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Investigation on the Dynamic Response m
of a High-Speed Railway Tunnel Located | @i
Beneath an Airport Runway and Uneven
Settlement of the Runway

Feizhi Xiao, Jizhong Yang, and Yao Shan

Abstract The rapid development of the high-speed railways and air transportation
networks is leading to an increasing demand of the combination of these two modes of
transport. Some modern integrated transport hubs have been operated, and at least 32
airports in China are planning to combine air transportation with high-speed railway
transportation. To realize the “seamless transfer” between the airport and the high-
speed railway station, some high-speed railways were constructed beneath airport
runways. It is necessary to study the dynamic interaction between these two kinds
of infrastructures. Based on a project with a high-speed railway tunnel beneath an
airport pavement in south China, an aircraft-runway interaction model and a vehicle-
tunnel-foundation coupling model are proposed to investigate the dynamic response
of the complete system. In this paper, the cumulative plastic deformation of the
airport runway caused by the dynamic load of high-speed trains is comprehensively
predicated. The influence of the aircraft dynamic load on the deformation of the
tunnel and the operation safety of high-speed trains is investigated. The results show
that the settlement of airport runway rises to 9.80 mm after ten years of operation of
the high-speed railway. The amplitudes of the vertical and horizontal displacement
of the tunnel affected by the aircraft dynamic load are 0.192 mm and 0.099 mm,
respectively. The rate of wheel load reduction of the high-speed train is not evidently
excited by the aircraft dynamic load.
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1 Introduction

With the development of China high-speed railway and expansion of urban areas
in recent years, the development of comprehensive transport hubs has become an
increasing concern in large cities. Comprehensive transport hub integrates multiple
modes of transportation, such as railway, aviation and urban transportation. Some
high-speed railway tunnels inevitably passed under the existing airports. Both
aircrafts and high-speed trains have high requirements for infrastructure deforma-
tion. Thus, it is necessary to investigate the construction, and operation requirements
are met in the intersection between the airport runway and the high-speed railway.

In recent years, several constructions of tunnels beneath airport runways were
carried out. Most of them were highway tunnels and subway tunnels with an operation
speed of less than 100 km/h. There is still no precedent of a high-speed railway with a
speed of 350 km/h passing under the airport. Previous studies concerning the tunnels
constructed beneath the airport mainly concentrated on the following two aspects.

Based on the strict criteria of foundation deformation of the airport, the influence
of the tunneling on the deformation of the airport infrastructure has been widely
investigated. Gao et al. [1] monitored the variation of the plane curvature of the apron
and the differential settlement of the pavement plates by an in-situ test. Xiao and Lai
[2] analyzed the airport runway settlement and surrounding soil disturbance caused
by shield tunneling. The reasonable buried depth of the shield tunnel was proposed.
With the similar methodology, the settlement characteristics of the airport pavement
due to the tunnel construction have been investigated [3—5]. Wei [6] utilized a finite
element analysis (FEA) model to analyze the effect of train load on the vibration
characteristics of the tunnel and of the airport runway. The results indicated that the
main stress of the tunnel increased, and the vertical displacement decreased with the
increase of buried depth.

Otherwise, some researchers indicated that the impact load of the aircraft played
an important role on affecting the service performance of the tunnel structure. Based
on a modern integrated transport hub in east China, Zhang et al. [7] analyzed the
stress of the tunnel under the aircraft load. Gao et al. [8] used an FEA model to
calculate the dynamic response of the tunnel structure under the moving aircraft
load. The displacement and tunnel lining stress were employed as criteria.

In view of the above, two main issues were mainly concerned in existing research
works: (1) the deformation of the airport pavement due to the tunnel construction
and the long-term dynamic train load; (2) the influence of the impact load of the
aircraft on the construction safety and service performance of the buried tunnel.
However, the operation speed of the rail transit tunnel was limited to 100 km/h
in previous cases. To investigate the dynamic interaction between the high-speed
railway tunnel (350 km/h) and the airport runway, an aircraft-runway interaction
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model and a vehicle-tunnel-foundation coupling model are proposed in this paper.
The long-term settlement of the runway due to the dynamic train load is predicated
as well as the effect of aircraft load on the operation safety of the high-speed train.

2 Background

A high-speed railway tunnel is planned to be constructed beneath an airport runway
in south China. The railway is a double line passenger dedicated line with a design
operation speed of 350 km/h. The tunnel is 15.5 min width and 12.7 min height. There
is an underground transfer hall in front of the terminal to realize convenient transfer
between the railway station and the airport. The layout of these two infrastructures
and the distribution of the strata are illustrated in Fig. 1.

The width of the runway is 60 m. The buried depth of the tunnel is 10 m, and the
tunnel bottom is located in strongly weathered granite.

This is the first case around the world that the high-speed railway tunnel with an
operation speed of 350 km/h constructed beneath the airport runway with shallow
buried depth. Compared with the existing underpass cases, the irregularity control in
this case is stricter. The train loads in higher frequencies may lead to greater ground
settlement and affect the operation safety of the aircraft. Thus, it is necessary to
investigate the safety of the intersection. In addition to the two aspects concerned
in the existing research works, the stricter criteria of the track irregularity is another
significant issue needed to be paid attention to.

R |

Soft soil

Runway

i
i Tunnle Silty clay
I

mmmmmmm e e e - S — - e e Completely weathered granite
Strongly weathered granite
l Weakly weathered granite

Fig. 1 Layout of runway and tunnel and the distribution of the strata. a Sketch of railway and
airport. b Cross section of high-speed railway tunnel
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3 Long-Term Settlement of the Runway Due
to the Dynamic Train Load

To investigate the influence of the high-speed train load on the deformation of airport
runway, a vehicle-tunnel-foundation coupling model is proposed. The high-speed
train load is applied to obtain the deviatoric stress in the soil. Combined with the
cumulative plastic strain model of the soil, the uneven settlement of the ground is
calculated.

3.1 Model

A FEA model of the vehicle-tunnel-foundation system is realized in software MIDAS
GTS (refer to Fig. 2). Lv et al. [9] indicated that the length of the model in the
horizontal direction should be longer than 8 times the diameter of the tunnel to
prevent the wave reflecting. To guarantee the calculation accuracy, the length, the
width and the height of the model are chosen as 200 m, 120 m and 52 m, respectively
(refer to Fig. 2). According to results in the literature [10], the size of the finite
elements should be smaller than the 1/6 of minimum wavelength of the shear wave
in different soil strata. Considering the calculation efficiency, the mesh size of soil
in the vicinity of the tunnel is chosen as 1.4 m.

The tunnel, soil, airport runway and track slab are simulated by three-dimensional
solid elements. The vehicle system is established based on multi-body dynamics. The
coupling between the vehicle system and the track is realized by wheel-rail contact
forces. The linear elastic model is used for tunnel, airport runway and track slab. The
Mohr—Coulomb model is used for soil.

In the dynamic analysis of the model, the reflection of the wave is generated at the
boundary of the model, thus affecting the correctness of calculation results. To elimi-
nate the influence of boundary, the three-dimensional viscoelastic artificial boundary
around the periphery of the model is utilized to simulate the soil in semi-infinite space.
It is realized by adding a parallel spring damping system to the boundary nodes and
setting the tangent and normal spring stiffness and damping coefficient. According

Adrport runway

Filling Apron fill

Saft sail

Tunnel Iilh:g_

Silty elay

Tunnel invert Completely weathered granite

mgly weathered granite

Weakly weathered granite

Middle line

Fig. 2 Vehicle-tunnel-foundation FEA model



Investigation on the Dynamic Response of a High-Speed Railway ... 7

to the recommended coefficients [11], the modified coefficients of viscoelastic arti-
ficial boundary in tangential and normal directions are chosen as 0.67 and 1.33,
respectively.

3.2 Analysis of Calculation Results

Model Parameter. Parameters of the soil strata and of the slab track (CRTS I double
block) are listed in Tables 1 and 2, respectively.

Wheel/rail force. CRH380 series electric multiple units (EMUs) are temporarily
recommended for the train of this line with a maximum operation speed of 350 km/h.
The vehicle model is illustrated in Fig. 3, and the vehicle parameters are shown in
Table 3.

The German low interference spectrum of the track irregularity is used as the
excitation of the system. The calculated wheel-rail contact force as a function of the
time is shown in Fig. 4.

Results. To simulate the process of train passing through tunnel, the calculated
wheel-rail contact force is applied on the FEA model of runway-soil-tunnel system.
The traffic of the high-speed railway line consists of approximately 50 trains per day,
including 34 low-speed (80 km/h) trains and 16 high-speed (350 km/h) trains. The
deviator stress field of the foundation subjected to the passing trains with different
operation speeds is calculated by utilizing the vehicle-tunnel-foundation coupling

Table 1 Parameters of soil stratification

Classification Parameter Thickness (m)
E (MPa) G (MPa) n

Runway cement concrete 35,000 15,217.4 0.15 0.4
Cement-stabilized macadam base 400 166.7 0.2 0.38
Apron filling 100 40 0.25 6.8
Filling 120 49.2 0.22 10
Soft soil 30 11.1 0.35 2.14
Silty clay 60 23 0.3 7.9
Completely weathered granite [12] 50 19.2 0.3 5.17
Strongly weathered granite [12] 150 60 0.25 7.04
Weakly weathered granite [12] 400 166.7 0.2 7.4

Table 2 Parameters of slab track

Specifications E (MPa) "w Density (kg/m?®)
Rail 60 kg/m 206,000 0.3 7800
Slab - 36,500 0.17 2500
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Bogiel
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Wheel2
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Fig. 3 Vehicle rail coupling model
Table 3 Vehicle parameters
Parameter Value Parameter Value
Mass of the vehicle body 33,766 kg Stiffness of secondary 2291 kN/m
suspension
Mass of the bogie 2400 kg Damping of primary 196 kN s/m
suspension
Mass of the wheelset 1850 kg Damping of secondary | 1174 kN s/m
suspension
Pitch inertia of the vehicle body | 186700 kg m?* | Bogie semi-pivot 8.75m
spacing
Pitch inertia of the bogie 1753 kg m? Bogie semi-wheelbase 1.25m
Stiftness of primary suspension | 2352 kN/m
Fig. 4 Wheel-rail contact 160 T T

force

il

Wheel/rail vertical force/kN

Time/s
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Fig. 5 Deviator stress at different position. a Deviator stress at the middle line. b Deviator stress
at 10 m from the middle line. ¢ Deviator stress at 20 m from the middle line

model. The deviator stresses of the soil as functions of the depth beneath the tunnel
are shown in Fig. 5. The corresponding position of each figure is shown in Fig. 2.
The deviator stress can be used to calculate soil cumulative plastic strain with
regard to a certain number of cyclic train loads. Then, the differential settlement of
airport runway can be obtained by integrating soil strain along the depth [13]. The
soil cumulative plastic strain model improved by Li and Selig [14] is employed,

‘, =a(@) NP, (1)
Os

where ¢, is the cumulative plastic strain (%); a, b and m are the parameters for
soil type, soil properties and stress state, respectively; oy is the deviator stress; oy is
the soil static strength; N is the number of repeated load applications. Parameters a,
b and m are chosen based on the laboratory tests [14].

The foundation differential settlements along the runway in cases with different
operation periods are shown in Fig. 6. The magnitudes of the differential settlements
along the runway with operation periods of 0.5 year, 1 year, 3 years, 5 years and
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Fig. 6 Ground settlement evolution after different operation periods

10 years are 5.71 mm, 6.60 mm, 7.89 mm, 8.65 mm and 9.80 mm, respectively. Both
the criterion of the total foundation settlement and the criterion of the differential
settlement listed in the “Code for Geotechnical Engineering Design of Airport” are
met.

4 Influence of Aircraft Load on Service Performance
of the Tunnel and the Operation Safety of the High-Speed
Trains

The take-off and landing loads of aircraft may cause large deformation and addi-
tional stresses of tunnel linings, which directly affect the structure durability and the
operation safety of the passing trains, e.g., the rate of wheel load reduction.

4.1 Deformation and Stresses of the Tunnel Linings Under
Aircraft Loads

Based on the model described in Chap. 3, the impact load of the aircraft is applied
to predict the structural deformation. The buried depth of the tunnel is 10 m, and the
compactness of the backfill above the tunnel is chosen as 96%. The FEA model is
shown in Fig. 7.

Figure 8a shows the lining deformation of the tunnel in the most unfavorable
position under the aircraft load. The overall deformation diagram of the tunnel is
shown in Fig. 8b. The results reveal that the deformation of the tunnel bottom is
relatively small, while the maximum deformation of structure is observed on the
tunnel top.
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psiss/ |

Fig. 8 Deformation of the tunnel. a Deformation in the cross section. b Overall deformation of
tunnel

The amplitudes of the deformations and stresses of all measuring points are listed
in Tables 4 and 5. The maximum vertical deformation of the tunnel is 0.192 mm,
and the maximum horizontal deformation is 0.099 mm. Under the impact load of the
aircraft, the deformation of the tunnel structure is very small. The maximum principle

Table 4 Maximum deformation of measuring point
Point D1 D2 D3 D4 D5
Maximum vertical deformation/mm 0.154 0.156 0.192 0.178 0.179
Maximum horizontal deformation/mm 0.066 0.081 0.076 0.099 0.071

Table 5 Maximum stresses of measuring point
Point | S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
o1/kPa | 39.8 | 529 256 | 455| 454 | 514 442 | 739 23.0 | 79.0
o3/kPa | —58.4 | —46.0 | —114.1 | —33.7 | —=95.8 | —83.5 | —129.0 | —41.0 | —113.4 | —93.8
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stress (o7) is 79.0 kPa, and the minimum principal stress (o3) is —129.0 kPa. The
effect of the aircraft load on the service performance of the tunnel is not obvious.

4.2 Dynamic Response of the Track Due to the Aircraft Load

A multi-body dynamic model is employed to investigate the tire—pavement interac-
tions during the aircraft taxiing. The maximum take-off mass of the Boeing 747-400
aircraft is approximately 398 t, and the aircraft taxiing speed is chosen as 260 km/h.
The dynamic simulation model of B747-400 is illustrated in Fig. 9.

With the excitation of the Class-A highway spectrum, the dynamic tire—pavement
contact forces are obtained. The vertical force of a single tire of the main landing
gear during the taxiing process before the take-off is shown in Fig. 10:

The impact force of the aircraft directly affects the dynamic irregularity of the
high-speed track. The most unfavorable condition was selected to investigate the
dynamic response of the track. When the Boeing 747 is passing over the tunnel, the
high-speed train is passing through the tunnel with a speed of 350 km/h. The wheel

Fig. 9 Dynamic model of aircraft

Fig. 10 Vertical force of a 350
single tire
300
250 1
200 A

150 1

Vertical force/kN

100 +

50

0.5 1.0 1.5 20 2.5 3.0
Time/s
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Fig. 11 Rail vibration displacement and velocity. a Rail vibration displacement. b Rail vibration
velocity

load reduction rate is calculated to evaluate the operation safety of the high-speed
train.

Figure 11a shows the rail vertical displacement as a function of the time. When
the aircraft is approaching the top of the tunnel, the vertical deflection of the rail
is amplified. The maximum value of rail displacement rises to 0.14 mm. The rail
deflection decreases when the aircraft leaves the tunnel.

Figure 11b shows the vertical velocity of the rail as a function of the time. The
amplitude of the velocity is approximately 0.0013 m/s.

According to the vehicle—track coupling model, the displacement and the velocity
of rail are utilized to calculate the wheel-rail contact force. Then, the rate of wheel
load reduction r is obtained by

L ®
r=1-——,
P,

where Py is the dynamic wheel-rail contact; P is the static wheel load.

The time history curve of the wheel load reduction rate during the first vehicle
of CRH380 EMUs passes through the tunnel at a speed of 350 km/h is illustrated in
Fig. 12. Although the vertical deflection and velocity of the rail are changed when
the aircraft passes over the tunnel, the variation of the vertical force is not obvious.
Figure 12b shows that the aircraft load has small effect on the wheel load reduction
rate. Therefore, the take-off and landing of aircraft have no obvious influence on the
operation safety of the high-speed railway.

5 Conclusion

In this paper, a series of FEA simulations are carried out to investigate the inter-
actions between a buried high-speed railway tunnel and an airport pavement based
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on an intersection project in south China. The long-term settlement of the runway
foundation due to the dynamic train load is predicted as well as the effect of aircraft
load on the operation safety of the high-speed train. Three conclusions can be drawn:

1.

Under the long-term cyclic loads of the high-speed train, the settlement trough
along the runway is generated. Both the criterion of the total foundation settle-
ment and the criterion of the differential settlement listed in the “Code for
Geotechnical Engineering Design of Airport” are met after 10 years’ operation
of the high-speed railway.

Under the long-term aircraft loads, the maximum vertical and horizontal defor-
mations of the tunnel are 0.192 mm and 0.099 mm, respectively. The influence
of the aircraft load on the service performance of the tunnel is very small.

The impact force of the aircraft on the pavement has limited effect on the deflec-
tion and the vertical velocity of the track. The wheel load reduction rate of the
high-speed train is stable during the take-off and the landing of aircraft.
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Influence of Shield Slurry Property m
on Filter Cake Quality in Sand Stratum ek

Weitao Ye, Longlong Fu, and Shunhua Zhou

Abstract Slurry preparation and pressure maintenance of slurry balance shield
should be carefully treated during tunneling in complex sand stratum. On basis of
the slurry shield tunnel project in Fuzhou, slurry pressure was determined by two
different theoretical methods. Then, an indoor test was conducted to explore the
influence of constituents on slurry property. The influence of slurry properties on
filter cake forming process under different slurry pressure was also analyzed through
slurry penetration test. The test results indicate that the bentonite and silt soil had
dominated influence on relative density, while the bentonite and CMC had dominated
influence on viscosity. It is found that the water discharge, which is the index to eval-
uate the effect of filter cake, decreases firstly and then increases as slurry relative
density increases. The water discharge also decreases as slurry viscosity increases.
Meanwhile, the influence of viscosity on the water discharge was found less than
that of relative density. Finally, a segmented slurry control scheme suitable for sand
stratum in Fuzhou was presented.

Keywords Slurry shield - Slurry property + Slurry penetration test - Filter cake *
Water discharge

1 Introduction

Slurry shield is widely used in tunnels beneath rivers or in high permeable strata [1,
2]. When the property of shield slurry is suitable for the strata, a filter cake is formed
on the excavation face which is significant to maintain the stability of the face during
tunneling. Otherwise, the slurry particles will flow away through the pore which may
result in potential instability of the excavation face [3—5]. Therefore, the focal point
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in slurry shield tunneling is to prepare a kind of high-quality slurry to hold effective
support pressure on the excavation face.

Currently, the slurry used in slurry shield mostly consists of water and bentonite.
Sometimes additives are used in order to enhance the property of the slurry. There are
different kinds of additives that include polyanionic cellulose (PAC), carboxymethyl
cellulose (CMC), polyacrylamide and other polymers for different functional require-
ments [6, 7]. Fritz [8] found a combined action of all additives including Caebocel
C190, bentonite, sand and vermiculite for the successful construction of Zimmerberg
Base Tunnel. Cui [9] found a kind of additive called biodegradable pregelatinized
starch (PGS) which is harmless to the environment.

