and water bodies. On one hand, the dominant class is cropland
covering an area of 750.54 km2 followed by shrubland and forest while mangrove forest
occupies a negligible area of 0.12 km2.

Fig. 4. LULC map

The average annual rainfall of the region for 30 years is taken under consideration
wherein rainfall ranges from 30.51 mm to 257.95 mm from 1991 to 2020. However,
another parameter i.e. slope of a region plays a pivotal role in determining the runoff
characteristics as the steep slope will fasten the runoff rate with the least water holding
capacity and the gentle slope will slow the rate with maximum water retention capacity.
The slope map (Fig. 5) of the Savitri watershed represents four classes viz. nearly level,
gentle, moderate, and steep. About 1639.47 km2 (83.44%) falls under the nearly level
and gentle category while 325.34 (16.55%) km2 comes under moderate to the steep
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category that indicates that the area has more water retention capacity causing lesser
runoff amount.

Fig. 5. Slope map

The soil texture map (Fig. 6: (a)) speculates that most of the region is covered by
loamy soil (1294.71 km2) followed by clayey (598.45 km2) and sandy soil (60.77 km2).
Moreover, the Hydrological Soil Group (HSG) map (Fig. 6:(b)) depicts that the maxi-
mum area of the Savitri watershed falls under Group C composing of clayey loam with
moderate water transmission rate. Thus, these parameters coupled with distinct CN val-
ues (Fig. 6: (c)) and AMC conditions are requisite for the application of the NRCSmodel
in the watershed to determine the runoff amount from 1991–2020.
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Fig. 6. (a) Soil texture map, (b) Hydrological soil group map, (c) CN-II Map
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Fig. 6. (continued)

11 Rainfall-Runoff Estimation

To assess the flood condition of a certain area, it’s vital to understand and predict the
rainfall-runoff relationship (Kumar et. al. 2017) governing in a basin so that planning and
management of water resources could be analyzed systematically. The average annual
rainfall and runoff of the basin during 1991 and 2020 are calculated as 303.51 mm
and 236.87 mm while in 2020 are 257.95 mm and 192.85 mm respectively (Fig. 7).
The runoff volume (product of runoff and a total area of the watershed) is another
significant indicator (Adham et.al. 2014) wherein it extends from 465396.43 m3 in 1991
to 378903.53 m3 in 2020 (Table 6). Similarly, the average runoff and runoff volume for
30 years are computed as 233.65 mm and 459075.58 m3. Also, the scatter plot (Fig. 8)
depicts the relationship between rainfall and runoff wherein the correlation coefficient
(r) value is 1 that signifies a perfectly positive correlation between the variables.



Comparative Evaluation of Morphometric Parameters on Runoff 75

Fig. 7. Annual rainfall and runoff of Savitri Watershed

Fig. 8. Co-relationship between annual average SCS-CN runoff (mm) and annual rainfall (mm)

Table 6. Computation of runoff and volume (1991–2020)

Years Rainfall (mm) Runoff (mm) Volume (m3)
= Runoff ×
Area

1991 303.51 236.87 465396.43

1992 276.87 211.07 414716.89

(continued)
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Table 6. (continued)

Years Rainfall (mm) Runoff (mm) Volume (m3)
= Runoff ×
Area

1993 297.32 230.86 453597.34

1994 376.49 308.08 605318.55

1995 225.23 161.56 317424.25

1996 261.56 196.32 385723.72

1997 338.35 270.78 532027.64

1998 322.12 254.96 500944.43

1999 296.79 230.35 452587.69

2000 273.82 208.13 408932.55

2001 229.02 165.16 324510.66

2002 239.33 175.00 343837.16

2003 268.59 203.09 399023.37

2004 316.43 249.42 490064.42

2005 394.26 325.51 639564.36

2006 327.41 260.11 511067.89

2007 354.29 286.35 562619.79

2008 318.08 251.03 493218.45

2009 226.26 162.54 319349.11

2010 276.81 211.02 414603.06

2011 330.39 263.02 516774.11

2012 264.59 199.23 391453.11

2013 346.96 279.19 548544.61

2014 268.65 203.14 399136.98

2015 218.01 154.70 303953.68

2016 337.04 269.50 529516.21

2017 305.64 238.94 469459.53

2018 280.53 214.61 421663.31

2019 466.02 396.14 778334.58

2020 257.95 192.85 378903.53

Average 299.94 233.65 459075.58
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12 Conclusions

The present research explains the significance of quantitative assessment to understand
the geohydrological processes operating in the basin. Investigation of Morphometric
properties plays an important role in evaluating the response of a basin to climate change,
drainage, and flood risk vividly. Thus, there exists a relationship between the quantitative
attributes and flood potential necessary for flood forecasting in a basin. The comparison
of Morphometric indices for Savitri watershed based on traditional and digital datasets
for two time periods have evolved contrasting results. Within the framework of Mor-
phometric variables, the values of stream number, stream length, main channel length,
drainage density, frequency, intensity, length of overland flow, infiltration number, etc.
have decreased substantially over time attributed to physical and human-induced factors.
The comparisons have been incorporated to examine the variability in the rainfall-runoff
relationship that can be accessed from the basin properties. Due to the unavailability
of rainfall data before the 1990s, a total of 30 years have been taken into account from
1991–2020. The maximum average annual rainfall and runoff was observed in 2019 as
466.02 mm and 396.14 mm. The NRCS model is employed in the Savitri watershed
indicating that previously the region experienced high rainfall and runoff while now the
region encounters moderate runoff conditions due to a decrease in rainfall and other
parameters. Furthermore, the curve numbers were derived for different hydrologic soil
groups and it was found that the study areamostly falls under groupC soil categorywhich
infers lower infiltration rate and moderate runoff flow. Therefore, this study might be a
base for planning and managing water resources required for hydrological modeling to
harness the potentialities sustainably within a watershed.
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Abstract. Numerical simulations are employed to predict deep excavations’ per-
formance and the magnitude of the associated wall and ground displacements.
Accurate prediction of these displacements is essential to prevent any distress or
damage to the adjoining structures. A novel numerical approach is proposed in this
paper to predict the wall and ground displacements related to deep excavations in
Shanghai soft clays by using a new elastoplastic small strain constitutive model.
The small strain Shanghai model incorporates the effects of small shear strain,
elucidates both the clays’ structure and mechanical properties, and describes the
dilatancy characteristics and strain-softening in a three-dimensional state. A deep
excavation case study in Shanghai soft clay is simulated on Plaxis 2D. The mate-
rial parameters and the monitored values of displacements are obtained from the
site. A user defined soil model of small strain Shanghai model is made in the form
of Dynamic Link Library (.dll) file to be used in this analysis. A comparison of
the monitored values of displacements is made with ground and wall displace-
ments’ simulated values. The effects of the excavation activity on the adjoining
historical buildings are evaluated. The simulated results agree well with the mon-
itored results. The comparison lays out a novel numerical approach for predicting
the performance of deep excavation in Shanghai soft clays and the associated
displacements by using a new constitutive model.