With the above constituents, the key point is to determine the suitable components
and corresponding proportion of the slurry. It is an effective way to evaluate the
performance of filter cake through water discharge [10-13], pore pressure [14] and
the form of filter cake [15, 16] by slurry penetration tests. It is believed that the
water discharge decreases with the increase of slurry viscosity and relative density
which is the mass of a substance divided by the mass of the same volume of water.
Correspondingly, the conversion of pore pressure is more effective. In addition, it
is revealed that sand stratum is mainly filled by small bentonite and clay particles,
and gravel stratum is filled by cluster of slurry particles. However, the influence of
slurry properties on the filter cake quality is so far explored by single factor analysis
according to the existing studies.

In this paper, the combined effect of slurry relative density and viscosity is synthet-
ically considered. Meanwhile, the role of slurry relative density and viscosity on
the form of filter cake is analyzed after the tests. Then, a segmented slurry control
scheme is given and applied in site, which proved that the proposed slurry proportion
is suitable to the sand stratum in Fuzhou.

2 Engineering Background and Slurry Pressure Setting

2.1 Engineering Background

The interval between Jinxiang Station and Xiangban Station is shown in Fig. 1
which is 1580 m long. Slurry shield passes through the medium-coarse sand layer
in the section near the station and the silt soil layer under the river which has high

Fig. 1 Strata profile of shield tunneling construction in Fuzhou
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requirements for the construction control of the shield and the preparation of the
slurry.

2.2 Slurry Pressure Setting

Static earth pressure theory and Terzaghi loosening earth pressure theory are used
to calculate the earth pressure of the first 600 rings in Jinxiang—Xiangban interval.
In the section of deep soil layer, it is useful to calculate earth pressure by Terzaghi
loosening earth pressure theory, while static earth pressure theory can be used to
calculate earth pressure for thin soil layer across the river.

Horizontal static earth pressure can be calculated by

oy =Po+ Y vihi

where Py is surface load, y is the unit weight, and # is the soil depth.
Terzaghi loosening earth pressure can be calculated by

_Blr - C/B')(1 e KungZ/B) | po—Kunpz/s
K tan ¢

v

where K is the lateral soil pressure coefficient, c is the cohesion force of soil, ¢
is the internal friction angle of soil, B is the width of Trapdoor, and Z is depth of
tunnel.

Based on the full earth pressure theory, the earth pressure can be calculated
according to the stratum parameters of Jinxiang—Xiangban interval in Fuzhou.
Considering water pressure and building pressure, the final slurry pressure is shown
in Fig. 2.

3 Shield Slurry Preparation

3.1 Laboratory Test

Laboratory test is designed to explore the influence of different materials and propor-
tion on slurry relative density and viscosity. Shield slurry used in the tests consists of
bentonite, silt soil and carboxymethylcellulose which is called CMC for short. The
use of silt soil from the tunnel in Fuzhou is for green and economic recycle.

In order to explore slurry properties under different materials and proportion, five
groups are designed by controlling variable method which focus on the changes of
slurry relative density and viscosity. The results are taken for 1 h and 1 day.
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Fig. 2 Slurry pressure of Jinxiang—Xiangban interval

3.2 Influence of Materials on Shield Slurry
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Itis shown in Fig. 3 that slurry relative density increases with the increase of bentonite
and silt soil. By tests#1, #2, #4 and #5, the effect of bentonite on slurry relative density
is slightly greater than that of silt soil, which is due to the deposition of some coarse
particles from silt soil. Meanwhile, slurry standing time has little effect on slurry

relative density.
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As shown in Fig. 4, slurry viscosity increases with the increase of bentonite and
CMC. It is seen from test#3 that the effect of CMC on slurry viscosity is remarkable.
By test#5 and #6, silt soil has little influence on the increase of slurry viscosity. By
test#1, test#2 and test#3, CMC and bentonite have synergistic effect on the increase of
slurry viscosity. Meanwhile, slurry standing time has great effect on slurry viscosity.
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4 Slurry Penetration Test Design

4.1 Experimental Apparatus

A self-made device is adopted in slurry penetration tests which is shown in Fig. 5.
The main body of the device is an organic glass cylinder whose inner diameter is
14 cm and height is 30 cm. The upper part of the device is an aluminum plate which
is connected to the external air compressor by an outlet hole. The bottom of the
device is provided with a water outlet hole, and the filtration water is collected by
measuring cup in the test and weighted by electronic scale constantly. The materials
in the device are divided into three layers from bottom to top which include gravel
cushion, coarse sand and slurry.

4.2 Experimental Materials

Initial shield slurry is made with water and bentonite. Then, silt soil is added to the
slurry to adjust relative density, while CMC is added to the slurry to adjust viscosity.
The stratum material is from medium-coarse sand stratum in Fuzhou whose sand
grains gradation is shown in Fig. 6.
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4.3 Experimental Procedure

Follows are the methods of the laboratory tests. First, prepare slurry and make it
fully hydrated. Second, configure the middle coarse sand in the test. The sand is put
into the cylinder by five parts. Third, saturate the middle coarse sand and set still
for 12 h. After the completion of saturation, fill the container with the slurry. Forth,
apply preset slurry pressure, and each stage lasts 3 min. During the tests, record the
filtration water discharge each 10 s.

4.4 Experimental Scheme

The effects of slurry pressure, relative density and viscosity are studied by factorial
design. There are 16 groups divided by slurry relative density and viscosity which
are shown in Table 1. According to the pressure calculated in the second section, the
test pressure is divided into four levels from 0.1 to 0.4 MPa. Besides, the relative
density deviation is controlled at £0.01, and the viscosity deviation d is controlled
at =1 s.

Table 1 Experimental scheme under different experimental factor

Group | Relative density | Viscosity (s) | Bentonite (g) | Siltsoil (g) | CMC (g) | Water (g)
1 1.05 18 60 125 0.6 1000
2 1.05 22 60 100 1 1000
3 1.05 26 60 120 22 1000
4 1.05 30 60 125 32 1000
5 1.12 18 80 550 0.3 1000
6 1.12 22 80 450 0.4 1000
7 1.12 26 80 480 2.6 1000
8 1.12 30 80 460 3 1000
9 1.18 18 80 700 0.1 1000
10 1.18 22 80 850 0.3 1000
11 1.18 26 80 800 0.8 1000
12 1.18 30 80 700 1.3 1000
13 1.25 18 100 1000 0 1000
14 1.25 22 100 1100 0.3 1000
15 1.25 26 100 980 0.8 1000
16 1.25 30 100 1160 1.1 1000
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5 Results of Laboratory Experiment

5.1 Final Water Discharge

The final water discharge of slurry penetration tests is showed in Fig. 7. It is found that
the final water discharge is the largest when the slurry relative density is 1.05. When
the slurry relative density is 1.12 and 1.18, the results are smaller. But it becomes
larger with a slurry relative density that is up to 1.25. It can be concluded that the
final water discharge decreased firstly and then increased as slurry relative density
increased.

Compared with the results under different viscosity in Fig. 7, when the slurry
relative density is 1.05, the final water discharge decreases during the process slurry
viscosity increases from 18 to 26 s, but increases when slurry viscosity is 30 s. In
other slurry relative density, the final water discharge decreases with the increase of
viscosity.

Under the same relative density of shield slurry, the maximum difference of the
final water discharge with different slurry viscosity is 3.6 L/m? at 0.4 MPa. Under the
same viscosity of shield slurry, the maximum difference of the final water discharge
with different slurry relative density is 7 L/m> at 0.4 MPa, which shows that the
influence of slurry viscosity on the results of the tests is less than that of slurry
relative density.

Itis known that the final water discharge increases with the increase of test pressure
from Fig. 7. When the test pressure is larger, the penetrating speed of fine particles
in the slurry and the accumulating speed of coarse granules on the surface will be
faster.
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Fig. 7 Final water discharge in the tests
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Fig. 8 Water discharge during filter cake forming process

5.2 Water Discharge During Filter Cake Forming Process

The final water discharge can be divided into two parts. One is water discharge during
filter cake forming process which reflects the form of filter cake and the velocity of
its formation. The other is the water discharge per second after filter cake formation
which reflects the penetrability of the filter cake.

Figure 8 is the comparison of the water discharge of filter cake forming process
under different experimental factors. The water discharge decreases firstly and then
increases with the increase of relative density and increases with the increase of
viscosity. When the slurry relative density is 1.05, the water discharge is larger,
which means the influence of relative density is dominant. When slurry relative
density is more than 1.12, relative density and viscosity have the same affection on
the test results.

5.3 Water Discharge Per Second After Filter Cake Formation

Figure 9 is a comparison map of the water discharge per second after the formation of
filter cake. As shown in Fig. 9, the larger the slurry viscosity is, the smaller the water
discharge per second is, while the larger the slurry relative density is, the larger the
water discharge per second is. Combined with the form of filter cake after the test, it
is known that the contents of CMC and bentonite are significant to the permeability
of filter cake.
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Fig. 9 Water discharge per second after filter cake formation
5.4 Filter Cake Formation Time

At present, there are many definitions of filter cake formation time. Wei Daiwei
defined the time when pore pressure conversion reaches the maximum as filter cake
formation time. Wu Di took the time when pore filling rate is up to 80% as filter cake
formation time. In this paper, filter cake formation time is regarded as the time when
the water discharge is stable or when the slope of discharge—time curve is less than
5.1 x 1073 L/m?/s.

Figure 10 is the comparison of filter cake formation time under different experi-
mental factors. It is found that filter cake formation time decreases with the increase
of slurry relative density. The larger slurry relative density is, the more particles in
slurry are, so the stratum can be permeated or accumulated faster. Filter cake forma-
tion time decreases with the increase of slurry viscosity because the cohesiveness
between particles is better when slurry viscosity is larger. Thus, the space network
structure can be formed faster in the particles filling process.

5.5 The Form of Filter Cake

The form of slurry penetration can be obtained after tests, and the typical form of
which under the constant viscosity of 26 s and different relative density are shown
in Fig. 11.

Table 2 lists the form of slurry penetration under different slurry relative density.
It is known that when slurry relative density is larger, the slurry penetrating distance
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is shorter, and the filter cake is thicker, which means when slurry relative density
increases, the form of filter cake changes from clogging in stratum to filter cake.

6 Slurry Control Scheme and Application

6.1 Slurry Control Design

The slurry shield in Fuzhou adopts a cutter head which has six spokes. The time
required for two adjacent spokes to reach the same position is filter cake formation
time which means filter cake will be destroyed by six times for a circle. Table 3 lists
the two failure time intervals of filter cake.

The slurry control plan is given by cutter speed, filter cake formation time and
the water discharge of tests, as shown in Table 4. Silt soil layer under the river has
a small permeability coefficient. When the slurry pressure is enough, the stability of
tunnel face can be controlled, so the properties of the slurry can be reduced properly.

6.2 Application in Site

During slurry shield tunneling through the layer under the river in Fuzhou, it is useful
to take silt soil from silt ground layer as one of slurry materials. The proportioning
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(a) relative density 1.05

-

(c) relative density 1.18
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-

Fig. 11 Form of slurry penetration under different slurry densities

Table 2 Form of slurry penetration under different slurry density

(d) relative density 1.25

Relative density | The form of filter cake Thickness of filter cake | Slurry penetrating
(mm) distance (mm)

1.05 Filter cake and clogging | 1 15

1.12 Filter cake and clogging |2 5

1.18 Filter cake and clogging |4 3

1.25 Filter cake 6 0

of slurry is bentonite: silt soil: CMC: water = 80:600:2:1000. The 20th—50th rings
in Jinxiang—Xiangban interval are taken as the test section. In this section, slurry
relative density is controlled between 1.12 and 1.18, and viscosity is 26-30 s. At
the same time, revolution of the shield cutter is controlled at 0.5-1.5 rpm which is
shown in Fig. 12. In Fig. 13, it is known that the torque of cutter head is stable, and
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Table 3 Time interval between two destru

ction of filter cake

29

The form shield cutter Rotation rate (rpm) | Time of a lap (s) | Two failure time intervals
head of filter cake (s)
Six spokes distribute 60° | 0.3 200 333
unlformly 0.5 120 20
0.8 75 12.5
1 60 10
1.5 40 6.7
2 30 5

Table 4 Proposed projects of

. Stratum | Relative density | Viscosity (s) | Materials
slurry preparation
Sand 1.15 £ 0.03 26-30 Bentonite, silt soil
and CMC
Silt soil | 1.15 £ 0.05 22-30 Bentonite, silt soil
and CMC
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the ground settlement is small which proves the proportioning of slurry from tests

result is suitable.

7 Conclusions

1.

The bentonite and silt soil have dominated influence on the relative density of

the slurry, while the bentonite and CMC have dominated influence on viscosity
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in slurry preparation. Meanwhile, slurry standing time has great effect on slurry
viscosity.

The water discharge decreases firstly and then increases with the increase of
slurry relative density which however decreases as slurry viscosity increases.
Meanwhile, it increases as slurry pressure increases. When the slurry relative
density is larger and the slurry viscosity is higher, the formation time of filter
cake is shorter and the water discharge is smaller during filter cake forming
process.

The form of slurry penetration in coarse sand stratum is filter cake and clogging.
When slurry relative density is larger, the slurry penetrating distance is shorter
and the filter cake is thicker, which means the form of filter cake changes from
clogging in stratum to filter cake as slurry relative density increases.

On the basis of the results of laboratory tests, the complex strata and the slurry
shield machine, a segmented slurry control scheme is presented. The in-situ
construction shows that the segmented slurry control scheme performed well.
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Dynamic Response and Long-Term )
Settlement of Four Overlapping Tunnels L
Subject to Train Load

Xiangliang Zhou, Quanmei Gong, Zhiyao Tian, and Yao Shan

Abstract With continued development of urban rail transit networks, the quantity of
overlapping metro tunnels is increasing. Long-term service performance of the tunnel
structure can be threatened a lot by complicated dynamic response of tunnel-ground
system under train load, especially in the overlapping cases. Based on a case of
four overlapping tunnels in soft clay region, dynamic response of the tunnel-ground
system and long-term settlement of the tunnels are investigated with finite element
method (FEM) and empirical method. It is shown that, maximum acceleration and
dynamic principal stress of the lining in overlapping zone are 48.2% and 19.8%,
respectively, larger than that in non-overlapping zone. The ten-year accumulation
settlement of the tunnel in overlapping zone is 173.7% larger than that in non-
overlapping zone. Uneven settlement occurs in the overlapping zone, and the radius
of curvature of the tunnel (12,461 m) exceeds the requirements of the specification
(15,000 m). Grouted reinforcement can control the uneven settlement well. Radius
of curvature of the tunnel can be refined to 33,967 m, which meets the requirements
of the specification.

Keywords Overlapping tunnels * Train load - Dynamic response * Long-term
settlement + Grouted reinforcement

X. Zhou - Q. Gong - Z. Tian - Y. Shan (X))

Shanghai Key Laboratory of Rail Infrastructure Durability and System Safety, Tongji University,
Shanghai 201804, China

e-mail: shanyao@tongji.edu.cn

Key Laboratory of Road and Traffic Engineering of the Ministry of Education, Tongji University,
Shanghai 201804, China

X. Zhou
e-mail: 1733262 @tongji.edu.cn

Q. Gong
e-mail: gonggm @tongji.edu.cn

Z. Tian
e-mail: tianzy @tongji.edu.cn

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 33
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV, Lecture Notes
in Civil Engineering 166, https://doi.org/10.1007/978-3-030-77238-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77238-3_3&domain=pdf
mailto:shanyao@tongji.edu.cn
mailto:1733262@tongji.edu.cn
mailto:gongqm@tongji.edu.cn
mailto:tianzy@tongji.edu.cn
https://doi.org/10.1007/978-3-030-77238-3_3

34 X. Zhou et al.

1 Introduction

With urgent demand of traffic accessibility, the scale of urban rail transit networks
is constantly expanding. As a result, the quantity of overlapping metro tunnels is
increasing. Dynamic response of the structure—foundation system in overlapping
cases is much more complicated than that in a single operation tunnel. Complicated
dynamic response of the overlapping area may induce significant long-term subsoil
deformation, which threats long-term service performance of the tunnel.

Dynamic response of a single tunnel structure subject to train vibration has been
investigated by various methods. Acceleration duration curves of the tunnel lining
under train vibration were measured in field tests [1, 2]. Numerical models were also
established to analyze the acceleration and dynamic stress on the tunnel lining [3,
4]. Dynamic responses of tunnels in an elastic half space were studied by analytical
method [5]. Furthermore, dynamic responses of two parallel tunnels or two overlap-
ping tunnels have also been studied in the literatures [6—8]. The general law shows
that dynamic responses of tunnel lining in multi-tunnel situation are larger than that
in single tunnel situation.

Long-term settlement of foundation under train load has also been noticed in
literatures. The settlement contains two parts [9, 10]: (1) plastic settlement caused
by cumulative plastic strain; (2) consolidation settlement caused by dissipation of
cumulative pore pressure. There are two types of computational algorithms used
to calculate plastic settlement of the foundation subject to dynamic train load: a
constitutive model and an empirical model. The constitutive model includes the
yield criterion, hardening rules, and flow rules [11, 12]. Numerical analysis was
combined with soil constitutive models to calculate the soil plastic deformation of
the subgrade caused by train loads. This method has definite physical significance that
reflects the deformation mechanism of subgrade soil subject to cyclic train loading.
However, it requires many calculations, even with a few cyclic loading applications,
and therefore is unrealistic for predicting the long-term uneven settlement of founda-
tion after millions of loading cycles. In engineering, an empirical model can be used
more easily than a constitutive model. Considering calculation cost, the realistic and
common used algorithm to calculate the above-mentioned two parts settlement is
based on empirical models: Step 1, numerical model or analytical model can be used
to calculate the dynamic deviator stress of subsoil under once train operation; Step 2,
empirical models can be used to describe the relationship of cumulative plastic strain
and cumulative pore pressure in soil element with times of the applied repeated load
under the certain dynamic deviator stress, which were obtained from laboratory tests
[13-16]; step 3, the plastic settlement of subsoil can be calculated by integrating
soil strain along the depth, and the consolidation settlement can be calculated by
Terzaghi’s one-dimensional consolidation theory. Through the above process, long-
term settlement of a single tunnel case [16] or two tunnels overlapping case [9] has
been predicted. The results show that the settlement in multi-tunnel cases is always
greater than that in a single tunnel case.
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Most of the aforementioned studies concentrate on a single tunnel case or two
tunnels overlapping case. Few studies focused on a four overlapping tunnels case,
which is a more common case in practical. In this paper, based on ABAQUS software,
a tunnel-foundation FEM model is established to analyze the dynamic response of
tunnel lining and the foundation soil in the situation of four overlapping tunnels under
train vibration. Long-term settlement of the tunnels in overlapping zone and non-
overlapping zone is calculated and analyzed. These findings can provide a reference
for maintenance of the service performance of four overlapping tunnels.

2 Engineering Background

Nanjing Metro Line 3 has been in operation since 2015. Metro Line 5, designed to
cross below Metro Line 3, is expected to be in service in 2022. The lining of Metro
Lines 3 and 5 is both 6.2 m in outer diameter and 5.5 m in inner diameter.

The typical profile is presented in Fig. 1. Buried depth of the two tunnels of Metro
Line 3 is 9.8 m. The clear distance between the tunnels of Metro Line 3 and 5 is only
1.95 m. The groundwater level is 0.5 m below the ground surface. The typical strata
are composed of 2.5 m thick filling, 2 m thick silty clay-A, 12.5 m thick mucky silty
clay, 6.5 m thick silty clay-B, and silty clay layer-C to the depth of 50 m. Metro Line
3 is located within the mucky silty clay layer, and Metro Line 5 is mainly located in
the mucky silty clay layer silty clay layer-B.

Miscell: il-filli 2
"Siity clay Tayer-A ¢ 9.8m m
Mucky silty clay layer |

Metro Line 3 6.2m é 12.5
‘ T £ 1.95m |
Silty clay layer-B 6.2m 6.5m
v

Metro Line 5

Silty clay layer-C
26.5m

Fig. 1 Typical soil profile at the site
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Table 1 Parameter settings for finite element analysis

Materials Unit weight y /(kN/m3) | Dynamic elastic modulus | Poisson ratio v
E/(MPa)

Miscellaneous soil-filling | 19.3 41 0.33

Silty clay layer-A 19.4 69 0.31

Mucky silty clay layer 17.9 31 0.38

Silty clay layer-B 20.1 73 0.32

Silty clay layer-C 20.3 56 0.32

Track bed 25 31,500 0.2

Lining 25 27,600 0.2

3 Numerical Calculations

3.1 Description of Calculation Model

Tunnel-ground FEM model was established to compute dynamic response of four
overlapping tunnels and subsoil under train load. The experience in the literatures
[17-19] shows that an elastic constitutive model is accurate enough to calculate
the dynamic deviatoric stress in subsoil under train vibration. Thus, for calculation
simplification, the soil and structures are considered to be described with linear—
elastic constitutive. The parameters settings are shown in Table 1.

To eliminate boundary effects, horizontal scale of the model is 8—10 times of the
tunnel diameter, the size of the finite elements is smaller than the 1/6 times minimum
wavelength of soil layers, and a high accuracy calculation results can be reached [20].
The minimum shear wave velocity is 146 m/s (in mucky silty clay). The frequency of
shear wave under subway train load is 10 Hz [21, 22]. Therefore, the minimum shear
wavelength is 14.6 m. When the size of the finite elements is less than 2.43 m, it can
meet the accuracy requirements of dynamic calculation. Thus, the model length is
100 m in horizontal direction; the bottom boundary of the model is 30 m below the
ground level, and the upper surface of model is the free face of the ground level. The
model mesh is divided into 0.5-2 m regular hexahedral elements. The finite element
model is presented in Fig. 2.

3.2 Selection of Measuring Point

Bai and Li [7] studied dynamic responses of two overlapping tunnels case and found
that the dynamic amplification effect was most significant when the trains met at the
intersection of the tunnels. Moreover, in this case, four trains would reach the longest
meeting time at the intersections when the trains met at the intersection. Thus, the
case that trains of Metro Line 5 and trains of Metro Line 3 meet at the intersection



Dynamic Response and Long-Term Settlement of Four ... 37

Fig. 2 Finite element model

can be considered as the most unfavorable situation, which is the studied case in this
paper.

One of the tunnels in Metro Line 3 is chosen for analysis. As is seen in Fig. 3,
three vertical sections are chosen for analysis. Section 1 is the center of overlapping
zone on Metro Line 3, Sect. 2 is the intersection of Metro Line 3 and 5, and Sect. 3
is thought to be in the non-overlapping zone (the reason will be discussed later). On
the tunnel lining, tunnel vault (A) and tunnel invert (B) are chosen for analysis. In
subsoil, the soil elements on the red lines L1, L2, and L3 are chosen for analysis.

3.3 Load Application

The wheel-rail contact force is transmitted through the fastener to the track bed and
then to the tunnel structure. In this paper, the train load is simulated by applying a
concentrated force at the corresponding position of the fastener. The fastener force
time history curve of a fastener is shown in Fig. 4. The speed of train running is
54 km/h, and phase difference is applied to adjacent fasteners to simulate metro
driving.

The fastener force time history curve of a fastener shown in Fig. 4 is obtained from
the vehicle—track vertical coupled dynamic model [23] in Fig. 5. Each train carriage
consists of a vehicle body, two bogies, and four wheels sets. The vertical and pitch
motion of the vehicle body and bogie and the vertical motion of the wheel set are
considered. Suspensions are simulated as springs and dampers. The train adopts three
same carriages, which can reflect the periodic distribution of the train axle along the
bogie and the vehicle body. The parameters of vehicle refer to the type A vehicle
of Nanjing Metro. A pair of rails is modeled by using an infinity Euler beam with
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Fig. 3 Selection of measuring point: a plan and b profile

discrete supporters. The infrastructure of the rails is treated as a discrete system with
supporter units which shall be arranged according to the actual spacing of fasteners.
Each support unit of the track consists of two-layer spring—damper system, and the
support block is replaced with equivalent discrete mass bodies. Meanwhile, Hertz’s
theory [24] is applied to calculate the wheel-rail contact force.
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Fig. 4 Time history curve of
fastener force

Force on fastener/kN

Time/s

—
Vo

NS

=T

Fig. 5 Vehicle—track vertical coupled dynamic model

3.4 Verification of the Numerical Model

Si [25] measured the vertical acceleration on the track slab in a metro tunnel of which
the train type, running speed, and tunnel structure parameters are the same with this
study. Considering the case in Si [25] is a two parallel tunnels, the numerical accel-
eration in the non-overlapping section is chosen to be compared with the measured
data in Si [25], the time history curve of vertical acceleration in the center of the track
bed is shown in Fig. 6, and the power spectral density (PSD) of vertical acceleration
is shown in Fig. 7. As shown in Fig. 6, acceleration amplitude in the center of the
track bed in this numerical simulation is 1.26 m/s? that is quite similar with the results
in field measurement (1.18 m/s?). As shown in Fig. 7, the energy distribution range
of the numerical acceleration is basically consistent with that in the field measured
acceleration, which is also concentrated in the range of 60—120 Hz. These results
indicate the reliability of the numerical models.
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Fig. 6 Time history curve of vertical acceleration in the center of the track bed: a numerical and
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Fig. 7 Power spectral density of vertical acceleration in the center of the track bed: a numerical
and b measured

3.5 Calculation Method for Long-Term Settlement

Settlement caused by cumulative plastic strain. The settlement caused by the
cumulative plastic strain can be calculated by integrating soil strain along the depth:

Sy = f el dh (1)

where s,f = cumulative plastic strain; # = the depth;
The equation for calculating the cumulative plastic strain under repeated loading
proposed by Chai and Miura [12] is expressed as follows:

qa\" g5 \"
el = a(—) (1 + —S> N? 2)
qaf qf
where g; = dynamic deviator stress; g, = the initial static deviator; gy = the
static failure deviator stress; a, m, b, and n are parameters related to the physical and
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mechanical properties of subsoil, and n = 1.0 is suggested by Chai; N = number of
repeated load applications, and N = 327,300 times/year.
The dynamic deviator stress g, can be calculated as

qa = 01q — 03¢ = +/3J24

1 2 )
= \/E[(Um —0ya)” + (0ya — 0z4)” + (020 — gxd)Z] + 3<rivd~|—r§zd+rfxd>

3)

where Jy, is the second invariant of the dynamic stress deviator. In this paper, soil
deviator stress is calculated by tunnel-foundation interaction model.
The initial static deviator g, can be calculated as

gs = O1s — 035 = v/ 3J2 €]

where J,; is the second invariant of the static stress deviator.
The static failure deviator stress gy can be calculated as

a5 =215
COS Py (1 + Ko) sin @, &)
o -
1 —sin g, 2 1 —singy,

Tf =Cceu -

where 7y = undrained shear strength; ¢, = soil cohesion; ¢., = soil internal
friction angle; Ky = soil lateral pressure coefficient, and o, = soil gravitational
stress.

Settlement caused by dissipation of cumulative pore pressure. Cumulative
consolidation settlement caused by dissipation of cumulative pore pressure can be
calculated by Terzaghi’s one-dimensional consolidation theory:

Sy = Xn:mvihiui (6)
i=1

where m,; = the coefficient of volume compressibility of the ith element; h; =
the thickness of the ith element; #; = the cumulative pore pressure of the ith element.

The equation for calculating the cumulative pore pressure under repeated loading
proposed by Hyde [13] is expressed as follows:

u
_— = azNy (7)
Pc

where p. = the initial consolidation pressure; «,y are parameters related to the
physical and mechanical properties of subsoil, can be calculated as
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Table 2 Soil parameters of long-term settlement calculation

Soil layers Parameters of cumulative Parameters of pore pressure

plastic strain

a m b A B C D
Miscellaneous | 1.28 251 |0.182 |0.225 1.316 |0.217 | —-0.018
soil-filling
Silty clay 1.17 2.58 |0.178 |0.206 1.203 |0.212 | —-0.017
layer-A
Mucky silty 1.31 247 10212 |0.204 1.347 10.252 | —0.022
clay layer
Silty clay 1.15 2.61 [0.174 ]0.202 1.182 |0.207 | —-0.018
layer-B
Silty clay 1.19 2.57 |0.181 |0.2100 1.202 |0.216 |—0.019
layer-C

q B
2p.

qa \" ®
=C
y <2pc)
The initial consolidation pressure p. can be calculated as
(14 2Ky)
pc:TUZ (9)

Dynamic triaxial test of Nanjing soft soil was carried out by Luo [26]. In this
paper, the experimental results are fitted to determine the relevant soil parameter. As
a result, the parameters for long-term settlement calculation are illustrated in Table
2.

4 Computation Result Analysis

4.1 Dynamic Response of Overlapping Tunnel

The vertical acceleration and maximum principal stress of tunnel vault and invert in
Sects. 1,2, and 3 are presented in Fig. 8. The amplitudes of acceleration and maximum
principal stress on the analysis sections are presented in Fig. 9. The general law can
be drawn that (1) amplitudes of acceleration and maximum principal stress on tunnel
vault are always smaller than that on tunnel invert; (2) amplitudes of acceleration and
maximum principal on the three sections: Sect. 2 > Sect. 1 > Sect. 3; (3) in the low-
frequency range (0-50 Hz), there is a peak value of acceleration energy at 23.1 Hz,
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Fig. 9 Amplitude of dynamic response on the analysis sections: a vertical acceleration and
b maximum principal stress

which is excited by the wheel axle passing through adjacent sleepers with an interval
of 0.625 m when the train runs at a speed of 54 km/h. In the high-frequency range,
the acceleration energy distribution range of the three sections is basically the same,
which is mainly concentrated in the range of 60—120 Hz. However, the amplitude of

vibration energy in the overlapping area is greater than that in the non-overlapping
area.
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Fig. 10 Dynamic deviator stress reduction coefficient with depth: a Sect. 1, b Sect. 2, and ¢ Sect. 3

The results shown that there is an amplification effect of dynamic response in the
overlapping area. The acceleration amplitude on Sect. 2 is 48.3% larger than that on
Sect. 3, and the maximum principal stress amplitude on Sect. 2 is 19.8% larger than
that on Sect. 3. The maximum principal stress is much smaller than the tensile stress
of concrete, and long-term settlement of subsoil will be discussed later.

4.2 Long-Term Settlement of Overlapping Tunnel

Dynamic deviator stress of subsoil along the depth at Sects. 1, 2, and 3 is presented
in Fig. 10. General law of the dynamic deviator stress shows that: Sect. 2 > Sect. 1 >
Sect. 3. The dynamic deviator stress of the subsoil just below the tunnel is 3.65 kPa
of Sect. 3 and 4.62 kPa of Sect. 2.

At Sect. 1, due to running of Metro Line 5, the dynamic deviator stress decreases
with depth till the tunnel spring of Metro Line 5, then increases to the extremum
(2.23 kPa) at the tunnel invert of Metro Line 5, and decreases in the subsoil. At
Sect. 2, the dynamic deviator stress reduces with depth till the tunnel vault of Metro
Line 5-3.25 kPa. The dynamic deviator stress at the tunnel invert (4.18 kPa) is much
larger than that at the tunnel vault (3.25 kPa), and then, the stress decreases with
depth in the subsoil. As for Sect. 3, the dynamic deviator stress reduces to 50% of
its maximum value at the depth of 4 m below the tunnel, 20% at the depth of 11.6 m,
which are in agreement with the results in the literature [14], proving the results in
this simulation.

Long-term settlement of subsoil is computed using formula (3—11). The develop-
ment of tunnel settlement (subsoil deformation) with year is presented in Fig. 11. The
settlement caused by cumulative plastic strain is larger than the settlement caused by
consolidation under excessive pore pressure. The settlement develops sharply in the
first year and then develops slowly in the subsequently years. After 10 years’ oper-
ation, the total settlement of Sects. 1, 2, and 3 is 28.3 mm, 46.2 mm and 16.9 mm,
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respectively. The ten-year accumulation settlement of the tunnel in overlapping zone
(Sects. 2) is 173.7% larger than that in non-overlapping zone (Sects. 3). Finally, a
“W”-shaped settlement trough will appear in the overlapping area (Fig. 12 shows
a half of the trough). In the tenth year, radius of curvature of the tunnel of Metro
Line 3 is 12,461 m, and the relative bending is 1/692 due to the accumulated subsoil
deformation, which exceeds the specification requirements of the radius of curvature
greater than 15,000 m and the relative bending less than 1/2500 [27]. Thus, measures
should be taken to control the significant uneven settlement.

To avoid uneven settlement induced from train vibration, grouted reinforcement
is designed to be taken with a zone of 1.8 m outside of the linings Metro Line 5.
Settlement of the reinforced case is also computed and compared with the natural state
case. Material properties of soil will be improved after grouted reinforcement, and

Fig. 12 Total settlement of Distance from Section 1 /m
tunnel as a function of 30 25 20 15 10 5 0
distance from Sect. 1 ~40 [ ' ! ! ! ! !
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the experimental parameters (a, b, m) after soil reinforcement can be referred from
literature [28]. As aresult, settlement along the tunnels after ten years of grouted state
case is shown in Fig. 12, compared with the natural state case. It is shown that uneven
settlement can be controlled well with grouted reinforcement, and the maximum
settlement of the tunnel is reduced from 46.2 to 26.9 mm after reinforcement. The
radius of curvature of the tunnel is refined to 33,967 m, and the relative bending is
reduced to 1/2717, which meets the requirements of the specification [28]. In addition,
Sect. 3 that is 1.5D (D is the diameter of tunnel) away from the overlapping zone is
hardly affected by the dynamic amplification effect from the overlapping zone (as
seen in Fig. 12, and settlement is hardly changed in the sections that is 1.5D away).
Thus, Sect. 3 is reasonable to be thought as a study point in the non-overlapping zone
compared with the overlapping zone.

5 Conclusions

Dynamic responses of four overlapping tunnels were analyzed using 3D FEM
model, and the long-term settlements of the overlapping tunnels were evaluated.
The following conclusions can be drawn.

1. Compared with non-overlapping zone, there is a dynamic amplification effect
in the overlapping zone. The acceleration and maximum principal stress value
reach the maximum value at the intersection of the tunnels. The amplitudes of
acceleration and maximum principal stress of lining in overlapping zone are
48.2% and 19.8% larger than that in non-overlapping zone, respectively.

2. Thereis an amplification effect of subsoil dynamic deviator stress in overlapping
zone. In non-overlapping zone, the dynamic deviator stress decreases to 50%
of the maximum value at the depth of 4 m below the tunnel and reduces to 20%
at the depth of 11.6 m below the tunnel. In the overlapping area, due to the
interaction effect of the lower tunnel, there is an extremum of dynamic deviator
stress at the position of lower tunnel invert.

3. The settlement caused by cumulative plastic strain is larger than the settlement
caused by consolidation under excessive pore pressure. The settlement develops
sharply in the first year and then develops slowly in the subsequent years. The
dynamic interaction zone of overlapping tunnel (overlapping zone) is about
1.5D (D is the diameter of tunnel). Due to the difference of dynamic response in
overlapping and non-overlapping zone, quite large uneven settlement may occur
on the tunnels, which can lead to deterioration of its service performance. The
ten-year accumulation settlement of the tunnel in overlapping zone is 173.7%
larger than that in non-overlapping zone. The radius of curvature of the tunnel
of Metro Line 3 is 12,461 m, and the relative bending is 1/692 due to accumu-
lated settlement, which exceeds the requirements of the specification. Grouted
reinforcement can control the uneven settlement well. The maximum settlement
of the tunnel is reduced from 46.2 to 26.9 mm by the tenth year, radius of the
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tunnel curvature is refined to 33,967 m, and the relative bending is reduced to
1/2717 after reinforcement, which meet the requirements of the specification.
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Dynamic Stability of Soft Soil Between m
Closely and Obliquely Overlapped Metro | @@
Tunnels Subjected to Moving Train

Loads

Hui Li, Quanmei Gong, Honggui Di, Weitao Ye, and Zhi Liu

Abstract The problem in dynamic stability of soft soil between closely and
obliquely overlapped metro tunnels during operation will aggravate cumulative
settlements which affects the safety of metro systems. Based on Shenzhen Metro
Line 5 and Line 11 overlapped tunnels, a three-dimensional vehicle-track-tunnel-
soil model has been established. Meanwhile, the dynamic shear strain and its transfer
characteristics of the soft soil layers between overlapped tunnels under moving train
loads has been studied. In longitudinal direction, the most unfavorable position for
the soft soil is located in the place where the maximum overlapped degree exists
between two tunnels. In transverse direction, the dynamic shear strain in soft soil
between tunnels diffuses obliquely at a certain angle from the arch waist of tunnel and
gradually decreases with the increase of distance. It also increases nonlinearly with
the number of operating lines. Besides, the dynamic stability of soft soil was evalu-
ated by the cyclic threshold shear strain parameters of Vucetic and the value exceeds
the linear cyclic threshold shear strain. The plastic deformation of soft soil under
moving train loads will accumulate obviously and the dynamic stability problem
cannot be ignored. Therefore, high-pressure jet grouting pile is adopted to reinforce
the soft soil between two tunnels. And the result shows that the dynamic shear strain
of soft soil after reinforcement is much smaller than that before.
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Keywords Overlapped metro tunnels - Soft soil - Dynamic stability - Dynamic
shear strain + Soil reinforcement

1 Introduction

With the rapidly growing population in metropolitan areas, the metro plays an impor-
tant role in relieving urban traffic pressure and bringing convenience to people’s
daily life. Meanwhile, the influence of vibration produced by the train operations on
surrounding environment cannot be ignored [1]. The long-term cyclic train loads can
lead to cumulative settlements in soft soil which affect the safety of metro systems
[2, 3]. Besides, these phenomena are more serious in overlapped structures [4]. Gao
et al. [5] found the settlement caused by simultaneous operation of two trains is much
greater than the sum of single train. Jia et al. [6] pointed out a vibration amplifying
area existence within a certain distance in horizontal direction of overlapped tunnels.
Besides, Yu et al. [7] concluded the distance between overlapped tunnels has a great
effect on ground vibration. Therefore, an investigation on dynamic response of the
soft soil induced by underground railways between overlapped tunnels is necessary
and desirable.

Numerical modeling approaches are able to consider the nonlinear behaviors of
soil, patterns of train load as well as dynamic response of structures. Degrande et al.
[8] presented a 3D coupled finite element—boundary element model to simulate the
dynamic interaction between tunnel and soil due to the operation of metro trains. By
considering segmental joints, Gharehdash and Barzegar [9] used a 3D elastic—plastic
finite difference method to study the dynamic response of a tunnel and surrounding
soil under vibrations. Yaseri et al. [10] developed a scaled boundary finite-element
method to analyze vibrations from underground tunnels. He et al. [11] presented a
3D analytical method from a tunnel embedded in multi-layered half-space to predict
ground vibrations. However, the above-mentioned studies mainly focus on single
tunnel model.