Keywords: Constitutive model · Deep excavation · Finite element analysis ·
Small strain · Soft clays

1 Introduction

To match the massive urban development over the past couple of years, various infras-
tructures in the form of high rise buildings and subway transportation have emerged,
requiring deep excavation for underground space utilization, basements, and vehicle
parking. These excavations are usually carried out in the proximity of existing infras-
tructure, the stability of which should be ensured [1]. Accurate prediction of the behavior
of deep excavations and their associated displacements during the design phase is vital in
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protecting the surrounding infrastructure.Many factors govern deep excavations’ perfor-
mance: soil conditions, diaphragm wall properties, support system, geometry, boundary
conditions, dewatering, and the construction sequence [2]. These factors make the pro-
cess of predicting the performance of deep excavation and magnitude of the associated
displacements very complicated.

The most important factor associated with the design and construction of excavation
supports is the local experience of the performance of similar excavations [3]. Numerous
semi-empirical relations have been developed to assess the displacements linked with
the excavations [2, 4–18]. These correlations helped researchers and engineers in under-
standing the behavior of excavations and in conducting finite element analysis (FEA).
However, the number of excavations carried out in soft clays using these semi-empirical
relations is limited as per a database of case studies of excavations developed by Ali and
Khan [19].

Zhang, et al. [20] define Shanghai clays as soft clays exhibiting high sensitivity, high
water content, high compressibility, and low bearing capacity. The soft clays exhibit spe-
cial characteristics and pose numerous problematic issues while dealing with them. The
application of the semi-empirical relations mentioned above to soft clays like Shanghai
clay needs careful and thorough study, owing to their unique and problematic charac-
teristics. Various researchers tried to investigate the behavior of deep excavations based
on instrumentation methods in such soft clays [9, 13, 14, 21–27]. Also, 2D and 3D
finite element analyses have been utilized in the prediction of the excavation behavior
is Shanghai clays [28–31]. The constitutive models used in these analyses are Mohr-
Coulomb, Cam-clay, or Modified Cam-clay model. The Cam-clay, Modified Cam-clay,
andMohr-Coulombmodels do not incorporate the small strain effect, which is important
to predict the maximum ground settlement [32]. Therefore, the use of these models in
assessing the behavior of excavation in Shanghai clays requires additional care.

Various new elastoplastic and visco-plastic constitutive models have been proposed
to describe the properties of Shanghai clays based on Cam-clay model [33, 34]. These
models, however, do not incorporate the effects of small shear strain. Small strain Shang-
hai model is a new elastoplastic model that is based on the Cam-clay model and includes
the impacts of small shear strain along with describing dilatancy characteristics and
strain softening of overconsolidated clays [35–37]. Small strain Shanghai model is used
in the FEA to predict the behavior of deep excavation activity in Shanghai clays because
of its ability to incorporate small shear stains along with describing the strain-softening
and dilatancy characteristics of soft clays.

This study focuses on proposing a new numerical approach to predict the behavior
of excavation and the magnitude of associated displacements in Shanghai soft clays
by using a new constitutive model. The project selected for this study is a high rise
building in the Luwan District of Shanghai, PR China. Two important urban traffic
roads, residential and historical buildings, and a church lie in this project’s proximity.
Themonitored data of wall and ground displacements obtained from the instrumentation
method is compared with the FEA results obtained from Plaxis 2D using a user defined
soil model file of small strain Shanghai model. The impacts of displacements linked
with the excavation activity on the surrounding historical buildings are investigated.
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2 Overview of the Project

The location of the excavation site is at the intersection of Fuxing Middle Road and
Chongqing South Road in the Luwan District of Shanghai, China. The building has a
two-story basement and piled raft foundation. The area to be excavated is approximately
11000 m2 and is in the shape of a long strip, with an excavation depth of about 10.70 m.
The location of the project is shown in Fig. 1.

Fig. 1. Location of the project site

The project site is surrounded by a high urbanized traffic road, various municipal
lines, a catholic church, and some historical buildings. The distance between the histor-
ical buildings and the foundation pit is between 3.7 to 5.6 m. The general plan of the
project is shown in Fig. 2 (a). In summary, the environmental protection requirements
around the foundation pit of this project are high. The historic buildings adjacent to the
foundation pit are susceptible to settlement, the safety and stability of which is the key
objective of this project. The surrounding sensitive environment also puts forward higher
requirements for the design and deformation control of deep foundation pit projects.

As per the geological survey report, the topmost layer consists of yellow-grey soil
fill. The second layer is of grey-yellow to brown, silty clay that is medium compressible,
plastic, and iron oxide. The third layer consists of highly compressible silty clay and
clayey silt. The upper part contains mica debris and cohesive silt. The fourth layer
contains highly compressible silty clay with thin silt layer, occasional organic matter,
and debris. The fifth layer has been divided into two sub-layers: 5-1a and 5-1b. The 5-1a
layer contains soft plastic and highly compressible grey clay. The layer 5-1b contains
plastic, medium compressible grey silty clay. The subsurface profile is shown in Fig. 2
(b).
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Fig. 2. General site details: (a) General plan of the project; (b) Subsurface soil profile

2.1 Excavation Support System

To effectively control the foundation pit’s deformation and reduce the impact on the
adjacent historical buildings, an 800 mm thick reinforced concrete diaphragm wall is
adopted for this project’s enclosure. The depth of underground diaphragm wall is set at
13.5 m below the excavation base to enhance the stability against heaving and reduce the
influence of the displacements on the adjacent buildings during the excavation activity.

The horizontal support system consists of two reinforced concrete parallel braced
support systems: first support at a distance of 2.1 m and the second at 7.6 m from the
top. Grouting is employed on the western side of the project to reinforce and ensure the
diaphragm wall’s stability during the construction and reduce horizontal displacement
of the wall.

3 Soil Constitutive Model

Small strain Shanghai constitutive model is an elastoplastic model based on the original
Shanghai model [35–37]. The small strain shanghai model describes the dilatancy and
strain softening characteristics of OC clays under a 3D stress state [37] and incorporates
small shear strain effects. The original Shanghai model is a modified version of Zhang’s
Model [33, 34, 38]. The Shanghai model is based on anisotropy [39], sub-loading surface
[40] and super-loading surface [38, 39, 41, 42]. The model developed by Ye and Ye [34],
incorporates dynamic loading and mechanical behavior of clays with varying drainage
conditions. The Shanghai model is described below:

The yield surface is defined as:

f = ln
ṕ

ṕo
+ ln

M 2 − ξ2 + η*2

M 2 − ξ2
+ ln R* − ln R − ε

p
v

Cp
= o (1)
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Where M defines the critical state stress ratio, η = q/p is the shear stress, ξo is
anisotropy, R* represents structure, and R represents over-consolidation, ε

p
v represent

the volumetric strain, and Cp = (λ − κ)/(1 + e0). The yield surface is shown in Fig. 3.

Fig. 3. Yield surface in p-q plane

New degree of structure evolution R* for clay is:

(2)

a controls the rate of structure collapse.
Evolution of the over-consolidation is:

Ṙ = JU
∣
∣Dp

∣
∣ + R

MD

η

M

∂f

∂β
· β · (3)

Where U is:

U = −mM

Cp
ln R (4)

m controls losing rate of over-consolidation.
The evolution of anisotropy is given as:

β · = J

D
br(b1M − ζ )
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Where br controls developing rate of anisotropy.
The small strain Shanghaimodel incorporates small shear strain in the shear stiffness.

Cam-clay model defines shear stiffness as:

G = (1 − 2v)

2(1 + v)

(1 + e0)

k
p′ (6)
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Where v represents Poisson ratio, k represents swelling index, e0 represents void
ratio at reference pressure of 100 kPa, and p′ represents mean effective stress.

The small strain Shanghaimodel defines shear stiffness by incorporating the equation
of Dos Santos and Gomes Correia [43] as:

G =
(

7/
3 + 0.001/

γ0.7

)2

(

7/
3 + d/

γ0.7

)2

(1 − 2v)

2(1 + v)

(1 + e0 )

k
p′ (7)

The γ 0.7 represents shear strain, the shear modulus G at which is decayed to 70%
of the initial.

Out of the total ten parameters of small strain Shanghai model, five are the same as
in Cam-clay model (M, N, λ, κ, ν), 3 are the controlling parameters (m, a and br), three
parameters are the initial state values (ξo, R, and R*

o), and the remaining two parameters
are defined as:

A: controls the shear strain ratio.
γ 0.7 : controls small strain stiffness.

4 FEA Model and Mesh

A 2D FE model with medium mesh density is used to simulate the section AA’ of the
deep excavation case study on Plaxis 2D. Section AA’ is shown in Fig. 4. Section AA’ is
chosen for the numerical simulation owing to the maximum settlement monitored along

Fig. 4. Numerical model of section AA’ and mesh details
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this section at the site. The lateral extent of the soil mass boundary is set at three times
the width of the excavation (3B) as per Fig. 5, and the bottom edge from the maximum
excavation depth is set at 22 m to avoid boundary effects. The vertical boundaries of
the model (Xmin and Xmax) are constrained from horizontal deformation, the bottom
boundary (Ymin) is restrained from both horizontal and vertical deformation, and the top
boundary (Ymax) is set as free. The FE model and mesh details are provided in Fig. 4.

Fig. 5. Obtained maximum settlement with increasing model extents

5 Material Parameters

Small strain Shanghai model is used as the constitutive model in this FEA whose out of
ten parameters, eight parameters are the same as used in the original Shanghai model
proposed by Ye, et al. [33], Ye and Ye [34], Zhang, et al. [38]. The five parameters
out of these eight parameters are the Cam-clay parameters (Mf , λ, k, e0 and ʋ), and
the remaining three parameters (m, a, and br) are the controlling parameters that can
be obtained from oedometer and triaxial tests. The three parameters are the initial state
variables.

Stress induced anisotropy holds very less importance when dealing with clays, so
initial anisotropy (ξo) and parameter controlling the developing rate of stress induced
anisotropy (br) are assumed as zero. The other two initial values of R = 1/OCR and
R*

o = 1/Sensitivity are vital as they represent over consolidation and soil structure,
respectively. Values of m and a are obtained by curve fitting of element test results.
Initial states are obtained by simulating triaxial tests using m and a. Then, these initial
states, along with m and a, are used to carry out a triaxial compression simulation to
derive other parameters. A user defined material library file of small strain Shanghai
model is developed to be used in this analysis on Plaxis 2D. The material properties
used in the FEA are provided in Table 1.
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Table 1. Material parameters used in the numerical analysis

Parameters Symbols Layer 1 Layer 2 Layer 3 Layer 4 Layer
5-1a

Layer
5-1b

Modulus E (MPa) 20 20 20 20 20 50

Unit weight γ (kN/m3) 18 18.8 17.8 16.7 17.4 19.3

Cohesion c (kPa) 0.0 – – – – –

Friction Angle φ° 22 – – – – –

Void ratio e0 – 0.85 0.86 0.86 0.815 0.815

Poisson ratio ʋ – 0.4 0.4 0.4 0.4 0.4

Slope of CSL Mf – 1.4 1.4 1.2 1.4 1.4

Compression index λ – 0.087 0.094 0.155 0.135 0.135

Swelling Index k – 0.02 0.02 0.02 0.02 0.02

Controlling
over-consolidation

MR – 1.0 0.2 0.2 2.0 2.0

Controlling
structure

a – 0.2 1 5.0 1.5 1.5

Controlling
Anisotropy

br – 0.0 0.0 0.0 0.0 0.0

Sand or Clay type Iclay – 2.0 2.0 2.0 2.0 2.0

Control. Shear
Strain Ratio

A – 0.5 0.5 0.1 0.5 0.5

Small Strain
stiffness

γ 0.7 (%) – 0.016 0.035 0.04 0.035 0.035

Initial OCR OCR – 5.5 1.0 1.2 1.3 1.3

Initial Structure R*0 – 1.0 0.8 0.2 1.0 1.0

Initial anisotropy ξ0 – 0.0 0.0 0.0 0.0 0.0

Permeability K (cm/s) 2.0e–3 2.5e–6 3.0e–5 3.7e–7 2.0e–7 3.0e–6

6 Analysis and Results

The topmost layer of soil fill is modelled using the Mohr-Coulomb (MC) model, and the
remaining soil layers (layer 2 to layer 5-1b) are modelled using small strain Shanghai
model. The parameters of each model and material properties are provided in Table 1.
The groundwater is set at 1.4 m from the top as per the actual site conditions.