As a result, most numerical models only consider the dynamic response of single
tunnel and surrounding soil, ignoring the influence between tunnels. On the other
hand, the existing researches of overlapped tunnels focus more on ground vibration
and cumulative settlement, having less attention on dynamic stability of the soil. For
soft soil which can be easily affected by cycling vehicle loads, the dynamic stability
is even more needed in engineering practice. Therefore, based on Shenzhen Metro
Line 5 and Line 11 overlapped tunnels, a 3D vehicle-track-tunnel-soil model has
been established in this paper. This model has also been validated by comparison
with the measured data of Line 5. Furthermore, the dynamic shear strain and transfer
characteristics of the soft soil layers between overlapped tunnels under moving train
loads have been studied. The dynamic stability of soft soil was evaluated by the
cyclic threshold shear strain parameters [12]. Then a highly efficient method of soil
reinforcement was presented.
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Fig. 1 Schematic diagram of overlapping of Metro Line 5 and Line 11 in Shenzhen, China

2 Numerical Method of Dynamic Response Between
Overlapped Tunnels

2.1 The Closely and Obliquely Metro Tunnels

With the development of rail transit in China’s metropolitan areas, the formation
of overlapped metro tunnels is inevitable. Most typically, Shenzhen Metro Line 5
passes over Metro Line 11 tunnels in an oblique angle of 8°-17°, which can be seen
from Fig. 1. These overlapped tunnels with a distance of less than 3 m are over 70 m
in length. Besides, the weak intercalations between the tunnels are silt and sandy
clay. And the design speed of Line 5 is 80 km/h, as for Line 11 is 120 km/h, which
is much faster than the average velocity. Combined with these complex engineering
situations, the 3D vehicle-track-tunnel-soil model established in this paper includes
two main parts: 3D track-tunnel-soil model and vehicle-track coupled model.

2.2 Three-Dimensional Track-Tunnel-Soil Model

Figures 2 and 3 show the transverse section of overlapped metro tunnels under the
soil layers together with the finite-element mesh of 3D ABAQUS model close to the
actual engineering conditions. The size of the simulated region (140, 225, and 50 m in
length in the x-, y-, and z-direction, respectively) is selected through sensitive studies
beyond which further extension of lengths has a negligible effect on the half-space
response. The 3D track-tunnel-soil model consists of four overlapped tunnels, track
beds, and the corresponding soil layers, in which the upper tunnels pass over lower
tunnels in an oblique angle of §°-~17°. In addition, the upper tunnels have an internal
radius of 2.7 m and an external radius of 3 m. The lower tunnels have much larger
size, with an internal radius of 3 m and an external radius of 3.35 m. The tunnels are
also modeled as a whole, without considering the circumferential and longitudinal
joints of segments. The depth of the tunnels at their center is taken to be 10 and
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Fig. 2 The transverse section of overlapped metro tunnels together with the soil layers
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Fig. 3 Section setting of numerical model

19.15 m. The soil is considered to be formed by horizontally layered soil with the
material properties listed in Table 1. The material models used in the FE analysis are
all linear elastic.

For a dynamic finite element analysis, an artificial boundary is required to define a
finite region that can simulate the original unbounded domain well. This model adopts

Table 1 Material properties for the homogeneous model

Material h (m) P (kg/m3) E; (MPa) Ug

Tunnel / 2500 34,500 0.20
Track bed / 2500 30,000 0.20
Plain soil 5.5 1750 27 0.48
Silt 8.0 1560 18 0.48
Sandy clay 5.5 1860 81 0.47
Completely decomposed granite 5.0 1900 117 0.46
Highly decomposed granite 5.0 1950 153 0.45
Moderately decomposed granite 21.0 2550 450 0.45
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the 3D infinite element boundary, which can simulate the absorption of reflected and
scattering waves on the boundary. Translations in vertical and rotations are restrained
at the bottom of model. Meanwhile, translations in transverse direction and rotations
are restrained at the vertical faces of model. There are 3 sections set in this model
along the y-direction, spaced 16 m apart, to study the influence of overlap degrees
on the dynamic shear strain of soft soil, as shown in Fig. 3.

Since the presence of damping and radiation attenuation is caused by the incre-
ment of propagation distance, waves will not propagate unlimited in soil layers. The
Rayleigh damping coefficients are calculated from the damping ratio of material
and the natural frequency of the whole model in order to reflect the dissipation of
vibration in soil layers. They can be expressed as:

[C]=a[M]+ BIK] (D

where [M] is the mass matrix; [ K] is the stiffness matrix; o and B are the damping
coefficients.

If the damping ratio &; remains unchanged in a certain frequency range w; ~ wy,
according to the orthogonal condition of vibration mode, the damping coefficients
can be determined:

2w; wi
‘S
w; k
2 @)
o w; + wy

In order to determine these damping coefficients, two circular frequencies w; and
wy, are needed. In this paper, the vibration frequency is relatively high, and the main
frequency range from 1 to 150 Hz, which is shown in Table 2.

In this numerical model, most of elements are eight-node linear brick elements,
the average element size is approximately 0.3 m in both width and height around
the tunnel and gradually increases from the tunnel to the boundaries. The sizes
are generated to meet the requirements for simulating highest frequency of loading
considered [13].

The train loads are simulated as moving point loads. Considering the phase differ-
ences of each point load, the fastener forces calculated from vehicle-track coupled
model are applied to the track beds of tunnels. Besides, the left and right trains of
Line 5 and 11 are simulated to travel in the opposite directions, and these trains meet
at the cross-section which has the maximum overlapped degree of tunnels (Sect. 2).

Table 2 Raylelgh damping w; (Hz) wy, (Hz) o P
coefficients and circular
frequencies for the 1 150 0.624 0.000105

homogeneous model
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2.3 Vehicle-Track Coupled Model and Cycling Vehicle Load

To simulate the moving train loads mentioned above, the classical vehicle-track
vertical coupled dynamic model is adopted to calculate the fastener force caused by
the train operations. Considering wheel sets, bogies, and 3 vehicles, the model has
7 rigid-bodies and 10 degrees of freedom which is simulated as a multi-rigid-body
system, as shown in Fig. 4. The parameters of vehicle refer to the A-type vehicle in
Shenzhen Metro, in order to reflect the periodic law of train operations. All the parts
of the vehicle in service neglect their deformation, the operation speed is assumed to
be constant as well as the accelerations and decelerations of the vehicle parts are also
ignored in this model. And the connections between the parts are replaced with the
equivalent spring-damper systems. A pair of rails is modeled by using the infinity
Euler beam with discrete supporters. The infrastructure of the rails is treated as a
discrete system with sleeper supporter units which shall be arranged according to
the actual spacing of fasteners. Each support unit of the track consists of two-layer
spring-damper system and the support block is replaced with equivalent discrete mass
bodies. Meanwhile, the normal forces between the wheel and rail are calculated by
nonlinear spring based on Hertz contact theory. Then, the wheel-rail vertical coupled
cross iterative approach is adopted to calculate the fastener force under different

Fig. 4 Schematic diagram of vehicle-track coupled model
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Fig. 6 Acceleration in the center of the track bed a transverse and b vertical

running speeds of metro trains. The time history of fastener force is shown in Fig. 5.
The negative value indicates the direction of fastener force is vertically downward.

2.4 Verification of the Numerical Model

During the case of four-line operation, the vertical and transverse accelerations are
obtained from the track bed center in left tunnel of Line 5 (Sect. 2). Meanwhile, the
numerical data are compared with the measured data in the same position in Fig. 6.

The train is simulated as 3 vehicles in the numerical model comparing with the
6 vehicles in reality. In Fig. 6, the calculated transverse acceleration amplitude is
1.5 m/s? and the vertical acceleration amplitude is 2.0 m/s?. The numerical results
closely match the field data which have the same acceleration amplitude and peak
separation, indicating the reliability of both numerical models and input parameters.

3 Numerical Results and Discussions

3.1 Characteristics of Dynamic Shear Strain Distribution

The soft soil between the tunnels of Metro Line 5 and 11 are silt and sandy clay, which
can easily result in unrecoverable plastic deformation subjected to long-term train
loads. Therefore, using dynamic shear strain to evaluate the dynamic stability of the
soft soil. The dynamic shear strain can be divided into longitudinal shear strain along
the tunnel (y,,), vertical shear strain along the tunnel (y,.) and vertical shear strain
along the cross-section (yy). Comparing the above dynamic shear strains during the
train operation in left tunnel of Line 5, the vertical shear strain along the tunnel (y, )
has the maximum value which indicates the dominant position of dynamic stability.
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In this paper below, the dynamic shear strain all refers to the vertical shear strain
along the tunnel (y,;) and its distribution is shown in Fig. 7.

The largest dynamic shear strain of soil is concentrated on the place near the arch
waist of tunnel and the boundary between soil layers (less than arch waist). Besides,
the dynamic shear strain of left and right sides near the tunnel is opposite in direction
and their absolute value is close to each other. Considering dynamic shear strain
distribution, the value diffuses obliquely at a certain angle from the arch waist of
tunnel and gradually decreases with the increase of distance. Therefore, under the
influence of train loads, the dynamic stability of soil near arch waist is the most
significant problem, followed by the boundary between soil layers.

In the same condition as above, select the points near the arch waist (which has
the maximum dynamic shear strain) in different sections to study the influence of
overlap degree on dynamic shear strain of soft soil. The results are shown in Fig. 8.

It can be seen from Fig. 8 that the dynamic shear strain with positive direction
in Sect. 2 is 8% higher than other sections; the dynamic shear strain with negative
direction in Sect. 2 is 5% higher than others. These prove that the overlap degrees
of tunnels have a positive effect on dynamic shear strain of soft soil. More attention
should focus on the place which has the maximum overlapped degree between two
tunnels.

Fig. 7 Dynamic shear strain
distribution of soil around
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In order to study the influence of multi-line operation on dynamic shear strain, the
following conditions are simulated respectively: the single-line operation in the left
tunnel of Line 5 (5L), the single-line operation in the left tunnel of Line 11 (11L),
the double-line operation in the left tunnels of Line 5 and 11 (SL11L), the four-line
operation in both tunnels of Line 5 and 11 (SL5SR11L11R). During the case of multi-
line operation, all these trains operate simultaneously and meet at the cross-section
which has the maximum overlapped degree of tunnels (Sect. 2). In Fig. 9, there is
a comparison of maximum dynamic shear strain around the tunnel during different
conditions. In this figure, 0° represents the soil near the arch top of tunnel and 180°
represents the soil near the arch bottom of tunnel.

For the soil around tunnel of Line 5, the maximum dynamic shear strain during
the double-line operation (SL11L) and four-line operation (SLSR11L11R) increases
by 5.7 and 6.5% compared with the single-line operation (5L). For Line 11, the
maximum dynamic shear strain during the double-line operation (SL11L) and four-
line operation (SLSR11L11R) increases by 45.4 and 51.9% compared with the single-
line operation (11L). By the available, the dynamic shear strain of soft soil between
tunnels increases nonlinearly with the number of operating lines. The dynamic shear
strain of soil around the tunnel of Line 11 is much easier affected by multi-line
operation than Line 5, which indicates the effect of moving train load in the soft
soil transmits more easily from the top down. And the increment of the four-line
operation is close to double-line operation, which means the interaction of train
operation between the left and right lines is less.

The dynamic shear strain distribution of soil is close to symmetry. In Fig. 9a, the
soil around tunnel of Line 5 reaches the maximum value at both sides of the arch
waist, the minimum value at the arch top. There is a significant increment at the arch
bottom than in other positions. Meanwhile, in Fig. 9b, the soil around tunnel of Line
11 reaches the maximum value at same place of Line 5, but gets the minimum value
at the arch bottom which is contrary with Line 5. In particular, there is a significant
increment at the arch top of Line 11 which can be easily affected by the operation of
Line 5 (upper tunnels). During the case of two-line operation (5L11L) and single-line
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operation (11L), the biggest increment at arch top can be 338.9% which is even larger
than the 51.9% increment of arch waist. Above all, the moving train load operated
in upper tunnels has more effects on the arch top of lower tunnels.

3.2 Cyclic Threshold Shear Strain Parameters and Dynamic
Stability Analysis

Dynamic parameters of soil include dynamic strength, dynamic elasticity modulus,
and shear modulus, damping ratio as well as dynamic shear strain threshold. The
dynamic shear strain is one of the most important factors to control the dynamic
response of soft soil subjected to long-term vibration loads. In this paper, using the
cyclic strain thresholds [12] that represent the change in cyclic behavior and proper-
ties of soil to divide these different cyclic strain regimes. In the above theories, there
are two types of cyclic threshold shear strains for different types of soil based on previ-
ously published data, the linear cyclic threshold shear strain, y;;, and the volumetric
cyclic threshold shear strain,y;,, with y;, > y;;. For cyclic shear strains below y;;,
soil behaves essentially as a linear elastic material. Between y;, and y;;, soil behaves
markedly nonlinear but remains largely elastic because permanent changes of its
microstructure still do not occur or are negligible. Above y;,, soil becomes increas-
ingly nonlinear and inelastic, with significant permanent microstructural changes
taking place under cyclic loads. Because of the discreteness of data, the volumetric
cyclic threshold shear strain, y;, can be divided into the average y;, » and the lower
limit y;, y [14], which shows in Fig. 10.

In the previous study, the maximum dynamic shear strain of soil is located in the
silt layer, whose plasticity index [, is 20.2. During the case of four-line operation,
the maximum dynamic shear strain of silt layer, 7.973 x 107, is even larger than
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the linear cyclic threshold shear strain y,;, 1.3 x 107, and close to the lower limit
volumetric cyclic threshold shear strain y;,, ¢/, 1.7 x 107*. These indicate the silt layer
will have unrecoverable plastic deformation subjected to long-term train loads which
will affect the safety of metro systems. Therefore, the appropriate reinforcement
measures should be taken to reinforce the soft soil between the two tunnels.

3.3 Reinforcement Measures and Effect Evaluation

In order to meet the need of dynamic stability of soft soil between closely and
obliquely overlapped tunnels during operation, ¢ 600 high-pressure jet grouting pile
is adopted to reinforce the silt layer where Line 5 is located. The siltlayer is reinforced
with a length of 225 m longitudinally as well as within 4.95 m outside the tunnels
on transverse direction. In vertical, the reinforcement area shall within 2 m around
tunnels and keep a reasonable distance from existing tunnels (Line 11), as shown in
Fig. 11.

Using composite modulus method to calculate the elastic modulus of reinforce-
ment areas and adjust material parameters of 3D track-tunnel-soil model. In this
model, the elastic modulus of area around tunnels (Part I) shall be 126 MPa and the
area between two tunnels (Part II) shall be 99 MPa. Figure 12 shows the comparison
between dynamic shear strain of silt layer before and after reinforcement during
four-line operation.

After reinforcement, the maximum dynamic shear strain of soil around the left
tunnel of Metro line 5 decreases from 7.973 x 10™ to 2.847 x 1075, which is
35.7% before reinforcement. At the same time, the value around the left tunnel of
Metro line 11 decreases from 4.377 x 10~ to 3.887 x 107, which is 88.8% before
reinforcement. By the available, the reinforcement of the silt layer not only has a
good effect on decreasing the dynamic shear strain of soil around the tunnel of Line 5,
but also have a certain effect on Line 11. Of course, there are significant decrements
at the arch bottom of Line 5 and arch top of Line 11 after reinforcement than other
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Fig. 12 Comparison of dynamic shear strain of soil around the tunnel before and after reinforcement
a the left tunnel of Line 5, b the left tunnel of Line 11

positions. In conclusion, the reinforcement measure mentioned above has a good
guarantee effect on the dynamic stability of soft soil subjected to long-term train
loads.

In addition to the above, it should be noted that there are so many important
factors that will influence the dynamic stability of soft soil between two tunnels.
For instance, changing the cross angle of overlapped tunnels, choosing the effective
floating slab track system (FSTS), increasing the distance between tunnels will have
a positive effect on the dynamic stability of soft soil. Therefore, further research
on the influence of different factors on the dynamic stability of soft soil between
overlapped metro tunnels subjected to moving train loads is warranted.

On the other hand, the reported field study of the dynamic response of over-
lapped metro tunnels during operation is rather limited; therefore, further research
on comparisons between simulations and in situ measurement is needed.

4 Conclusions

In this paper, a 3D vehicle-track-tunnel-soil model has been established and the
model is validated by comparison with the measured data of Line 5. Furthermore,
the dynamic shear strain and transfer characteristics of the soft soil layers between
overlapped tunnels subjected to moving train loads have been studied. Besides, the
dynamic stability of soft soil was evaluated by the cyclic threshold shear strain
parameters. The main conclusions in this paper were as followed:

1. In longitudinal direction, the most unfavorable position for soft soil is located
in the place where has the maximum overlapped degree between two tunnels.

2. In transverse direction, the dynamic shear strain of soft soil between tunnels
diffuses obliquely at a certain angle from the arch waist of tunnel and gradually
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decreases with the increase of distance. There is a dynamic shear strain ampli-
fying area existence within the boundary between soil layers which is less than
the arch waist of tunnel.

The dynamic shear strain of soft soil between tunnels increases nonlinearly with
the number of operating lines. In vertical direction, the effect of moving train
load in soft soil transmits more easily from the top down and the moving train
load operated in upper tunnels has more effects on the soil near arch top of
lower tunnels. The interaction between the left and right lines is less during
train operation.

During multi-line operation, the dynamic shear strain of soft soil between
tunnels exceeds the linear cyclic threshold shear strain of Vucetic which means
the plastic deformation of soft soil will accumulate obviously. Therefore, high-
pressure jet grouting pile is adopted to reinforce the soft soil between two
tunnels. And the result shows that the dynamic shear strain of soft soil after
reinforcement is much smaller than that before.
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Research on Calculating Quantity )
of Utility Tunnel with Revit Secondary L
Development

Qi Zhang, Qian Su, and Yan Yan

Abstract A practical cost estimation about the design model of the utility tunnel is
essential for the management of the utility tunnel in the design stage. However, the
process for quantity calculation based on the design model from the utility tunnel is
inefficient because of the inaccurate recognition. Issues in quantity calculation will
be resolved with the method related to Revit secondary development (RSD) proposed
in the paper. On the basis of Application Programming Interface (API), program-
ming language C#, and programming platform Visual Studio, we established a tight
correspondence between the design model of utility tunnel and the external database
for quantity calculation. Consequently, results of the quantity calculation based on
utility tunnel depended on the clarified model of utility tunnel were available. A case
of utility tunnel in the new southern district of Nanjing was studied. It has shown that
the results of RSD are better than that of the existing third-party calculation software,
in terms of recognition accuracy and data integrity. The results of the study verified
the reliability of method proposed in the paper.

Keywords Utility tunnel + Quantity calculation - Method - Secondary
development - Revit

1 Introduction

Ground pipe gallery is the public tunnel that could be able to accommodate multiple
municipal pipelines, and it plays a crucial role in relieving traffic congestion [1].
Recently, the speed of ground pipe gallery construction has been accelerated in
China, and the total mileage of ground pipe gallery was more than 7800 km by April
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2018. With the rapid expansion of underground pipe gallery construction, researchers
have become to focus on effective cost estimation of it in the design stage [2]. As
the basis of cost estimation, the result of quantity calculation not only is significant
in the control and determination of cost but also directly affects the quality of cost
estimation [3]. In general, there are three standard methods for quantity calculation:
manual computation, computer-aided table (e.g., Excel), and graphic calculation
[4]. However, various problems (e.g., heavy workload, high repeatability and low
efficiency) has been found in manual computation and computer-aided table, making
neither of these methods is suitable for quantity calculation [4, 5]. Although quantity
could be recognized intelligently from design drawing by graphic calculation, the
recognition accuracy is not high enough in the process of drawing identification
[6]. Therefore, improvement in the accuracy of quantity calculation has been paid
attention to.

Building Information Modelling (BIM) is a model based on 3D technology, and
it has the capacity in containing information about a building itself, which makes it
feasible to modify and extract relevant information at different stages (e.g., planning,
design, and construction) [7]. Besides, the quantity calculation of a building with BIM
has been proved [8].

Liuetal. [9] provided the relationship between various information (e.g., quantity)
and BIM. Kang et al. [10] researched the quantity calculation with BIM. The result
showed that BIM is time-saving and high-precision. Wang et al. [11] accomplished a
real-time quantity calculation by developing the construction resource management
system of BIM 4D. Deng et al. [12] applied BIM on multiple design schemes of a
national road for quantity calculation, and it turned out to be effective. Wei et al. [13]
created a calculation method of auxiliary materials required in house construction.

The model of the underground pipe gallery based on BIM was usually completed
with Revit. At present, there are two main ways to calculate the quantity of the model:
the QTO (Quantity TakeOff) inside Revit and the third-party calculation software [ 14,
15]. As a third-party method, the quantity of Revit model is calculated by the soft-
ware with a plug-in inside designed for extracting the data from the Revit. However,
it is easy to lead to quantity data leakage because of the process of extracting by
plug-in, and it would affect the accuracy of calculation result. Besides, as Chinese
character has the feature of multiple meaning, it would be more likely for recognition
error during the process of extraction when the item of Revit model needs be recog-
nized with Chinese character for further calculation, which strictly in accordance
with the software manual. The QTO of Revit is believed to be more accruable and
objective for calculation, but it cannot completely satisfy the Chinese requirement
[16]. To ensure the normalization of calculation result, classificatory and denominate
information of the model item, which should be in accordance with the Chinese stan-
dard specification, is required within the quantity calculation result based on Revit
model. However, calculation result of the QTO inside Revit cannot meet the require-
ment. Besides, attribute information related to quantity of Revit model is likely to
be dropped during the process of calculation conducted by the QTO inside BIM.
Besides, a survey to employees of construction firms located in southeastern U.S.
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[17] indicates the QTO inside Revit cannot provide 100% of data needed to execute
the quantity take-off, which reduces the accuracy of calculation results.

This paper proposes the method that is suitable for quantity calculation of under-
ground pipe gallery modeled in Revit. Be basis with secondary development in BIM
by using API, C#, and Microsoft Visual Studio, it turns out the quantity calculation
result by this method proposed is proved to be accurate, integrated, and applicable.
This paper is structured as follows. Section 2 states the methodology applied with
secondary development. In Sect. 3, a contrast analysis is performed to demonstrate
the applicability of the method proposed with an illustrative case. Section 4 concludes
the paper and discusses the perspectives.

2 Methodology

2.1 Method Design

The proposed method consists of four steps. In the first, information about items of
the underground gallery for quantity calculation should be imported into the external
database, according to relevant national standards (e.g., Specification of Quantity
Billing in Construction Projects). Secondly, after the modeling of underground pipe
gallery in Revit, the method runs to identify the item of the model with the same
component that existed in the database through checking the code of the item, as the
more accurate identification of code. Thirdly, the item identified would be assigned
with quantity calculation rule which satisfies the Chinese standard. Finally, calcu-
lation results could be obtained by employing the proposed method with a Revit
plug-in.

Figure 1 shows the method flowchart. The method steps are described in detail in
the following paragraphs.

2.2 Information Typing

Information about the items of the underground gallery for quantity calculation (e.g.,
the name, code, and calculation object of the item) should be typed into the identi-
fication database. All the information typed should be in accordance with relevant
national specifications strictly, especially the code. As the only marking during the
identification process, the code (see Fig. 2) is represented by nine Arabic numerals,
with requirements of Specification of Quantity Billing in Construction Projects in
China and actual design. The first and second digit of code stands for specification in
engineering metrology (e.g., house building and decoration engineering), the third
and fourth digit of code stands for specification in engineering project (e.g., concrete
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Fig. 1 Flow chart of the
proposed method

Fig. 2 The structure of code
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and reinforced concrete engineering), the fifth and sixth digit of code stands for spec-
ification in subproject (e.g., cast-in-situ reinforcement concrete plate), and the rest
of digits stand for the subdivisional project (e.g., flat-slab).

2.3 Code Identification

The process of code identification is shown in Fig. 3. As the unique recognition
symbol, each part of code related to the item of the Revit model needs to be checked
whether it is matched with that in the identification database. If the code of item
could be matched with the code in the identification database, the process of code
identification will be done and ready for next steps. Otherwise, if not matched, the
result of identification would be marked with 0, and the process of identification
would be discontinued.

Match the code of item based on Revit model with
that existed in identification database

Is the code of item based on
Revit model could be matched with that in
identification database?

Finish the process of identification
and be marked with 0

!

No —»

Y
fs End

Finish the process of identification
and be ready for the next step

End

Fig. 3 Flowchart of code identification



68 Q. Zhang et al.

2.4 Items Assignment

In order to make results of quantity calculation precisely and meet the requirements
of Chinese specifications, it is necessary to assign the item of the design model
with rules for quantity calculation. The process of assignment is accomplished by
procedural programming. The main program is shown below.

If(category==record.Category&&family==record.Family&&type==record.Type)
{
IsDistinguish=1;
elementData.Number=record.Number;
elementData.ComputationalStandard=record.QuantityStandardld;
elementData.ComputationalStandardString=record.QuantityStandardIdString;
elementData.IsDistinguish=IsDistinguish;
if(record.QuantityStandardID==Convert.Tolnt32(QuantityStandardEnum.None))
{
elementData.Quantity=0;
H
else if(record.QuantityStandardld==Convert. ToInt32(QuantityStand-
ardEnum.Amount))

{

H
else if(record.QuantityStandardld==Convert. ToInt32(QuantityStand-
ardEnum.Area))

{
H

else if(record.QuantityStandardld==Convert. ToInt32(QuantityStand-
ardEnum.Volume))

{
H

else if(record.QuantityStandardld==Convert. ToInt32(QuantityStand-
ardEnum.Ton))

{

H
else if(record.QuantityStandardld==Convert.ToInt32(QuantityStand-
ardEnum.Length))

{
H

elementData.Quantity=1;

elementData.Quantity=Convert. ToDouble(elementData.Area);

elementData.Quantity=Convert. ToDouble(elementData.Volume);

elementData.Quantity=0;

elementData.Quantity=Convert. ToDouble(elementData.Length)/100;
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Fig. 4 The plug-in for quantity calculation in Revit

2.5 Developing Plug-In

To conduct quantity calculation conveniently in Revit, a plug-in is built. On the
basis of Revit API.dll, Revit APIUI.dIl and the other interface for Revit, an external
command for quantity calculation based on secondary development is implemented
with Microsoft Visual Studio [18], and it could be set in the options tab of Revit as a
plug-in (see Fig. 4) by loading Add-in Manager and Revit lookup.dll from Software
Development Kit (SDK). By clicking the plug-in, the result of quantity calculation
based on the design model is available.

3 Application Analysis

A case of underground pipe gallery in Nanjing, Jiangsu Province, China is being
studied. The chosen case is about a ventilation shaft in the underground pipe gallery
whose cross-section dimension is variable because of the available depth of ground
surface soil, and under such circumstances, it is necessary to get the accurate quan-
tity calculation result, as the basis for the project cost budget. The section of the
ventilation shaft is a double tank. Meanwhile, the net width of the section is (3.8 +
2.0) m, and the clear height of the section is 3.6 m, with the buried depth is 3 m. The
structure of the underground pipe gallery is reinforced concrete. Thereinto, its design
working life is 100 years, and seismic fortification intensity is 7°. To visualize the
result and improvement of the proposed method, A calculation software commonly
employed in China is used to make comparisons. Relevant information in the admin-
istrative document of the underground pipe gallery is set as an evaluation criterion
for calculation results of different methods. Design model of the ventilation shaft is
shown in Fig. 5. Results are listed in Table 1.

As seen in Table 1, calculation results by the proposed method are close to results
from the document. However, calculation results of “010504001-Concrete walls-
Straight walls-450 mm” and “010504001-Concrete walls-Straight walls-500 mm”
calculated by the software are significantly different from the results from the docu-
ment. Besides, “010504003- Concrete walls-Shear walls-450 mm” and “010504003-
Concrete walls-Shear walls-500 mm” are found in calculation results by the software,
which does not appear in results of design document and have been highlighted. To
explore the reason for calculation bias, detailed calculation results were exported
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Fig. 5 The design model of ventilation shaft in Revit

Table 1 Quantity calculation results from different methods and design document

Code Subproject | Name Type (mm) |Results of | Results of | Results of
the method | calculation | the
proposed software document

010504001 | Concrete Straight | 300 12.20 m? 12.20 m? 12.19 m?

walls walls | 450 100 m? 7046 m3 | 10121 m?
500 521 m3 3.01 m3 5.32m3
010505002 |P.C.insitu |Flatslab |100 35.63 m? 35.68 m? 33.87 m?
350 102.12m? | 103.12m? | 101.82 m?
500 140.85m> | 142,61 m®> |141.26 m?
010504003 | Concrete | Shear 450 \ 2954m3 |\
walls walls 1500 \ 220m3 |\

from calculation software, as also seen in Table 1. From Table 1, it is easy to find out
the sum calculation result of “010504001- Concrete walls-Straight walls-450 mm”
and “010504003-Concrete walls-Shear walls-450 mm” is 100 m?, which is almost
equal to the result of “010504001- Concrete walls-Straight walls-450 mm” from
design document. Moreover, it is obvious to find out the sum calculation result
of “010504001- Concrete walls-Straight walls-500 mm” and “010504003-Concrete
walls-Shear walls-500 mm” is 5.21 m? at the same time, which is much close to the
result of “010504001- Concrete walls-Straight walls-500 mm” from the document.
Based on detailed analysis and discussion, a wrong recognition for items of Revit
model has been made, which leads to weirdly sorting them during the process for
obtaining data by the calculation software, and it would be able to get inaccurate and
incomplete calculation results.
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Table 2 Cost estimation ..
results from different methods Methodology Cost estimation (CNY)
and design document The method proposed 84.23

Calculation software 68.08

Results of document 84.44

It indicates that some errors existed in the process of importing the data from
the Revit model into the calculation software. Meanwhile, the recognition accuracy
and ability to ensure data integrity of the method proposed is validated. It can be
interpreted that the result calculated by the proposed method is much close to that
of the administrative document, which demonstrates its applicability.

To estimate the impact of the method proposed and the calculation software in cost
estimation, based on quantity calculation results and the underground pipe gallery
construction unit price promulgated by Ministry of Housing and Urban—Rural Devel-
opment of the People’s Republic of China (MOUHURD), A comparison table of cost
estimation is given (see Table 2). As seen in Table 2, there is a slight deviation in cost
estimation result between the method prosed and the document (less than 0.2486%),
however, the estimation result by the software is greatly different from the result of
the document (more than 19.37%). It is clear that the current quantity calculation
method (e.g., calculation software) may have a difference on the effectiveness of
cost estimation, while the method proposed could provide the basis for accurate cost
estimation.

4 Conclusion and Perspective

This paper develops the method based on secondary development to get quantity
calculation results of underground pipe gallery model in Revit. The method proposed
includes four main steps: information typing, code identification, item assignment,
and developing a plug-in. Items for quantity calculation, which is in accordance with
relevant national specifications, are typed into the external identification database. In
the second step, each segment of the code related to the item from the Revit model
needs to be checked whether it is matched with that in the external identification
database, on the condition that the identification of code is more accurate than that of
Chinese character. If the code of item from Revit model could be matched with that in
the external identification database, the process of code identification would be done
and ready for next steps. In the third step, programming completed in Microsoft
Visual Studio would be used to assign with the calculation rule which meets the
requirement in China, to make the calculation result more precise. In order to conduct
the processes of quantity calculation conveniently, a plug-in based on RevitAPLdll,
RevitAPIUILdIl, Revitlookup.dll, and Add-in manager is established into Revit in the
fourth step.
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A case is conducted to illustrate the performance of the proposed method by
analyzing the difference in results obtained from the method proposed and the calcu-
lation software. The method proposed is proved to get improvement in recognition
accuracy and data integrity, in comparison to the performance of the calculation
software. Furthermore, the applicability of the method proposed is testified.

This study reveals a great potential for applying new approaches of quantity
calculation in the design stage of underground pipe gallery. The proposed method
could lay the foundation of cost estimation. Then, to verify the effectiveness of the
method proposed ulteriorly, more kinds of commercial calculation software (used in
or outside China) would be compared with the method proposed in recognition accu-
racy and data integrity, and improvements on the method proposed would be made
depending on the comparative performance. Further, we can develop the method
proposed into the cost estimation platform for effective management of cost in the
design stage by introducing the price system of cost estimation.
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The Influence of Variation )
in Groundwater Table on Ground oo
Vibrations from Underground Tunnels

Chao He, Shunhua Zhou, Honggui Di, and Xiaohui Zhang

Abstract This paper investigates the influence of the variation in the groundwater
table on ground vibrations from underground tunnels by an analytical model. The
saturated porous medium is used to model the soil layer under the groundwater table,
and the dry single-phase medium is applied to simulate the soil above the groundwater
table. The transfer matrix method and wave transformation are applied to derive the
solution for a tunnel in a dry/saturated layered half-space. Ground vibrations from a
tunnel in a three-layered half-space are computed by using the proposed model. The
numerical results demonstrate that the vibration levels increase as the groundwater
table drops. The displacement field is similar to that of a saturated half-space when the
groundwater table is above the tunnel, while it is similar to that of a dry single-phase
half-space as the groundwater table is under the tunnel.

Keywords Train-induced vibration + Underground tunnel - Saturated porous
medium - Groundwater table - Transfer matrix method
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1 Introduction

Vibrations induced by subway traffic has a significant influence on the environment
[1]. The vibrations transmitting to the nearby buildings may cause annoyance to resi-
dents and interference with sensitive equipment. Therefore, more and more attention
has been paid to predict the train-induced vibrations.

The numerical methods, such as the finite element (FE) model [2-5], finite
element—boundary element (FE-BE) model [6—12], finite/infinite element model [13,
14], and finite element finite-perfectly matched layers model [15, 16], have become
popular tools to predict the ground vibrations induced by railway traffic. On the
other hand, analytical methods with high-computational efficiency were also widely
developed to calculate subway-induced vibrations. For example, Forrest and Hunt
[17, 18] proposed the pipe-in-pipe (PiP) model to predict ground vibrations from a
tunnel in a full-space, which was further improved by many researchers [19-22]. He
et al. [23] developed a theoretical model to investigate the effect of the tunnel ring
joint on the dynamic responses from underground tunnels. Hussein et al. [24] firstly
developed a fictitious force method, which a layered Green’s function was applied to
the PiP model to extend it to a layered half-space. However, due to the assumption
that the tunnel response is not affected by ground surface and layer interfaces, the
accuracy of this model deteriorates when the distance between the tunnel and the
ground surface or layer interfaces is less than twice the tunnel diameter. He et al. [25,
26] recently proposed a 3D analytical method to calculate ground vibrations from a
single tunnel or twin tunnels in a multi-layered elastic half-space. Since fully couple
is considered between the tunnel and surrounding soil in this method, a good accuracy
can be obtained even for a close distance between the tunnel and ground surface or
layer interfaces. However, those models for the vibration prediction from tunnels in
a multi-layered half-space simplified the soil as a single-phase medium. In practice,
many subway lines were constructed in the saturated soil, and the groundwater table
changes with the seasons.

This paper is aimed to investigate the influence of variation in groundwater table on
ground vibrations from underground tunnels. The soil is considered as a dry/saturated
multi-layered half-space. A dry single-phase elastic medium is used to simulate
the soil above the groundwater table, while the soil under the groundwater table is
modeled as a saturated porous medium. The transfer matrix method is applied to deal
with wave propagation in the multi-layered medium. The tunnel is considered as a
cylindrical shell. The tunnel is coupled with the soil via the boundary conditions at
the tunnel-soil interface.

2 Formulation

As shown in Fig. 1, the soil involving Q horizontal layers on the top of ahomogeneous
half-space is simulated by Biot theory [27, 28]. The groundwater table is located at
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a depth d,, under the ground surface. For the sake of simplicity, capillary action
is not accounted for in this study. Therefore, a dry single-phase elastic medium is
applied to model those soil layer, which can be simulated through special parameter
setting to eliminate the effect of pore water. The tunnel is embedded in the S-th layer
(source layer). As the geometries and material of the tunnel and soil are assumed to
be invariant in the longitudinal direction, the proposed model can be derived in the
frequency and wavenumber domains via the following Fourier transforms:

400 +00

f(kz,w)=//f(z,t)ei("f“‘“’)dzdt (1)

—00 —O0

where z is the longitudinal coordinate and ¢ is the time; k, denotes the longitudinal
wavenumber, and w denotes the angular frequency.

The Biot’s theory [27, 28] is used to simulate wave propagation in the satu-
rated porous medium. If the tunnel is not situated at the g-th layer (i.e., g # S), the

. 2 (q) . 2 . 2(q) .
displacement i, pore-fluid pressure p‘? and soil stress T  are obtained through
the derivations proposed by Zhou et al. [9], which are written as:
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where k, denotes the horizontal wavenumber and w = 27f represents the angular

frequency. ¢, 9, and ¢ are the wave functions for solid displacements, pore-fluid pres-
sure and stresses, respectively, and Ag;, ,,; are the corresponding unknown coefficients.
The subscripts d and u represent that the plane waves are transmitted downward and
upward. The expressions of those wave functions are given in Ref. [29].

According to Eq. (2), the variables in at the g-th layer (i.e., ¢ # S) can be re-
expressed in the double wavenumber and frequency domains as

2@

ESS ~ ~ ESNS ~ A T
& (kv ke o) = [@0 @0 F0 5o T T 70 Fo |
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_ [ D Gy ke, 0) DI hy Koy ) || B () 0 a0l @
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where the coefficient matrixes Df,q), DY, Sflq), S Efl”), and E are determined by

Eq. (2). A;q) and A,(f) are the 4 x 1 unknown coefficient vectors.

Then, through the transfer matrix method [25], the unknown coefficient vectors
Afis_]), Aff’l) in the (S — 1)-th layer and A;S’L]), Aff“) in the (S + 1)-th layer are
related via:

A7 == RTy, — Tyl ™ RTyy, — Tyh)AS ™ = QA" @)

—1
A== [T TG AST = QALY 5)
with
—1
R=— E;w(hl)[s;”] [SVJES (hy) ©6)

where the expressions of the transfer matrixes ng; and Tfﬁ;
by He et al. [25].

The wave field in the source layer Ly contains the up- and down-going plane

(i,j =1, 2) were given

. . . 208 £ 2(8)
waves and the outgoing cylindrical waves. Thus, the variablesu , P®) and 7~ are
expressed in the wavenumber and frequency domains as
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where ):(m o I%m j»and 7:7,,, ; represent the outgoing cylindrical wave functions for solid
displacements, pore-fluid pressure, and stresses, respectively, with Al ; being the
corresponding unknown coefficients. The expressions of those wave functions were
given in Ref. [29].