The diaphragm wall is modelled as “plate” element present in the Plaxis library,
while the grouting and footing concrete at the base of the excavation is modelled using
the linear elastic material model. The foundation of the building is modelled as a “plate”
element. The horizontal supports and the beams are modelled as “fixed-end anchor”
elements.
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The numerical simulation consists of six stages. The initial phase consists of deter-
mining the effective stresses and pore water pressures. The first stage consists of the
construction of diaphragm wall and grouting. The second and third stages include the
excavation of first and second soil sections and the installation of first and second hori-
zontal support, respectively. Fourth stages include excavating the remaining soil section
below the second support and placing footing concrete at the base. Fifth and sixth stages
consist of replacing the second and first support with beams, respectively. The details
of these stages are provided in Table 2. The simulated results are compared with the
monitored values of displacement at the site.

Table 2. Details of excavation stages

Stage Days Construction activity

Stage 1 57 The foundation load is placed, diaphragm wall and grouting are modelled

Stage 2 36 The first section of soil is excavated, and the first support is installed

Stage 3 19 The second soil section is excavated, and the second support is installed

Stage 4 32 The soil section below the second support is excavated, and floor concrete is
poured

Stage 5 55 The second support is replaced with structural beam

Stage 6 63 The first support is replaced with structural beam

6.1 Horizontal Displacement Along Diaphragm Wall

The FEA results are compared with the maximum horizontal displacements measured at
the site. The maximum horizontal wall displacement monitored at the site is 60.87 mm,
while themaximum simulatedwall displacement is 56.8mm. The relative error is 6.10%.
The comparison between the simulated and monitored values of wall displacement is
presented in Fig. 6.

The simulated value of maximum wall displacement is 22.37 mm for stage 2, which
is less than the monitored value of 23.55 mm. For excavation stage 3, the simulated
value is 37.6 mm, while the monitored value is 38.36 mm. The maximum simulated
horizontal displacements after excavation stages 4, 5, and 6 are 49.0 mm, 55.4mm,
and 56.8 mm, respectively, while the monitored values are 54.68 mm, 60.02mm, and
60.87 mm, respectively. The maximum wall displacement locations obtained from the
analysis lie above themonitored location for excavation of all the stages. The comparison
between the simulated and monitored results is shown in Table 3 and Table 4. The
maximum horizontal displacement ratio along the diaphragm wall obtained from the
analysis to the maximum excavation depth is 0.54%.
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Fig. 6. Comparison of simulated and monitored horizontal displacement along the diaphragm
wall after each excavation stage

Table 3. Comparison between monitored and simulated values of wall displacements

Stage Monitored From FEA

Maximum displacement (mm) Maximum displacement (mm)

2 23.55 22.37

3 38.36 37.6

4 54.68 49.0

5 60.02 55.4

6 60.87 57.0
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Table 4. Comparison betweenmonitored and simulated distance of maximum displacement from
the top of the wall

Stage Monitored From FEA

Location of maximum
displacement (m)

Location of maximum
displacement (m)

2 8.5 8.5

3 9.5 9.0

4 10.0 9.0

5 10.0 8.3

6 10.0 7.5

6.2 Settlement in the Surrounding

Figure 7 shows the vertical displacement (settlement) curves obtained after every exca-
vation stage, starting from the edge of the diaphragmwall to the horizontal extent (Xmin)
of the model. X = 0 represents the location of the diaphragm wall. The vertical dis-
placement curves form a concave pattern with the maximum settlement occurring at the
edge of the building near the excavation boundary. The sudden increase in the settlement
under the edge of the building foundation is evident from Fig. 7. The settlement reduces
linearly below the foundation, and a sudden decrease is noted after the foundation, after
which the settlement gradually reduces.

Fig. 7. Vertical displacement profiles along the ground surface after each excavation stage

6.3 Effects on the Foundation of the Surrounding Historical Buildings

The vertical displacement values measured along the three points located on the founda-
tion of an adjoining historical building are used for comparison between the simulated
and monitored results. Three points are selected, which are F31, F32, and F33. F33 is
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located on the edge of the foundation closer to the excavation boundary at a distance of
3.7 m. The point F32 lies in the center of the foundation and the point F31 lies at the
far end of the foundation from the excavation boundary. Figure 8 shows the comparison
between the simulated and monitored values of vertical displacement measured at these
points along with the location of these points.

The maximum vertical displacement is measured at point F33 since it lies at the
closer end to the boundary of excavation, where the displacement is maximum. The
simulated vertical displacement values are comparable with the monitored values. It is
observed from Fig. 8 that the simulated vertical displacement curve trend follows the
same pattern as the trend of monitored vertical displacement values. From Fig. 7 and
Fig. 8, it can be observed that the vertical displacement increases with the increase in
excavation depth.

Fig. 8. Comparison of monitored and simulated vertical displacements along the building
foundation

7 Conclusions

A FEA is carried out using the small strain Shanghai model and following the construc-
tion sequence adopted at the site of a deep excavation project in Shanghai. The horizontal
displacements along the diaphragm wall, vertical surface displacements, and the effects
of the excavation on the foundation of surrounding historical buildings are analysed
and compared with the monitored values measured at the site using the instrumenta-
tion method. Both the horizontal wall displacements and vertical surface displacements
increase with the increase in excavation depth. The comparison between the simulated
and monitored results of displacements show that:
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1. The maximum horizontal wall displacement observed at the site is 60.87 mm, while
the maximum simulated wall displacement is 57.5 mmwith a relative error is 5.50%.

2. The maximum wall deflection ratio obtained from the analysis to the maximum
excavation depth is 0.54%, while the monitored ratio is 0.59%.

3. The maximum surface settlement obtained from the analysis is 75.1 mm, while the
monitored value is 79.4, with a relative error of 5.4%.

4. The simulated location of the maximum and minimum settlement agrees well with
the monitored location.

5. The comparison concludes that incorporating small shear strain in clays is very
important in predicting deep excavation behavior in soft clays like Shanghai clay.