To handle the boundary conditions of the interfaces, the cylindrical waves need to
be transformed into the corresponding plane waves. This requirement can be solved

by the following integral representations of Hankel function of the first kind [30]:

+00
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in which y =, /k2+k2 is the radial wavenumber.
2(8)
When x® > 0, substituting Egs. (8) into (7) gives the variables Q  of L inthe
double wavenumber and frequency domains as

5(5) — D;S) DL(IS) Ez(iS)(x(S)) 0 A;S) + DLE;(X(S))AI (10)
Sy’ S 0  EP(x) ] LAY SLE, (xs)A’

2(9)
When x < 0, Substituting Eqgs. (9) into (7) gives the variables &  of L, in the
double wavenumber and frequency domains as

S(S) _ D(ds) Dt(ts) E((IS)(X(S)) 0 A((IS) + DfiEzti(x(S))At an
S s 0  EP(xe) LAY SHE; (x(s) A’

where the components of matrixes D!, D!, S.,, S!.E! (x(s)), and E/, (x(s)) are given
by
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in which k; =k, forj =1, 2, k,; = ky1 forj =3, and k,j = ky,p for j =4; T,
and Ty,,; are expressed as

elmbs e " B, = arcsin(ky/kyy), j=1,2
Tumj =17" = { e | Ty, =i" = { e” ™ B, = arcsin(ky/kp1), Jj=3
elmbp e~imbp Bpo = arcsin(ky/k,p2), j=4
(13)

Next, according to the continuity conditions at the upper interface (x(s) = h;1) and
lower interface (x(s) = A;2), the combination of Eqs. 3), 4), (5), (9) and (10) gives

the relationship between Afi j),A(S) and Ar
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Next, the variables in the source layer L also need to be expressed in the cylindrical
coordinate system to impose the boundary conditions of cavity surface. The following
relationships are introduced to satisfy this requirement [30]:

M
ei(kyy'—kxx) — Z i—meimﬂJm(yr)eimQ

=M

Iy (16)
ei(k),y+kxx) — Z m ﬂmﬁ‘]m(yr)eimG

=—M

A5 2 (S
The substitution of Eqs. (14) and (16) into (7), the variables & ), P®, and 3

are expressed in the cylindrical coordinate system as
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Next, the solution for the cylindrical shell can be obtained following the derivation
of the method proposed by Forrest and Hunt [17] and He et al. [26], which is given
by

T

~ A ~ T A a a N N ~ T
K””[ V W ] + [Qrzm7 _Qr9m7 _erm] = I:Fzmv FOnu Frm] (18)

where the expression of the 3 x 3 coefficient matrix K;,, was provided by He et al.
A A A~ 9T

[26]. | F.,., Fom, Fom ] represent the load components applied to the inside surface

of shell. For a unit point load with a frequency f and velocity v radially applied to

the shell at the tunnel invert, the expression of the load is as follow:

A
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Combining Eqgs. (17) to (19), the continuity conditions at the tunnel-soil interface
give

+00

4
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(20)

In addition, the tunnel is assumed to be fully impermeable. Therefore, the pore-
fluid pressure gradient vanishes at the outside surface of the shell, which yields

4 too 2R M 4 2

2 Emj Ty LY T AL dk, + Al Ok —0
> <] 2 D T LSy + Tami L) T A 5, =
Jj=3 0 r—a m'=0 j'=1 r=a

2y

The unknown coefficients A’ can be calculated from Egs. (20) and (21) for each

m. The coefficients AEZ.) and Afz.) can subsequently be determined by the transfer
matrix method.

3 Numerical Results and Discussion

In this section, the impact of the variation in the groundwater table on train-induced
vibrations is investigated by a numerical case. A single tunnel in a three-layered
half-space is considered, as shown in Fig. 2. The depth of the tunnel center to the
ground surface is 15 m, and the total thickness of the first and second layers is fixed
at h; + hy = 25 m. The tunnel that is made of concrete with a Young’s modulus
E, = 50 GPa, Poisson’s ratio v, = 0.3, density p, = 2500 kg/m3, and material
damping ratio B, = 0.015 has a mean radius ¢ = 3 m and thickness 4 = 0.25 m.
Table 1 presents the parameter values used to model the soil layers. The first layer is
above the groundwater table, which has the same lamé constant as the second layer,
and density p, = (1 — ¢)ps; = 1089.6 kg/m>. By assigning the parameters p; =
0.001 kg/m?, @ = 0.001, M = 1000 Pa, K = 10° m’kg " s, the effect of pore water
can be ignored [31]. Four values of the depth of the groundwater table are considered,
which are d,, =5 m, 10 m, 20 m, and 25 m. The cases of d,, = 5 m and 10 m indicate
that the groundwater table is above the tunnel, as shown in Fig. 2a, while the cases of
d,, =20 m and 25 m represent that the groundwater table is under the tunnel (Fig. 2b).
d,, = 0 m that represents a saturated poroelastic layered half-space is considered as
a reference case.
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Fig. 2 A single tunnel embedded in a three-layered half-space: a under the groundwater table and

b above the groundwater table

Table 1 Parameter values defining the properties of the three soil layers

Parameter First layer | Second layer | Third layer
First lamé constant, A (Pa) 0.58 x 108 |0.58 x 108 233 x 108
Second lamé constant,  (Pa) 0.25 x 108 | 0.25 x 108 1.0 x 108
Density of bulk material, pp (kg/m3) 1089.6 1489.6 1489.6
Material damping ratio, B 0.05 0.05 0.05
Density of pore fluid, pf (kg/m3) 0.001 1000 1000
Porosity, ¢ 0.4 0.4 0.4

First Biot parameter, a 0.001 1 1

Second Biot parameter, M 1000 6.13 x 10° 6.13 x 10°
Tortuosity, deo 1 1 1
Hydraulic permeability coefficient, K (m3kg=!s) | 1.0 x 10° 1.0 x 1077 1.0 x 1077

Tunnel

Rails

P?\’U.i

Slab

— i
j"n.’mmi

Fig. 3 Geometry of a double-beam track system in a circular tunnel



84 C. He et al.

Table 2 Parameter values

. . Parameter Value
defining the properties of the
track structures Bending stiffness of two rails, E,1, 10 x 10° Pa-m*
Loss factor of rails in bending, n, 0.03
Mass of two rails per unit length, m, 100 kg/m
Normal stiffness of rail pads, &, 40 x 10° N/m?
Loss factor of rail pads, 7, 0.1

Bending stiffness of slab in the vertical | 1430 x 10° Pa m*
direction, E [

Loss factor of slab in bending, 7, 0.05

Mass of slab per unit length, m; 3500 kg/m

As shown in Fig. 3, track structures are subsequently considered as a double-
beam model. The rails and slab are simulated as an Euler—Bernoulli beam with
infinite length, respectively, while the rail pad and slab bearings are simplified as
spring with continuous supports. The derivations of the fully track model were given
by Forrest and Hunt [18]. The parameter values used to simulate the track structures
are presented in Table 2.

Figure 4 presents the real part of the vertical displacement (Real(u,)) on the ground
surface induced by a unit harmonic load of 40 Hz moving on the rails at 20 m/s. The
displacement fields in Fig. 4a—c show the similar trend, and the same wavelength. It
is indicated that when the groundwater table is above the tunnel, the displacement
distribution tends to that of the saturated poroelastic layered half-space. However,
when the groundwater table drops below the tunnel, as shown in Fig. 4d, e, the
displacement fields change, and the wavelength increases. The displacement field in
those cases tends to that of a dry single-phase layered half-space.

To quantitatively assess the effect of the variation in the groundwater table on
vibrations, the insert gain (IG) that represents the difference of vibration levels
between the four cases and the reference case (d,, = 0 m) is defined as IG =
20log(lul/lu"1). Figure 5 shows the vertical displacements and insert gain at three
observation points on the ground surface induced by a harmonic load moving at
20 m/s. in the low-frequency region, the variation in the groundwater table has a
small influence on the ground vibrations. The vibration levels increase slightly as the
groundwater table drops down. However, the effect of the variation in groundwater
table on the ground vibrations becomes significant when the frequency increases,
inducing IG values up to 20 dB. Due to the existence of the pore water, the compres-
sion modulus of the soil increases. Therefore, as the groundwater table drops down,
the soil stiffness decreases, resulting in higher vibration levels. However, when the
groundwater table is under the tunnel, the further drop in the groundwater table has
little effect on the ground vibration levels.
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Fig. 4 Vertical displacement fields on the ground surface in the cases of a d,, =0m, b d,, =5m,
cdy,=10m,d d,, =20 m, and e d,, = 25 m induced by a unit harmonic load of 40 Hz moving on
the rails at 20 m/s

4 Conclusions

An analytical model was proposed in this study to investigate the influence of the
variation in the groundwater table on the ground vibrations induced by underground
railways. The transfer matrix method was applied to deal with wave propagation in
the dry/saturated multi-layered half-space. By using the boundary conditions on the
tunnel-soil interface, the tunnel was coupled with the multi-layered soil.

The influence of the variation in groundwater table on the ground vibrations
was subsequently investigated through a numerical case. The displacement field is
similar to that of a saturated layered half-space when the groundwater table is above
the tunnel, while it is similar to that of a dry single-phase layered half-space when
the groundwater table is below the tunnel. When the groundwater table is above the
tunnel, the ground vibration levels increase as the groundwater table drops. When
the groundwater table is under the tunnel, the variation in groundwater table has little
effect on the ground vibration levels.
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Experimental Studies on Three Types )
of Vibration Isolators for Buildings Near | @i
Subways

Tao Sheng, Xue-cheng Bian, Wei-xing Shi, Jia-zeng Shan, and Gan-bin Liu

Abstract This paper presents three types of vibration isolators to enhance the
comfort for residents inside buildings near subways. Stacked sandbags formed the
first type of isolator. An elastic and closed capsule filled with sand and rubber parti-
cles is the second type of isolator. The third type of isolator is laminated thick rubber
bearing with a sliding bottom. The materials and components of the three isolators
are described first. Then, the vertical stiffness values, the damping ratios, and the
ultimate bearing capacities of the above isolators are tested in a laboratory, and the
suppression effectiveness for subway-induced vertical vibrations are investigated by
two full-scale buildings near subway transportation. The results indicated that the
bearing capacity of the first isolator is the lowest, but the damping ratio is the highest.
For the second isolator, the vertical stiffness and damping ratio can be adjusted by
changing the mixture ratio of sand particles, and the bearing capacity is improved
significantly. For the third isolator, the damping ratio is the smallest, but the sliding
bottom is capable of isolating earthquake ground motions. After installation of the
three isolators, the human comfort inside the buildings satisfied the limit values,
proving that they are effective as base isolation methods for buildings near subways.
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1 Introduction

Subway transportation advantages include convenience, punctuality and low pollu-
tion, and therefore a large number of subway lines are planned, constructed or are
under construction all over the world. Especially in the Asian countries, the construc-
tion of subway networks has been a critical investment area since the beginning of
this century. However, such transportation networks may have negative influences
on human comfort inside buildings near them due to vibrations.

Generally speaking, there are three ways to solve this problem: source reduction
methods [1, 2], wave barriers in the ground [3, 4] and passive isolation methods
of buildings [5, 6]. Base isolation is one of the passive isolation methods and has
been proved to be one of the most effective ways by Cryer [7], Sharif [8], Sheng
et al. [9] and many other researchers [10, 11]. But the isolators used for buildings
near subway transportation are much more complicated and expensive. Moreover,
there are even several defects for the existing isolators. For example, the vertical steel
spring isolator [12] struggles to resist corrosion under humid conditions. Besides, the
bearing capacity of the steel spring is so small that only appropriate for lightweight
buildings. The laminated thick rubber isolator proposed by Sheng et al. [9] and Pan
et al. [11] cannot resist large shear deformations under earthquake ground motions.
So some more reliable vibration isolators should be deeply developed to meet all the
requirements under different engineering conditions.

Matsuoka et al. [13], Nakagawa et al. [14] and Liu et al. [15] discovered that
friction forces between soil particles in a soil bag are a benefit to dissipating vibration
energy. Inspired by the above research works, this paper presents two new types of
geosynthetics isolators to suppress the vertical vibrations of a building near subway
transportation. Then, for the buildings near subway transportation and in seismic
areas, a new type of isolator is developed from laminated thick rubber isolator to
enhance earthquake resistance functions. Furthermore, the mechanical properties
and suppression effectiveness of the new isolators are verified by pseudo-static tests
and field experiments.

2 Designs of the New Isolators

2.1 Stacked Sandbags

The sample size of each sandbag in this research is about 35 cm long, 25 cm wide and
8 cm thick. The bags are made of PET continuous filament nonwoven geotextiles,
the properties of which are listed in Table 1. For the PET bags, the tensile parameters
in the warp direction are the same as those in the weft direction. As a comparison,
the properties of the PE bags applied by Liu et al. [15] are also listed in Table 1. As
shown in the table, the tensile modulus of the PET bag is only one-tenth of that of the
PE bag, so the vertical stiffness of stacked PET sandbags is speculated to be much
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Table 1 The properties of the

P: 1 PET b PEb
PET bag and the PE bag [16] — oeret a8 2
Mass per unit area (g/m?) | 150 110
Thickness (mm) 1.2 Not listed
Tensile strength (kN/mm) |8 25 (warp); 16.2 (weft)
Tensile modulus (kN/m) 14.2 161 (warp); 138 (weft)
Tensile elongation (%) 50 25
Fig. 1 Particle size 100 ‘
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lower than ever before. At the same time, the tensile elongation of the PET bag is
two times more than that of the PE bag, so the bearing capacity of PET sandbags
may be enough for buildings.

Approximately 25 kg of dried sand particles are filled in each bag, and the bag
mouth is sealed by high-strength cotton thread with a manual sewing machine. The
sand with single and uniform gradations are filled in the bags to bear the weight of
the buildings, respectively. The particle size distributions are shown in Fig. 1.

2.2 The Improved Geosynthetics Isolator

The air spring has an enclosed space which is much similar to a sandbag. The capsule
of the air spring is composed by structural composite materials, which have excel-
lent performances of durability, toughness and wear resistance [17]. In addition, the
tensile strength of the capsule is much higher than that of the PET material, and the
elastic modulus is much lower. So, the stacked sandbags are developed to be a new
type of vibration isolator in this paper, which is composed by an air spring and filled
particle materials. In theory, the bearing capacity of the new isolator will be much
larger than that of stacked sandbags, and the vertical stiffness will be much smaller.
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Fig. 2 The new type of geosynthetics isolator

The three-dimensional graphic and the cross-section of the new isolator are depicted
in Fig. 2.

In order to adjust the vertical stiffness and the damping ratio of the isolator,
the filled particle materials are composed by sand and rubber particles. In theory,
when the proportion of sand particles increases, the damping ratio increases. Simi-
larly, when the proportion of rubber particles increases, the vertical stiffness value
decreases.

2.3 Laminated Thick Rubber Isolator

The laminated rubber bearing is characterized as high bearing capacity and small
horizontal stiffness, so it is widely used for seismic isolation. In theory, the thicker
the rubber layer is, the smaller the vertical stiffness of the rubber bearing is. But the
thickened rubber layer might reduce the shear deformation capacity of the isolator,
so a horizontal sliding layer made of polytetrafluoroethylene (PTFE, F4) plate is
designed to ensure the stability and safety of the isolator under earthquake ground
motions. The basic configurations and main components of the new isolator are
illustrated in Fig. 3.

=
]

Component

steel connection plate
sealing plate

nut used to bolt component 1 with 2
Thick rubber layer
steel shim

outer sealing rubber
sealing plate
a sliding layer made of PTFE-F4

R T

oo

steel connection plate

Fig. 3 The thick rubber isolator and the main components [18]
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Table 2 Testing cases for the second isolator

Cases 1 (%) 2 (%) 3 (%) 4 (%) 5 (%)
Proportions Sand 100 75 50 25 0
Rubber particles 0 25 50 75 100

3 Test Programs

3.1 Mechanical Property Tests

The three new isolators were loaded from O kN to rupture failure status with a
hydraulic universal testing machine to investigate the ultimate bearing capacity, at
the speed of 1 kN/s. When the number of layers exceeds seven, the stacked sandbags
are unstable. So, the sandbags were stacked from one to seven layers in the following
tests. The diameter of the improved geosynthetics isolator is 280 mm, and the diam-
eter of the laminated thick rubber isolator is 240 mm. For the geosynthetics isolator,
there are five testing cases which are listed in Table 2.

To investigate the vertical stiffness values and damping ratios, the isolators were
cyclically loaded and unloaded four times, similarly to the loading method proposed
by Liu et al. [19]. To verify the shear performances, the laminated thick rubber
isolator was tested by a horizontal reflexive frame and a hydraulic universal testing
machine. The testing photos of the three isolators are shown in Fig. 4.

3.2 Field Experiments

A full-scale one-story masonry building was built near an existing subway trestle
in Ningbo, China. Figure 5a shows the front elevation of the masonry building,
and Fig. 5b shows the photo of the building. A systematic field experiment was
operated in this paper to investigate the suppression effectiveness of the first and the
second isolators for vertical vibrations inside the building. The photos of the installed
isolators are shown in Fig. 5c, d.

Moreover, a full-scale two-story masonry building was built above an existing
subway tunnel in Shanghai, China. Then, a systematic field experiment was operated
to investigate the suppression effectiveness of the third isolator for subway-induced
tri-axial vibrations. Figure 5e shows the side elevation of the building, and Fig. 5f
shows the photo of the building. The position relationship between the two-story
building and the subway tunnel is shown in Fig. 5g. The photo of the installed rubber
isolator is shown in Fig. 5h.

The dimensions of the one-story building were 3.0 x 2.8 x 2.8 m, corresponding
to length x width x height. The dimensions of the two-story building were 4.5 x
3.0 x 5.6 m, corresponding to length x width x height. A base isolation layer and
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(a) Compression test of stacked (b) Compression test of the geo-
sandbags. synthetics isolator.
. . e

(c) Compression test of the rubber  (d) Compression-shear test of the
isolator. rubber isolator.

Fig. 4 Mechanical properties tests of the three isolators

a top ring beam were designed for each of the buildings, both of which were made
of reinforced concrete. The thickness of the floor slabs was 100 mm.

4 Results and Discussion

4.1 Mechanical Properties

The tested force—deformation curves of the different stacked layers and different
gradations are illustrated in Fig. 6a. The steep local drops in the force—deformation
curves of Fig. 6a are seen as rupture failure statuses. The tested values of vertical
stiffness and damping ratio of stacked sandbags are listed in Fig. 6b. The ultimate
compressive stress of the sandbag filled with uniform gradation is a little smaller than
that filled with single gradation. Therefore, uniform gradation is more suitable for the
isolator. When the layer number increases from one to seven, the tensile strain of the
outside package increased significantly, and the ultimate bearing capacity becomes
lower and lower. The ultimate compressive strength of seven-layered sandbags in
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Fig. 6 Tested results of the stacked sandbags

Fig. 6aisnearly 1.2 MPa which is much larger than that of an ordinary soil foundation.
The vertical stiffness of the seven-layered sandbags is as low as 3 kN/mm, and the
damping ratio is as high as 15%, which is appropriate for vertical vibration isolation
of buildings.

Besides, the strength, the vertical stiffness, and the damping ratio of seven-layered
sandbag is almost the same as those of four layered sandbag, proving that the mechan-
ical properties of the isolator becomes stable when the layer number increases from
four to seven. Because the height-width ratio of seven-layered stacked sandbags is
too large to ensure the stability, the recommended layer of the isolator is four.