The study does not involve the effects of traffic surcharge and reinforced beam
provided at the top of the wall on the wall’s horizontal displacement, which is a future
research prospect.
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Abstract. Flow separation is one of the major causes of increase in aerodynamic
drag. Vortex generators (VGs) are commonly used on cars and aircrafts to energize
the boundary layer of the vehicle by mixing the high momentum flow from top to
lowmomentumflownear the surface. This phenomena keeps the flow attached and
delay flow separation, equivalently, the capability of flow to endure the adverse
pressure gradient is enhanced. Vortex generators themselves add drag also in the
form of viscous drag, but the overall effect of installing VGs is beneficial. Proper
design of vortex generators plays a vital role in order to get maximum beneficial
results. In present work, a very long high-speed train (204 m) is given herein to
demonstrate flow control effect of vortex generators (VGs). Numerical studies are
given via varying the configurations, size and orientations of VGs. The model
selected for analysis is very similar to Chinese Railway High speed trains (CRH
trains) having viscous drag as predominant drag and comparatively less contri-
bution of pressure drag. Triangular, rectangular and trapezoidal shapes of VGs in
co-rotating and counter rotating configurations are analyzed in present research.
After the investigation of parameters of VGs on train model under analysis, it is
found that the best shape and arrangement of VGs is triangular co-rotating VGs
present at zero degree angle to each other. Triangular co-rotating VGs successfully
reduced pressure drag of train model as much as 16.11% and increased viscous
drag of train model by 0.055%. Change in total drag of the present train model
is 1.03% drag reduction by installing 4 pairs of triangular co-rotating VGs. This
reduction of total aerodynamic drag by 1.03% is very crucial, as it corresponds to
millions of Kilowatt-hours (KWh) of electrical energy saving every year in high
speed trains.

Keywords: Aerodynamic drag · Flow separation · Boundary layer · Vortex
generators · Passenger-km

1 Introduction

Importance of high speed trains is increasing with time and electricity consumption is
one of the major concerns for their progress. Increase in size and speed of the train
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requires work on drag reduction. For example, Chinese Railway High speed train (CRH
train) classes covered 1,452.9 billion passenger-kilometers in 2019 and the electricity
consumption of 3.8 Kilowatt-hours (KWh) per 100 passenger-kilometers was needed.
Although for long high speed trains, viscous drag is predominant drag, but still work
is needed to be done to reduce pressure drag to a minimum level due to the enormous
energy requirement.

Function of VGs is to reduce overall drag of the train by significantly reducing
pressure drag. Vortex generators function by producing stream wise vortices just before
the separation point, which supply high momentum of upstream flow to the downstream
flowwith lowmomentum [1]. The Shape and size of vortex generatorsmust be optimized
in order to obtain best result. Previous work on vortex generators identify the importance
of optimized size and shape [2]. Reduction of drag by passive flow control, using vortex
generators is not new. Lots of work has already been done on vortex generators of various
sizes and shapes. Previous work review in this field can be found from the contributions
of Lin et al. [3] and Rao and Kariya [4].

Some important guidelines have been established by Pearcey [5] for conventional
vortex generators. Although the effect of vortices induced by VGs lasts up to 100 times
of height of VGs (100 h), low profile VGs havemost effective range of 5 h–30 h upstream
of separation point of baseline model. VGs work to shift the separation point at the rear
end of train to further downstream which will reduce the size of the vortices formed
at separation point. This will result in reduction of aerodynamic drag. Proper design of
the vortex generators is very important in order to get maximum beneficial effect. The
shape, size, configuration, spacing and number of vortex generators depend on type of
flow on the vehicle and the problem under analysis. VG parameters vary for different
flows on different bodies.

VGs are used to change the dynamics of boundary layer flow. Work is done on study
of these changes in boundary layer dynamics due to the vortices introduced by using
VGs. Shabaka et al. [6] and Mehta and Bradshaw [7] studied the dynamics of vortices.
Studies of turbulent boundary layer have been conducted mostly by direct numerical
simulations [8, 9] and experimental work is also done. Pinelli [10] and Orlandi and
Jimenez [9] also used direct numerical simulations to tell about the role of stream wise
vortices in flow near the surface of boundary layer. Lin et al. [3] used experimental
study to confirm that these stream wise vortices causes increase in skin friction and also
transfer momentum towards the wall.

The purpose of current research is to design the best possible arrangement and shape
of the vortex generators (VGs) for the train model under analysis. The force coefficients
being considered for analysis are viscous drag coefficient, pressure drag coefficient and
total drag coefficient of high speed train, with and without VGs. VGs reduce pressure
drag and increase viscous drag, giving an overall beneficial effect of reducing total drag
coefficient of present train model under analysis.

2 Background

In past, vortex generators have been used in order to enhance heat transfer, in addition to
reducing total drag of the vehicles. New methods are developed to enhance heat transfer
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in which fin surface flow is replaced by main flow longitudinal vortices, by installing
VGs on surface of the body [11]. Torii and Yanagihara [12] studied the influence of
using triangular VGs on laminar boundary layer. Yanagihara and Torii [13] also studied
changes in laminar boundary layer for different shapes (rectangular and triangular) of
VGs and concluded that triangular VGs with high angle of attack and large frontal area
give the best performance in enhancing heat transfer. Use of VGs is not limited to just
vehicles. VGs are also used in wind turbines. VGs are used on large horizontal axis wind
turbines, which show non-linear and unsteady behavior, in order to reduce periodic loads
so that fatigue life and power output of the wind turbines can be improved [14].

VGs have also been installed on transonic profiles to delay flow separation. Ashill
et al. [15] showed through experimental and conceptual study that sub-boundary layer
vortex generators (SBVG) successfully delayed shock induced flow separation. In air-
planes, VGs have been found to be of great success. They are used to increase lift in
airplanes. Gao et al. [16] did work on 30% thick DU97-W-300 airfoil, and found that the
maximum value of lift coefficient was significantly increased. This happened because
of the attachment of flow caused by VGs. More work is being done on passive flow
control devices as compared to active flow control devices. It is because of the fact that
active flow control devices need a source of energy and cannot work without that source
unlike VGs and other passive flow control devices. Active flow control devices also need
complex algorithms for getting maximum beneficial results [17]. Investigations show
that VGs have been a success in decreasing aeroacoustics noise also [18]. Based on the
history of VGs usage, the current research is carried out in order to reduce the aerody-
namic drag of high speed train so that fuel consumption can be improved and energy
can be saved.