The testing vertical stiffness values and damping ratios of the improved geosyn-
thetics isolator are shown in Fig. 7. As the external form of the isolator gradu-
ally changes when the compressive stress increases, the vertical stiffness in Fig. 7a
increases gradually. The hardening phenomenon of rubber particles under compres-
sive stress also leads to the increasing phenomenon of the vertical stiffness. Further-
more, in Fig. 7a, b, the more the sand particles are included in the isolator, the larger
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Fig. 7 Tested results of the geosynthetics isolator
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the vertical stiffness and the damping ratio are. This phenomenon proves that the
sand particles are benefits to increasing vertical stiffness and dissipating energy. So,
changing the mixture ratio of sand particles is an effective way to adjust the vertical
stiffness and damping ratio. When only filled with sand particles, the damping ratio
is high to 10%, which is similar to a high-damping rubber bearing. In addition, the
damping ratios in Fig. 7b are almost the same when the compressive stress increases,
proving the damping ratio has no relationship to the compressive stress.

The tested value of ultimate bearing capacity of the geosynthetics isolator is more
than 40 MPa, which is much larger than that of stacked sandbags and appropriate
for most buildings near subway transportation. However, the testing phenomenon
showed that the sand particles were crushed when the compression stress was more
than 25 MPa. In this case, the vertical stiffness becomes a stable constant when
the compression stress increases. Because the bearing capacity is determined by the
capsule, the degradation has no negative influence. The designed compression stress
of the isolator is less than 10 MPa, and therefore the degradation could be avoided
or delayed.

Figure 8a depicts the vertical force—displacement curves of the thick rubber
isolator, and Fig. 8b depicts the horizontal force—displacement curves. In Fig. 8b, a
thick rubber isolator with a fixed bottom was also tested to compare with the new
type of isolator with a sliding bottom. The pressure in Fig. 8b is 4.5 MPa.

The results in Fig. 8a show that the vertical stiffness of the isolator is nearly a
constant value under different pressure loads. The damping ratio calculated from the
hysteresis loop is only 2%. In Fig. 8b, the ultimate shear deformation are 100% of T,
for the isolator with a fixed bottom. The parameter T, is the total thickness of rubber
layers. As requested by the seismic design code of China [20], the ultimate shear
deformation of a laminated rubber isolator should be larger than 55% of D and 300%
of T,. The parameter D is the diameter of the isolator. Obviously the isolator with a
fixed bottom does not satisfy the design requirement, because the rubber layers are
much thicker than those of a normal rubber isolator. After adding a sliding bottom,

Pressure 4.5 MPa Pressure 4.5 MPa
30
200 (8.12,202.5) Fixed
25[| ==== Sliding
— =1.00
E 150 é 20 —>
3 8
_ = 1
2 100 o ==
e g
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0 2 4 6 8 0 20 40 60 80 100 120 140
Deformation/ mm Displacement (mm)
(a) Pressure-displacement curves. (b) Shear-deformation curves.

Fig. 8 Tested results of the thick rubber isolator



98 T. Sheng et al.

the isolator starts to slide when the shear deformation reaches 68% of T',. So, the
sliding layer is effective to protect the isolator and upper structure from instability
failure under large shear deformations.

4.2 Suppression Effectiveness of the Field Experiments

The natural frequency of the floor slab in the one-story building is identified as 80 Hz
by knocking tests. After the installation of stacked sandbags, the isolation frequency
in Fig. 5c is identified as 4.5 Hz. After the installation of geosynthetics isolators, the
isolation frequency in Fig. 5d is identified as 5.6 Hz. The mix proportion of sand is
25%, and that of rubber particles is 75%. Both of the isolation frequencies are much
lower than the natural frequency of the floor slab.

The natural frequency of the floor slab in the two-story building is identified as
60 Hz by knocking tests. After the installation of thick rubber isolators, the isolation
frequency in Fig. 5f is identified as 9.4 Hz.

As recommended by the standards of ISO 2631-2 [21], frequency vibration
levels (abbreviated as “frequency VLs”) are selected to evaluate the human vibra-
tion comfort inside the buildings. For the statistical significance, the frequency VLs
are averaged over the measured data corresponding to at least five individual train-
passing events. Figure 9 shows the averaged frequency VLs after the installation of
different isolators. According to the standard of China, The limit value for human
vibration comfort is determined to be 67 dB in this paper.

InFig. 9a, the peak value of frequency VLs decreases by 13 dB after the installation
of stacked sandbags. In Fig. 9b, the peak value decreases by 15 dB. In Fig. 9c,
the peak value decreases by 26 dB. All of the peak values satisfy the limit value
of human comfort. According to the principles of structure dynamics, because the
damping ratio of stacked sandbags is the highest, the suppression effectiveness is the
lowest. Nevertheless, the characteristic of high damping ratio is a benefit to resisting
resonance caused by other low-frequency environmental vibrations.

5 Conclusions

e The ultimate compressive strength of four-layered sandbags is nearly 1.2 MPa
which is much higher than that of an ordinary soil foundation. The vertical stiffness
of the four-layered sandbags is as low as 3 kN/mm, and the damping ratio is as
high as 15%. These characteristics are appropriate for vertical vibration isolation
of buildings near subways.

e Changing the mixture ratio of sand particles inside the geosynthetics isolator
proved to be an effective way to adjust the vertical stiffness and damping ratio.
When only filled with sand particles, the damping ratio is 10%, which is similar
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to a high-damping rubber bearing. The ultimate bearing capacity is appropriate
for most buildings.

The damping ratio of laminated thick rubber isolators is only 2%. The sliding
layer is effective to protect the isolator and upper structure from instability and
failure under large shear deformations.

After the installation of three types of isolators, the peak value of frequency, VLs
decreased by 13 dB, 15 dB and 26 dB, respectively. All the peak values satisfied
the limit value for human comfort, proving the three isolators are effective for the
base isolation of buildings near subway transportation.
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Dynamic Response of Floating Slab m
Track with Variation on Failure Position Gt
of Steel Spring

Xiaolin Song, Linfeng Xue, Fangzheng Xu, and Jianping Wei

Abstract The steel spring floating slab track is widely adopted for its remarkable
performance on vibration isolation. With the increase of the operation time of floating
slab track, the damage or failure of the steel spring is inevitable, which will have a
bad effect on the track dynamics and vibration-mitigating effects. The steel spring’s
forces were calculated by the vertical coupled dynamics model for the metro and
the floating slab track. The dynamic response of tunnel and soil subjected to the
steel spring’s forces was analyzed. The influence of steel spring failure position
of floating slab track on the dynamic response of infrastructure was investigated.
The results showed that the failure position had a significant effect on the dynamic
characteristics. Although the infrastructure displacement varies little with the failure
position, the reaction forces of the steel springs and acceleration of the track, the
tunnel, and the soil notably increased when the steel spring failed at the end of the
track. The tunnel acceleration with one pair of damaged springs at the end of track
is 40% greater than that with the same failure springs in the middle of track.

Keywords Floating slab track - Steel spring - Dynamic response - Failure position

1 Introduction

Floating slab track is widely used in city metro system for its excellent performance
in vibration isolation [1]. Steel spring floating slab has lower dominant frequency
and longer service life than rubber one and has better vibration-mitigating effects
[2]. Steel spring floating slab tracks are getting more popular in the special vibration-
sensitive sections and became main technique for reducing track vibration in metro
traffic. The correlational research on floating slab track is becoming a topical subject
in the domain of urban rail transportation. Much important work on floating slab
track has already addressed different aspects. Due to the variation of track struc-
tures, vehicle types, operation environments, surrounding infrastructure parameters,

X. Song () - L. Xue - F. Xu - J. Wei
State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 610031, China
e-mail: xIsong@swijtu.edu.cn

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 103
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV, Lecture Notes
in Civil Engineering 166, https://doi.org/10.1007/978-3-030-77238-3_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77238-3_8&domain=pdf
mailto:xlsong@swjtu.edu.cn
https://doi.org/10.1007/978-3-030-77238-3_8

104 X. Song et al.

and other factors, a way to fine-tune the floating slab track parameters to mitigate
vibration may not be directly applicable to the other systems. A solution may not be
applicable to all scenarios for all metro tracks in different locations. Many researchers
focused on the parameter optimization and structural design for the floating slab track
[3-5]. The comparison of vibration-mitigating effects and dynamic performances has
already aroused widespread attention from different perspectives [6—8]. The dynamic
characteristics and life analysis of steel spring and other track components are other
hot issues. However, with the increase of the operation time of floating slab track,
the damage or failure of the supporting component, such as the rail fastener and the
steel spring, is inevitable. The failure of steel spring will have a bad influence on
the vibration-mitigating effects and dynamic performances of the track [1]. Unfortu-
nately, correspondent studies on the floating slab are very limited [9, 10]. Therefore,
it is necessary to investigate the influence of the failure of the steel spring on the
dynamic response of floating slab track and the metro infrastructure. In this paper,
the influence of the failure position of the steel spring on the vibration characteristics
of the floating slab track will be investigated.

2 Numerical Analysis Model and Its Parameters

When a metro train runs along a tunnel, the wheel/rail force will be transferred via
the track, the tunnel, and the surrounding infrastructure to the ground. Especially, the
floating slab track parameters are related to vehicle types, operation environments,
parameters of surrounding soils. In order to investigate the influence of the failure
position of steel spring on the dynamic response of the track-tunnel-soil system,
the train, the track, the tunnel, and the soil were all involved in the whole system
numerical model. The whole model was composed by the train-track coupled sub-
model and the 3D finite element (FE) sub-model of the tunnel-soil. The link between
the two sub-models is the reaction forces of steel springs, which can be calculated by
the train-track coupled model. The loads subjected to the FE model are the reaction
forces of steel springs.

As the train-track coupled model and the corresponding parameters were detailed
introduced in the literature [1, 11] according to the classical train-track coupled
dynamics, the model and its parameters will not be mentioned in this paper.

According to the real parameters of one real metro line, the three-dimensional FE
model of the tunnel and surrounding soil was established by the eight-node brick solid
element SOLID45, as shown in Fig. 1. The length of the model was 125 m, which
was five times of one slab length. The width and the thickness of the model were 80 m
and 60 m, respectively. The buried depth, the diameter, and the lining thickness of the
tunnel were 15 m, 6 m, and 0.3 m, respectively. The nodes at the bottom boundary are
fixed in all directions. Vertical and horizontal constraints were enforced to the cross
sections through both ends. The symmetrical boundary condition was subjected to the
symmetrical plane (XOZ Plane). To minimize the effect of the boundary condition on
the numerical result, the 3D viscoelastic artificial boundary was applied to the FEM
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Fig. 1 Three-dimensional finite element model of tunnel and soil

model. The lining and the foundation base of the tunnel are made of C55 concrete.
The surrounding soils of the tunnel were composed of 9 layers of soil, which was
homogeneous and isotropic in each layer. The detailed dynamic material parameters
referred to literature [1, 12] and will not be listed.

In Fig. 1, five monitoring lines and two monitoring sections were marked on the
FE model. Two monitoring sections M1 and M?2 corresponded to the cross-section
through the central and the end of the middle floating slab. Two lateral monitoring
lines (Line 1 and Line 2) corresponded to the ground lines through the Section M 1
and M2, and the vertical monitoring lines (Line 4 and Line 5) were the intersection
of Section M1 and M2 with track central section. The longitude Line 3 corresponded
to the intersection of the track central section with the ground. Point E and Point F
located in the tunnel wall, 1.25 m above the rail top.

The nodes at the bottom boundary are fixed in every direction. Vertical and hori-
zontal springs were applied at both end sections. In order to avoid the influence of
boundary, the non-reflected boundary is used in the three-dimensional finite element
model.

3 Numerical Calculation and Results Analysis

As the failure position of the steel springs may have a notable influence on the
dynamic response of the overall system. With the increase of the damaged steel
springs, the combination of the failure position will become very multiple and compli-
cated. In this paper, only one pair of the steel spring damaged in the middle floating
slab was investigated. The failure position located in the end, the quarter, and the
middle of the slab, which was respectively named Case 1, Case 2, and Case 3. For
Case 2 and Case 3, the damaged springs were No. 6 and No. 11, respectively. The
diagram of the failure position were shown in Fig. 2. The reaction forces of the
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different steel springs were displayed in Fig. 3, which were the excitation of the FE
model.

3.1 Effect of Failure Position on Vibration of Track
and Tunnel

Therail displacement through section M 1 and M2 in different cases (different damage
position) were shown in Fig. 4, and the peak displacement were shown in Fig. 5.
From Figs. 4 and 5, it could be seen that in Section M 1, the peak rail displacement
varied in a small range, and the displacement in Case 1 was slightly increased than
that in other cases. The maximum increment was only 9.58%. However, in section
M2, the displacement in Case 1 was greater than that in other cases, and the maximum
increment reached 23.37%. It also showed that when the springs failed in the end
position, the rail displacement was greater than that when the springs failed in the



Dynamic Response of Floating Slab Track with Variation ...

4

Displacement of rail/mm

Normal

Displacement of rail/mm

107

Normal
Case 1
Case 2
Case 3

Time/s

a) Section M1

6

Time/s

9

b) Section M2

Fig. 4 Rail displacement when steel spring damages in different position

I

w

o

IS

limited value

— .

w
T

N
T

Peak displacement of rail/mm
N N
Peak displacement of rail/mm

o

Case 1 Case 2 Case 3

b) Section M2

Case 1 Case 2 Case 3 Normal

a) Section M1

Normal

Fig. 5 Rail peak displacement when steel springs damage in different position

middle position. That was to say the springs failed in the end position had a worse
effect not only on the rail displacement but also on the influenced range.

Figure 6 illustrated the acceleration of the tunnel wall in different points when
springs failed in different positions, and Fig. 7 summarized their peak values in
different cases.

Figures 6 and 7 showed that when one pair of steel springs failed in different
places, the dominated frequencies of the vibration acceleration of the tunnel wall
remained unchanged. It also indicated that when the springs were damaged in the
end, the acceleration of the tunnel wall was greater than that when the springs failed
in the middle section. The maximum increment of the peak accelerations in Point E
and Point F' were 22.02% and 38.15%, respectively. The minimum increase occurred
when the middle springs failed. In a word, the steel springs failed in the end had a
worse effect on the vibration of the tunnel wall.
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3.2 Effect of Failure Position on Vibration and Attenuation
of Soil

When the steel springs failed in different position, the lateral distribution of the
displacement and the acceleration of the ground was shown in Fig. 8. The longitudinal
distribution of the ground acceleration and the displacement along the Line 3 was
shown in Fig. 9, while the vertical distribution (along Line 4) of the acceleration and
the displacement of the soil was summarized in Fig. 10.

It is indicated from Fig. 8 that no matter where the springs failed, the failure
position had little influence on the lateral distribution of the ground displacement,
and the displacement variation could be negligible not only along Line 1 but also
along Line 2. When the springs failed in the end, the ground acceleration increased
remarkably, especially along Line 2. The peak acceleration of Point C increased
50.3% than that with no damage, while it only increased only 9.2% in Point B.

It also showed that in Case 1, when one pair of the springs failed in the end, the
ground acceleration increased sharply. The acceleration reached its maximum at the
ground 4.165 m away from section M1 along Line 3, and its value increased from
2.02 to 3.1 mm/s2. Similar to the lateral distribution of the ground displacement, the
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effect of the failure position of the steel springs on the longitudinal distribution could
be ignored.

When the springs damaged in the end, the acceleration of the tunnel bottom
increased from 14.28 to 19.47 mm/s> compared with that with no damaged springs,
and the increment achieved to 36.34%. However, the increment was only 13.87 and
3.08% in Case 3 and Case 2. No matter where one pair of the springs damaged or not,
the variation of the vertical distribution of the soil displacement could be ignored.
The maximum difference is only 5.1%.

4 Conclusions

The acceleration of the track, the tunnel wall, and the surrounding soil varied consid-
erably with the damage position of the one pair of the springs. When the springs
failed in one end of the floating slab, the acceleration increased remarkably than
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that with no damaged springs. The maximum increment of the acceleration respec-
tively reached 23.37% for the rail, 38.15% for the tunnel, and 50.3% for the ground.
However, the damaged position had little influence on the displacement of the track,
the tunnel, and the soil.
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The Effect of Boundary Permeability )
on the Dynamic Response of the Layered | @i
Saturated Ground Subjected

to an Underground Moving Load

Yijun Li, Anfeng Hu, Kanghe Xie, and Rong-tang Zhang

Abstract In this paper, the effect of boundary permeability on the dynamic response
of a layered poroelastic half-space under moving loads in a tunnel is studied analyt-
ically. The tunnel is modeled by an Euler—Bernoulli beam located between two
horizontal layers. The Biot’s dynamic equations for the poroelastic soil medium
are solved by utilizing the Helmholtz decomposition and Fourier transformation.
Combining the boundary conditions and the continuity conditions between each
layer, the explicit analytical solutions for the dynamic response of each layer in
the transformed domain are obtained by the transmission and reflection matrices
(TRM) method. The solutions in time—space domain are expressed in terms of infi-
nite Fourier-type integrals, which are evaluated by an adaptive version of extended
integral trapezoidal formula. The validity and accuracy of the proposed methodology
and numerical integration scheme are confirmed by comparison with some existing
results. Two different boundary permeabilities are considered, and the numerical
results show that the influence of the boundary permeability on the dynamic response
is related to the permeability of the soil and the moving load speed.
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Dynamic response
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1 Introduction

The environmental effect induced by the underground trains is an issue that needs
to be of concern in the whole design and operation stages of the subway. Various
models have been established to estimate the vibrations induced by underground
moving trains. The simplified 2D beam model with an Euler—Bernoulli beam to
simulate the tunnel structure has been proposed to investigate the ground vibration
qualitatively [1-3]. The 3D PiP model [4, 5] was established and developed by Forrest
and Hunt to calculate the train-induced vibration in a full-space. Lu [6] investigated
the dynamic response of a porous full-space with a cylindrical hole subjected to a
moving axisymmetric ring load. Yuan [7] provided a benchmark analytical solution
for the vibration of a half-space from the tunnel by using the transformation between
the cylindrical waves and the plane waves. Many researchers have used the 2.5D BEM
and FEM to simulate the generation and propagation of vibrations from underground
railways [8—13]. The soil in the above studies is assumed to be a homogeneous
medium. Taking into account the layered property of the ground, some layered models
have been used to investigate the wave propagation in the layered ground subjected
to the trains in the tunnel [14—16]. It is proved that the effect of pore water cannot be
ignored in the dynamic analysis [17], and the analytical solutions for the vibration
of the layered saturated ground from the underground tunnel are rarely reported.

Therefore, based on Biot’s theory for the saturated poroelastic medium [18, 19],
the dynamic response of the multi-layered saturated ground with an embedded Euler
beam to simulate the tunnel structure is studied by employing the TRM method
[20, 21]. The motion equations of saturated layered are solved using the continuity
conditions and the boundary conditions of the coupled system. The results in the
time—space domain are calculated using the FFT method.

In practical engineering, the ground surface is usually untreated except for the
paved or built-on surface. Therefore, two different drainage conditions of the ground
surface are considered to investigate the dynamic response of the layered ground,
which are the permeable boundary condition corresponding to the natural (untreated)
surface and the impermeable boundary condition corresponding to the ground surface
with a concrete floor or a bituminous pavement.

2 Physic Model and General Solutions

The model of layered saturated ground-beam coupled system is shown in Fig. 1. It is
assumed that the deformations are plane strain in the x — z plane, i.e., &x, = &,, =
ey, = 0. The constitutive relations for the poroelastic medium can be expressed as
[18, 19]:

0ij = A8ij0 + w(u;j +uj;) —adi;p 1)
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where u; and w; denote the average solid displacement and the pore fluid displacement
relative to the solid matrix in the i-direction (i = x, z), respectively; o;; is the total
stress of the bulk material, and p is the excess pore fluid pressure (suction is considered
negative); 6 = u; ; is the dilatation of the solid skeleton; { = —w;; is the volume of
fluid injection into a unit volume of the bulk material; §;; is the Kronecker delta; A and
w are Lame constants; o« and M are Biot’s parameters accounting for compressibility
of the poroelastic medium.