3 Model Description

The present model of high speed train is similar to some of the longest high speed trains
present. It has a length of 204 m, and a height of 3 m. CFD analysis shows that this
train model consists of 93.1% viscous drag and 6.9% pressure drag and these two drags
add to make total drag of the train model. Pressure drag coefficient for present model
is 0.011 and viscous drag coefficient is 0.149, which makes a total drag coefficient of
0.16. The boundary layer thickness of the train under analysis is 0.7 m at VGs location.
Vortex generators are installed on train model 11 m from the tail end. Figure 1 shows
the train model used for analysis.

Research by Rao and Kariya [4] suggested that submerged vortex generators having
height of less than 62.5% of boundary layer thickness can perform better than the vortex
generators with height equal to boundary layer thickness because with larger heights,
viscous drag added by vortex generators is more. Addition of viscous drag due to vortex
generators has been an issue due to which the size of the vortex generator has decreased
from boundary layer thickness height to just a portion of it. Compromise has to be made
between decrease in pressure drag and increase in viscous drag due to vortex generators.
Present analysis is based on vortex generator height of 10% to 60% of boundary layer
thickness of trainmodel. Location of installation of vortex generators is also an important
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Fig. 1. Train model under analysis

factor to be considered. Different configurations of VGs were analyzed but only co-
rotating VGs were able to reduce drag significantly. The three shapes of co-rotating
vortex generators used for present research are given in the Fig. 2.

Fig. 2. VG configurations used for analysis

Submerged type of vortex generators are the focus of present research. These vortex
generators are always present inside the boundary layer, having height equal to or less
than the boundary layer thickness (δ). The size of vortex generators change with change
in boundary layer thickness. It is expected from this type of vortex generators to produce
less parasitic drag as compared to conventional vane type VGs which energize the flow
by drawing energy from external flow. Lots of work has been done on such submerged
vortex generators and different shapes and sizes of such vortex generators have been
proposed.

VGs work by simply introducing changes in the boundary layer at the position
where they are installed. They create vortices inside the boundary layer and transfer the
momentum from high momentum flow at top to the low momentum flow at bottom.
This momentum transfer in the flow energizes the boundary layer due to which the flow
remains attached to the surface for a longer time and separation point is moved further
downstream. In other words, this mixing of high momentum and low momentum flow
balances the pressure gradient, which causes reduction in the opposing forces and flow
gets attached to the surface [19]. This causes recovery in static pressure and also reduces
total pressure loss. Counter-rotating VGs are those which are present at an angle to
the flow and produce vortices in opposite directions whereas co-rotating VGs produce
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vortices in one direction. Purpose of both of these configurations is to energize the
boundary layer and reduce aerodynamic drag. Production of vortices by counter-rotating
and co-rotating VGs is demonstrated in Fig. 3.

Fig. 3. Vortex generations in VGs (a) Divergent VGs (b) Convergent VGs (c) Co-rotating VGs
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Flow separation occurs when flow has low energy and energizing the flow by using
VGs cause it to get attached to the surface for a longer time due to which the separation
point of flow is shifted downstream. Vortex generators cause a rapid increase in pressure
which reduces drag.

Working of VGs can be observed from Fig. 4. Flow is in one direction before
approaching VGs but after that, the VGs produce turbulence in the flow causing the
velocity of particles near surface to swirl and change direction. This causes the particles
of flow to accelerate and get attached to the surface. This attachment of the particles
to the surface causes the viscous drag between flow particles and surface to increase
whereas pressure drag is decreased due to recovery of static pressure and reduction of
loss in total pressure.

Fig. 4. Boundary layer changes by VGs

4 Numerical Scheme

The Reynolds-Averaged Navier-Stokes (RANS) equations were considered as the eval-
uated tool in present paper. RANS equations are time-averaged equations of motion for
a fluid flow. These equations are based on Reynolds decomposition in which an instan-
taneous quantity is divided into a time-averaged quantity and a fluctuating quantity.
These equations are used for solving turbulent flows as encountered in present research.
These are not exact equations but modified and time-averaged equations, so they have
some extra variables. These equations need turbulence models to get the solution. The
detailed formulations about RANS will not be repeated here. Regarding the turbulence
model, several turbulencemodels, such asK-Epsilon (k-ε) [20], K-Omega (k-ω) [21] and
Spalart-Allmaras models [22] are involved in the fluent solver, which are the workhorse
of present study. Then two equationmodel, k-ω shear-stressmodel, developed byMenter
[21], is chosen for this computational study ultimately. Shear stress transport k-ω model
combine the robustness of k-ω near walls and also great capabilities of k-ε away from
walls.
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Grid independence is investigated by making coarse, medium and fine meshes with
around 15 million, 23 million and 35 million cells and it is made sure that the effect
of mesh changes on results is negligible for final mesh selected. Finally a very fine
structured hexahedral mesh having 35 million cells is selected as the final mesh for
analysis purpose. First wall distance for whole mesh is 0.002 mm with growth rate of
1.2. Mesh is made even finer near vortex generators by having growth rate of 1.1 around
VGs. Smooth transition is made for mesh moving away from the VGs location in all
directions. Meshing is done by making separate O-grids on VGs and train model under
analysis, so that precise results can be obtained. Figure 5 shows views of the mesh used
for analysis purpose.

Fig. 5. Mesh views (a) Mesh around VGs (b) Mesh around complete train model

Boundary conditions used for the analysis of present train model are according to
the working conditions of one of the fastest CRH high speed trains, when it moves at



102 A. Aziz et al.

its top speed. Density based solver is used for analysis showing that the flow under
consideration is of compressible nature. As flow is considered compressible, so it is
always preferable to use pressure far field boundary conditions at inlet and outlet of the
domain with Mach number of 0.326. Bottom wall is set as slip wall moving at velocity
of 111.1 m/s, showing top speed working conditions of the train model under analysis.
Constant velocity is given in boundary conditions in order to avoid fluctuations due to
velocity changes in boundary conditions. Symmetry boundary condition is given to the
symmetry dividing the train model longitudinally into half because the other side of
train model is mirror symmetry. The right side (observed from inlet) and top side of
the far field domain are also given symmetry boundary conditions because these sides
encounter same flow. Train and VGs are treated as stationary wall. Size of the far field
can be checked from Fig. 6.

Fig. 6. Boundary conditions on flow domain
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5 Results and Discussion

Both counter-rotating and co-rotating configurations of VGs are tested in order to get
the best possible results. It is found that counter-rotating VGs both in convergent and
divergent configurations do not work very well in drag reduction but co-rotating VGs
placed parallel to the flow are able to reduce pressure drag significantly. Three different
shapes of co-rotating VGs are analyzed and parameterization of size is also done for best
results. Spacing for VGs is set as 0.2δ (20% of boundary layer thickness of train model).
The results of all cases can be observed from Fig. 7. For VG length change investigation,
a height of 0.2δ is fixed and for height change analysis, length equal to boundary layer
thickness of train model (δ) at VGs location is used for analysis. VG spacing was same
for all cases.

VGs perform best at a particular height and length. Location of VGs also matters a
lot. Details of changes in pressure drag coefficient, viscous drag coefficient and total drag
coefficient of train model by addition of VGs can be checked from Table 1. Here h/δ and
L/δ are non-dimensional height and length of VGs shown as a portion of boundary layer
thickness (δ) of the train model at VGs location. �Cdp represents change in pressure
drag coefficient of train model, �Cdv shows change in viscous drag coefficient of train
model and �Cd shows change in total aerodynamic drag coefficient of present train
model respectively, after installation of VGs on train model.

Many sizes and shapes of VGs are tested using RANS equation and simulations
are performed to get results. The results show that increase in length of VGs make the
vortices stronger and reduces more drag but after a particular length, the impact of these
vortices starts to shade away and their effectiveness in reducing drag becomes lower.
Same is the case with height. VGs perform best at a particular height and increasing or
decreasing the height can make vortices less impactful and reduce VGs effectiveness.
Results show that all three configurations of VGs are able to reduce aerodynamic drag
but triangular VGs are the best for present train model reducing 1.03% of total drag of
train model. Trapezoidal VGs have also shown good results by reducing 0.92% of total
drag and rectangular VGs reduced drag by 0.85% of train model under analysis. The
trends in change of drag coefficients with all three configurations are not much different
but values of these drag coefficients are different for different configurations. Length of
value equal to boundary layer thickness (δ) and height having value of 20% of boundary
layer thickness (0.2δ) have shown the best results out of all the performed cases.

Comparison of pressure coefficients can be used as a criteria to judge the effectiveness
of VGs. The purpose of VGs is to cause an increase in pressure coefficient. Comparison
of the pressure coefficients at different locations after flow has passed VGs has been
made. These contours show pressure coefficient distribution at top and bottom surface
of the train model under analysis.
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Fig. 7. Drag coefficient changes (a) with VG length (b) with VG height

Figure 8 is the distribution of pressure coefficients against non-dimensional z-
coordinate (z/H) of train model at different locations after the flow has passed VGs.
VGs are installed at x/H = 64.33. Comparing the pressure coefficient distribution just
after VGs installation location at x/H = 64.66, it can be noticed that the pressure coef-
ficient curve has moved to lower values, showing decrease in static pressure just after
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Table 1. Percentage change in drag coefficients with length and height of VGs

Shape h/δ L/δ �Cdp �Cdv �Cd

Rectangular 0.2 0.2
0.4
1
1.4

−3.28%
−8.28%
−13.1%
+ 1.1%

+0.01%
+0.02%
+0.07%
+0.09%

−0.22%
−0.54%
−0.85%
+0.16%

0.1
0.2
0.6

1 −7.4%
−13.1%
−4.27%

+0.031%
+0.07%
+0.21

−0.48%
−0.85%
−0.084%

Triangular 0.2 0.2
0.4
1
1.4

+ 2.85%
−8.63%
−16.11%
−1.5%

+0.014%
+0.03%
+0.055%
+0.061%

+0.2%
−0.57%
−1.03%
−0.041%

0.1
0.2
0.6

1 −8.58%
−16.11%
−10.1%

+0.023%
+0.055%
+0.16%

−0.57%
−1.03%
−0.54%

Trapezoidal 0.2 0.2
0.4
1
1.4

−0.72%
−1.9%
−14.45%
−2.54%

+0.039%
+0.022%
+0.076%
+0.097%

+0.29%
+0.15%
−0.92%
−0.08%

0.1
0.2
0.6

1 −0.26%
−14.45%
−5.75%

+0.038%
+0.076%
+0.171%

+0.056%
−0.92%
−0.22%

the VGs. This curve shows that low pressure region is created just after the VGs. This
low pressure region increase drag. Here x/H and z/H are non-dimensional distances in
x-direction and z-direction of the train model with respect to the reference height of the
train model (3 m).

Curves for pressure coefficients further away from the VGs at x/H = 66 and at x/H
= 66.66, illustrate the fact that pressure coefficients are increasing due to the presence of
vortex generators. This is a positive effect for delaying flow separation. At x/H= 67.66,
near tail end, it can be observed that there is a significant increase in pressure coefficients
at that region. This increase in pressure coefficients show reattachment of the flowwhich
delays the flow separation, hence drag decreases. Increase in static pressure at the rear
end causes back pressure to increase thus it gives benefits of narrowing separation region
and also increase flow pressure at separation [23, 24]. The increase in drag due to low
pressure region just after VGs is compensated by more increase in static pressure region
near point of separation and hence the overall drag due to VGs is reduced and overall
effect is beneficial.

The values of pressure coefficients are shown negative here because zero Pascal
pressure is set at inlet and outlet whereas reference pressure is set as 101325 Pa.
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Fig. 8. Pressure distribution at different locations (a) x/H = 64.66 (b) x/H = 66 (c) x/H = 66.66
(d) x/H = 67.66

6 Conclusion

Vortex generators kept in co-rotating configuration at zero degree to the flow and parallel
to each other is the best configuration for VGs installation on present high speed train
model. Spacing of the VGs should be good enough to get good performance. Very less
spacing causes the vortices to diminish. Counter-rotating configurations, both convergent
and divergent, do not work very well on present model of high speed train. Best results
are obtained by using triangular VGs, followed by trapezoidal VGs and then rectangular
VGs have their beneficial effect. It is also noted that drag reduction is maximum around
VGs height of 20–25% of boundary layer thickness (0.2δ–0.25δ) for present train model
and further increase adds more viscous drag than reducing pressure drag. The length of
VGs should be almost equal to boundary layer thickness in order to get maximum drag
reduction. The designed VGs have created low pressure region at their location on train
model but also created even more high pressure region further away from installation
location, near separation point, which reattach the flow. This reattachment of flow cause
the separation point to move downstream and aerodynamic drag is reduced. The present
analysis shows that installation of VGs on high speed trains can save a lot of electricity
consumption by high speed trains. A small reduction in high speed train drag matters,
as they are heavy duty trains and millions of Kilowatt-hours (KWh) electricity can be
saved every year by using well designed VGs on high speed trains.
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Abstract. Due to the continuous rainfall, concentrated rainstorm, earthquake and
so on caused by the rainy season and typhoon, the accidents caused by falling stone
from hillside to road occur frequently. From these accidents, the opportunity to
devote to the cause of falling stone countermeasures is improving. In the cause of
falling stone countermeasures, road disaster prevention inspection and field inves-
tigation play a very important role. Selection of the survey areas and conduction
the field survey is important on the project of falling rock measures. However, it is
concerned that oversight of falling rock sources and waste of time at field survey,
because of the diagram that cannot express the earth surface correctly. Also, it is
difficult to express all data in a diagram made by aerial laser surveying although it
is good at expression of the earth surface properly. So, we made micro topography
highlight map to express the change in terrain finely and emphasize the steep cliff
by combining diagrams. In this study, we extracted falling rock source on the desk
and survey the selected area by micro topography highlight map. In addition, we
verify its result by point cloud data. As a result, we report that we were able to
extract steep cliffs of 1.4 m or more in height and 60° or more in terms of angle.

1 Introduction

In recent years, due to the continuous rainfall, concentrated rainstorm, earthquake and so
on caused by Plum rains period and typhoon, the accidents caused by falling stone from
hillside to road occur frequently. In the cause of falling stone countermeasures, road
disaster prevention inspection and field investigation play a very important role. Now, in
order to select the place of road disaster prevention and inspection, the source of falling
stone is extracted by aerial photo interpretation, but it is difficult to extract the source
of falling stone from the aerial photo of lush vegetation. Therefore, it is a problem to
omit the source of falling stone during inspection. In addition, due to the poor accuracy
of the source of falling stone in the part of the subject, it may take a lot of time to carry
out the investigation. As one of the methods to solve the problem, the manufacture of
high precision drawings to capture the changes of micro terrain can be given. It can be
considered that the efficiency of inspection and field investigation without omission and
omission can be realized by extracting the location of the source of falling stone on the
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J. An et al. (Eds.): GeoChina 2021, SUCI, pp. 109–116, 2021.
https://doi.org/10.1007/978-3-030-79641-9_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79641-9_8&domain=pdf
https://doi.org/10.1007/978-3-030-79641-9_8


110 Y. Zhang et al.

table in advance. In this study, the steep terrain below altitude is defined as the source
of falling stone. By confirming the consistency between the results of table extraction
based on high precision drawings and the local results, the possibility of table extraction
of the source of falling stone is verified.

2 Purpose and Research

Establish an efficient and accurate inspection method for the source of falling rock.

• Method: Aerial laser surveying and microtopographical emphasize analysis for laser
data

• Map: Microtopograph highlight map
• Validation items and research contents:

(1) Extraction of target parts on desk by using current inspection record
(2) Field survey and confirmation the validity of the map
(3) Evaluation of the extracted target by using laser data

3 Measurement Method

Utilization of Aeronautical Laser

• Three-dimensional measurement by the nonprism-lasersnan.
• Using a helicopter, the measurement point increase.
• Following processing is done on the data (Figs. 1 and 2).

Fig. 1. Imaging diagram of aeronautical laser measurement
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Fig. 2. Measuring helicopter

As amethod of making high precision drawings to represent microtopography, aerial
laser measurement is used. Aerial laser measurements can accurately capture the ups and
downs of the surface even in the mountainous areas where the trees are located. In this
study, the DEM data with 0.5 m interval are compiled from the aerial laser measurement
data.
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4 Map Overview

Fig. 3. Contour map

Contour Map

Contour map is a curve on a map
that draws a trajectory that connects
to the same elevation (Fig. 3). In
the dense performance, the oblique
plane from the low angle to the mid-
dle angle is easier to understand, but
because it cannot show the topo-
graphic change points between the
contours, it is sometimes impossible
to judge the micro-topography of the
mountain path and so on.

Fig. 4. Inclination-amount map

Inclination-Amount Map

Inclination-amount map is an
image that calculates the tilt of
each pixel of the grid data and
changes the brightness according
to that value to represent the ter-
rain (Fig. 4). This represents the
tilting of the maximum tilt direc-
tion from the adjacent 9 points to
the plane best described by the
central point using the least square
method (Fig. 5). The steep slope
is bright (white) and the gentle
slope is dark (black). The steep
cliff can be extracted as the source
of falling stone.

Fig. 5. Inclination-amount
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Laplacian Map
Laplacian map is an index to represent the concavity and convexity of terrain and the
sharp change of tilt in grid data. Contrary to ridge valley degree, concave terrain is
represented on the positive side (higher than around the target point) black, and convex
terrain on the negative side (lower than around the target point) pink (Fig. 6).

Fig. 6. Laplacian map

Microtopography Highlight Map
In the microtopographic representation monomer, it is difficult to extract the source of
falling stone.

Microtopography highlight map

Contour map 

+

Inclination-amount map 

+

Laplacian map 

• Each disadvantage will be supplemented
• Retaining the advantage of each maps (Fig. 7)



114 Y. Zhang et al.

Fig. 7. Microtopography highlight map

5 Result

Fig. 8. Survey of land

The survey site is near otukusawa,
North District of Okayama, No.
53 General National Highway of
Okayama (Fig. 8). In order to investi-
gate the road to prevent falling stone,
the area where the rock may fall
directly from the slope is selected.

Extraction of Target Parts on Desk
Current inspection record were used as material for the extraction on the map (Fig. 9).

• Can create the map which express whole area.
• The reddish parts tended to mark as a target part.
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Fig. 9. Marked map. Current inspection record

Field Survey and Confirmation on the Validity of the Map
The images of the parts where each area corresponds to the individual survey result
indicated in low right with color circle are shown.

• Can extract the source of falling rock.
• Various terrain (steep slope or hollow) were extracted.
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Evaluation of the Extracted Target by Using Laser Data
We graphed the relationship between the relative height and inclination angle by using
base laser data.

• The source of falling rocks more than 60° was extractable in the map.

6 Conclusion

The following conclusions were obtained.

• Can create drawings from the laser data that can see the whole of the target mountain.
• The created map can extract the source of falling rocks more than 60°.
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