The motion equations for the bulk material and pore fluid can be expressed in
terms of the displacements u; and w; as [18, 19]:

i jj+ A+ oM+ pujji +aMw; ji = pii; + pypiv; 3)

aMuj ji + Mw; ji = prii; +mw; + bw; “)

where the dot over a variable denotes the time derivative; p and p s are mass densities
of the bulk material and the pore fluid, respectively; p = noys + (1 — n)py, p; is
the density of the solid skeleton, and # is the porosity of the porous medium; m is
the density-like parameter that depends on p and the geometry of the pores; b is
a parameter accounting for the internal viscous friction due to the relative motion
between the solid matrix and the pore fluid. The parameter b is equal to the ratio
between the fluid viscosity and the intrinsic permeability of the medium (i.e., b =
n/k).

Equations (3) and (4) can be solved by introducing the following Helmholtz
decomposition:

u; = grade; + curlyp (5a)
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w; = gradg, + curl® (5b)

By substituting the Eqs. (5) into Eqs. (3) and (4), the general solutions in
frequency-wavenumber domain for displacements u; and w; (i = x, 7), stresses
oij (i, j = x,z) and pore fluid pressure p can be obtained by using the Fourier
transformation [17]:

The motion equation of the Euler—Bernoulli beam is as follows:

3w I*w
Py— +El—F =F(t)+alo(x,H—-0,t) —o,(x, H4+0,1)] (6)
ot? ax*
where W (x, t) denotes the vertical displacement of the beam; pp and E[ are the
mass density and bending stiffness of the beam, respectively; a is a characteristic
length associated with the length of the structure in the y-direction; F (#) denotes the
moving point load; o, (x, H — 0, ¢) and o,,(x, H + 0, t) denote the vertical stress
in the soil beneath and above the tunnel, respectively.

The boundary and continuity conditions corresponding to the coupled system in
Fig. 1 can be expressed as:

When z =0,

0xz(x,0) =0 (7a)

0,;(x,0)=0 (7b)

Whenz=z;(i=1,2,...,n—1),

u(x,zi) —ul™(x,z;) =0 (8a)
w(x,2) —wi*V(x,2)) =0 (8b)
ul(x,z;) —ul*(x,z) =0 (8¢)
PP, z)) — p" P (x,z) =0 (8d)
0;?()6, Zj) — G;QH)(X, zi) =0 (8e)

{ffé?(x, W-olMa = 0= (FETEISE) g

ul(x,z;) = ul™(x,z;) = W(x, 1)

o (x.z) — oV, 2) =0 (i #1D) 8g)
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Two different drainage conditions of the free surface are considered. For the
drained free surface:

p(x,0)=0. (9a)

For the undrained free surface:
w,(x,0) =0 (9b)
If the bottom layer (i.e., the n + 1th layer) is a half-plane, as a result of the radiation
and finiteness conditions at infinity, the exponentially increasing terms of the n + 1th

layer will be discarded.
While if the n + 1th layer is the rigid bedrock, the boundary conditions are:

™ (x, z,) = 0 (10a)
u® (x, 2,) =0 (10b)

Wgn)(x» 7)) =0

3 The Development of the TRM Method

The solutions for the dynamic response of the jth layer can be expressed as follows:

DY (¢, w) DY, w)

©) = -
VE, o, 2)ex1 |:S;J>(§’w) S, )

} < [WPE w00 W& 0,0"]
(11a)

2() 2() 2D .2 2 2T
p

VO 0 D00 =i, @ W @] 7 (11b)

. i i T
W€, w,2) = [Bu)efyf”(h.f—l) pWe" @20 F(f)e*V-%m(Hf-”] (11c)
. X . X . . T
W 0,2) = [ADe @m0 cUemnGma pUen Gl 1)

where Wy ) (¢, w, z) and W (&, w, z) are termed as down-going and up-going wave
vectors, and the matrixes ijj )(E , W), Df,j ) (&, w), S;j )(E , w), and Sf,j ) (€, w) can be
deduced from the expression R(z) of Eq. (8).

From Egs. (11c) and (11d), the following equations can be obtained:
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W' ¢ wz) =BV o) DVGE 0 FPE o] (12)

WE 0 2) =[AY¢E 0) CVEw) EVE o) (12b)
W, (€ 0,2) = EV(z =2, )W, (¢, 0,2;1) (12¢)
W& w,2) = EV(z; — )W (E 0. 2)) (12d)
where
e_yl(j)h 0 0

EPm =0 7" o
0 0 enn

The continuity conditions in frequency-wavenumber domain can be expressed as:
vWE 0.2 =y E 0.z, G#D, (13)

According to equations given in Eq. (13), the down-going and up-going wave
vectors at the interface z = z; can be deduced:

W;vj+1)(2j) _ Td(j) ngj) Wy)(Zj) as)
WLEJ')(ZJ,) Ri’]) Tu(j) W,f'j+l)(zj)

0 pG) _ pUtD O _pW G+1)
where [Zd(j) I;tji = [_?(iw ?(l;)} [_fg‘) ?(,;+1) }
d u . d ) u d u

The matrixes Rfl" )(é , w) and Rf," )(é , ) in Eq. (15) represent reflection matrices
for the down-going and up-going P;, P,, S waves incident on the jth interface,
while S((/ )(5, w) and Sl(,j )(E, ) denote transmission matrixes for the down-going
and un-going Pj, P,, S waves incident on the jth interface.

When the n+ 1th layer is the rigid bedrock, the following relations can be obtained
by the boundary conditions at the interface z = z,:

WP (z0) = REW" (2) = RE W (@) (16b)
gm) _ _ (pm\ "l pm
where R} = (Du ) D,” and

Tfe(j) sze(j) B ng(j) R,f(j) E(j)(hj) 0

ue
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When j =n —1,

W(”) Zn— — Tg(n_l)W(”l—l) Zn
{d( ) =T; 7 (20m2) (17h)

—1 —1 -1
WD (z, ) = RSUTIWTV (2,0)

where

-1
gn=1) __ (n—1) pgn) (n—1)
Tde - (I - Ruré Rde ) Tde
gn=1) _ pn-1) (n—1) pgn) mg(n—1)
Rde - Rde + Tu: Rde Tde

Then, the wave vectors of soil layers below the buried moving load (i.e., ] < j <
n) can be deduced recursively.

While for the layers above the buried moving load (i.e., 0 < j < [), one can
get the following equations according to the boundary conditions on the free surface
primarily

-1
Wil o) = —(57) SOWD o) = REOWD @) (19b)

When j =1

w7 ) = Tg(])W(z)(Z )
{ w @) =T "W, (22 (200)

W2 (z1) = REOW (25)

ue

where

-1
@ — 1) pg(0) )
Tug:z - (I - Rde lee ) Tue
g — p) (1) pg0) gl
lee - Rue + Tde Rﬁe Tu%a

Then, similarly, the recursion formula of the wave vectors for soil layers above
the buried moving load can be deduced.

As a result, the wave vectors of arbitrary layers need to be derived from the up-
going wave vector of the /th layer (i.e., WLf’) (z7)) and the down-going wave vector of
the [ + 1th layer (i.e., W;,Hl)(zl)) recursively.

The wave vectors be’) (z;) and W;Hl)(zl) can be obtained by the continuity
conditions given in Egs. (9¢)—(%h):
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Wu(l) (z1)
W;Hl) (z1)

-1
B Dfil)Rfél_l)E(D(hz)—i-Di —(fo“)RﬁilH)E(’“)(hlﬂ)—i—D((llJ’l)) 0
S[(j)ng[élfl)E(l)(hl) + Si _ (Sb(tlel)R§£l+1)E(I+l)(hl+l) + S;l+1)) 0
(22b)

—~ T —_
where Q = [o F 0} and F = 471f0mé&8(w + ¢£).8(- - -) is the Dirac’s delta

function.

O is the empty matrix of 3 x 1,i.e. O =[0 0 017.

Besides, if the n + 1th layer is the half-plane, the up-going wave in the n + 1th
layer will vanish. The boundary condition can be expressed:

W (E 0,2) =0, 2>z, (23a)
Then, we can get the following expression
RV =0 (23b)

For the undrained poroelastic half-plane, the solution procedure is the same with
what adopted above. The difference only exists in the expression R(z) in Eq. (8):
The order of terms w, and p should be made a transposition to present the boundary
condition.

Then, the analytical solutions for dynamic response in time—space domain can be
obtained by performing the double-inverse Fourier transform to Eq. (11).

4 Numerical Results

Two soil cases are considered. Case 1: The boundary condition of the ground surface
is assumed to be drained, and the vibration results are depicted with the solid lines;
Case 2: The boundary condition of the ground surface is assumed to be undrained,
and the vibration results are depicted with the dashed lines. The parameter b denotes
the permeability of the poroelastic soil, and the bigger the value of b, the lower the
permeability of the soil. The results with b = 10° kg/(m?s) are shown by the blue
lines, while the results with b = 10°kg/(m’s) are shown by the red lines.

The time histories of the surface vertical displacement under moving loads with
different velocities are depicted in Fig. 2. It can be observed that the better the soil
permeability, the more significant the effect of the boundary drainage condition on
the surface vibration. And the influence of the soil permeability on surface vertical
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Fig. 2 Time histories of the surface vertical displacement

displacement is more obvious when the surface of the ground is undrained than that
when the surface of the ground is drained.

Besides, by comparing the gaps between the displacement peaks in each graph
in Fig. 2, it can also be found that the impact of the boundary permeability on
the vertical displacement is also associated with the moving load velocity. Taking
b = 10°kg/(m>s) as an example, the impact of the boundary permeability increases
with the increase of the load speed when the load speed is lower than the critical
speed. When the load speed is faster than the critical speed, the effect of the boundary
permeability decreases and the influence of the load speed becomes not obvious with
the vibration curves exhibiting oscillations.
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5 Conclusions

For the saturated poroelastic soil medium, the drainage condition of ground surface
is of great significance to the dynamic response of the saturated poroelastic half-
space subjected to the underground moving load. And the surface drainage condition
associating with the soil permeability affects the vertical displacement of the ground
surface, which is more obvious when the moving load speed is lower than the critical
velocity.
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on the Deformation of Existing i
Underlying Shield Tunnel
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Abstract Deformation measurements from 17 real cases of excavation spanning
subway tunnels in soft soil were collected for examining the deformation reaction of
the tunnels due to the above unloading. The investigation showed that (1) tunnel may
be uplifted owing to the above excavation; (2) the deformation of the tunnel section
due to above unloading exhibits vertical elongation and horizontal shortening, and the
transversal shape of the tunnel changes from approximate circle to vertical ellipse; (3)
the main influential factors include the excavation unloading ratio (), the excavation
area (A), and the excavation shape coefficient («). It indicates that, with the increase
of excavation depth and the increase of unloading ratio (V) of foundation pit, the
rebound of tunnels may increase, and the higher the width of the excavation, the larger
the range of vertical uplift that will be induced around the tunnel. For 12 out of the
17 examined cases, the vertical uplift measurements of the tunnels are smaller than
the alarmed value of 10 mm, indicating that the maximum displacement of the tunnel
can be controlled by purposed engineering measures, such as pre-reinforcement of
the soil around the tunnel, installation of the anti-pulling piles around tunnel, and
stacking around the bottom of the excavation. 2-D FEM modelling was also carried
out to study the effect of excavation characters and the effectiveness of the control
procedures. The combination procedure of soil improvement by cement mixing and
anti-pulling pile installation is verified to be effective to reduce the adverse impact
from above excavation on tunnels.

Keywords Pit excavation - Subway tunnel deformation - Real case study - Finite
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1 Introduction

In recent decades, the underground space exploitation has been accelerated due to
the increasing stress of transportation in the urban area in east China. Various under-
ground structures, such as underground fast-ways, subway stations, subway tunnels,
municipal pipes, etc., are being laid into limited underground areas and normally
within a depth of 30 m, where, in most of the cases, saturated soft soil strata extend
through the engineering depth. At the same time, all sorts of excavations, such as
foundation pits and underground pedestrian passages, are being constructed in the
crowded urban area. Inevitably, there are cases that deep braced excavations are
to be/has been constructed over an existing tunnel pipe. For the sake of the safety
assessment and protection of the underlying tunnel, attention has been paid to the
impact of the excavation on displacement/deformation of the underlying tunnels.

Theoretical and numerical analysis lead to the basic recognition of the impact
of an excavation on constructed tunnels. Theoretical analysis on basis of Mindlin’s
solutions was carried out on Pasternak’s elastic foundation model [1] or on Kerr’s
foundation model [2—4]. The derivations were in terms of the additional stresses in
the tunnel structure, the cross-sectional deformation, and the longitudinal deflection
of the tunnel pipe. Although theoretical calculations established the framework of the
analysis, they were based on ideal ground conditions and for specific working states.
Numerical analysis contributed further to the effect of ground improvement on the
tunnel displacement and deformation and to tunnel’s reflection to the above unloading
process [5—-15].

Up-to-date researches show that tunnel undergoes uplift displacement when an
excavation is constructed overhead, leading to differential longitudinal settlement,
which may cause cracks and then leakage and threaten the service of the tunnel. It was
realized that the vertical displacement control is the key point for tunnel protection.
For the purpose of the vertical displacement control, the character of an excavation,
such as the depth, the size, and the construction sequence, should be considered, and
the effect of engineering measures, such as ground improvement, should be assessed.
However, field observations, which could directly reflect the effect of overhead exca-
vation on tunnels and could assess the effectiveness of engineering measures, are
seldom reported.

In this study, field measurements from 17 real cases were summarized to categorize
the main factors that have impact on the tunnel’s reaction. Furthermore, 2D FEM
analysis was carried out to study the influence of the various factors under certain
engineering control measures.

2 Case Analysis

17 cases [8, 16-28], each with a retained excavation spanning existing shield
tunnel(s), were collected for investigation purposes. Most of the tunnels in study
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were located in clayey soils. For the protection of the running tunnels, it was
requested for the retaining structures’ construction that the vertical displacement of
the tunnel below the excavation should be strictly controlled. Therefore, engineering
measures were taken for each specific case, such as ground improvement around the
tunnel, anti-pulling piles installation, and planned sectional digging/block excava-
tion method, as shown in Fig. 1. For the vertical displacement analysis, the effect of
the depth, the area, and the shape of excavation were discussed.

Brace
——
Retaming Pile
Waterprool Wall -
-
4+
~
W, .
Anti-pulling Pile |
L | loB=_| | Be
(a) Cross Section
|- a -|
Brace
I. ST L} 12 Yataining Pile
Waterproof Wall Foundation pit Selnng{e ”
“-___“‘\

B B,
5 5 Bottom Plate . i

Ground improvement by

Anti-pulling Pile

cement mixing method o

(b) Longitudinal Profile

Fig.1 Schematic illustration of excavation and protected tunnel
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2.1 The Vertical Displacement of Tunnels

In term of the design of the retained excavation, other than the strength of the retaining
structure and the stability of the excavated soil ground, a key point of consideration
is to control the displacement of the underlying existing/running tunnels. Figure 2a
gives the statistical outcome of the maximum vertical displacement of the tunnels
resulted from the above excavations. It can be seen that most of the maximum heave
values are less than 10 mm, which is the upper threshold of the controlling value,
validating the effectiveness of the engineering measures. However, in 7 cases, about
41%, the measurements exceed the upper limit. Figure 2b gives the longitudinal heave
of 4 tunnels. And it shows that the influence range of the heave extends normally up
to 50 m on each side.
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2.2 The Effect of the Depth of Excavation

The depth of excavation indicates the amount of unloading, which leads to the heave
of the beneath tunnel. But, the effect of this unloading on the heave of tunnel is also
related to the buried depth of the tunnel itself. Unloading Ratio () was therefore
defined [19] as the ratio of the excavation depth / to the buried depth H of the tunnel
top, N = h/H.

Figure 3 presents the relation between N and the maximum heave of the tunnel,
Smax, according to the collected data. It can be observed that sy« tends to increase
with N although the data scattered. The increment rate of sy.x With N is between
7.29 and 22.57. The dispersion of the data may due to other factors, such as type of
soil, method of excavation, etc.

2.3 The Effect of the Size of Excavation

The size of excavation indicates the unloading area. Figure 4 shows the variation of
Smax With the excavation area (A) above the tunnel. The data scatter in the statistical
range of areas, indicating that the heave of the tunnel cannot be simply related to the
area of excavation.
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2.4 The Effect of the Shape of Excavation

The shape of excavation can be described by the coefficient of shape («), which is
expressed as

a=2+ab/(a + b) (1)

where a and b are the length and width of the excavation respectively. The length
is along the tunnel’s axis, and the width is perpendicular to the axis of tunnel, as
shown in Fig. 1. Figure 5 shows the variation of sp,x with «. It indicates that s«
tends to increase with «. The effect of the width of an excavation on tunnel heave
will be further evaluated by FEM simulation in below.

2.5 Summary of field observations

In the 17 cases, the maximum uplift vertical displacement of the shield tunnels below
the excavated pits was between 4.0 and 15.9 mm. Among them, 12 cases showed
smaller displacement than the alarm value of 10 mm, indicating that the maximum
heave of the shield tunnel below the foundation pit could be controlled by proper
measures. The measured values of the horizontal displacement of the tunnels were
small compared to vertical reflections, so, for safety control, the vertical displacement
should be assessed properly. The deformation of the tunnel’s cross section due to
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above excavation exhibited the tendency of vertical elongation and horizontal short-
ening. The shape of the longitudinal heave of the tunnel is like a Gaussian distribution
curve, and the maximum heave of the tunnel mostly occurs below the center of the
pit. The influential range of pit excavation was about 2-3 times the width of the pit.

The geometric characteristics of the excavated pit, including excavation depth,
excavation unloading ratio N, excavation area A and the shape coefficient ¢, have
direct effect on the displacement/deformation of the tunnel. It also proved that engi-
neering measures, such as soil improvement, installation of anti-pulling piles, and
excavation in blocks in strictly limited time, are effective to control the impact of the
excavation on the tunnel.

Although the field measurements can help identify the main factors from the
excavation on the tunnel’s deformation, specific studies should be carried out to
clarify the relationship between the factors and the vertical deformation of tunnel,
also the relationship between the controlling methods and the controlled deformation.

3 FEM Modelling of Protected Tunnel

In order to further clarify the influence of excavation on the underneath tunnel,
2D FEM simulation analyses were carried out with a protected tunnel model. Two
categories of problems were investigated: (i) the effect of the size of the excavation,
including the depth and the width; (ii) the effectiveness of protection measures,
including the ground improvement plan and the length of the anti-pulling piles. The
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Fig. 6 2D FEM model

anti-pulling piles installation and soil improvement by deep mixing method were
finished before the excavation started.

3.1 Geometric Model

Figure 6 gives the 2D FEM model (Horizontal x Vertical = 180 m x 80 m) of a pit
excavation being constructed over a double-line shield tunnels (D = 6.5 m) where
anti-pulling piles and ground improvement were employed on both sides of the
tunnels for protection purposes. The modelling program was carried out by PLAXIS
2D code. 15-node triangular isoparametric solid element were used for modelling
the soil layers and the improved ground, and ‘plate’ elements were used for concrete
members, such as piles and the liner of the tunnels. Goodman elements were set
for the contact surface between piles and soil. The boundary conditions were set as
horizontal rollers at the bottom and vertical rollers at the sides. There were totally
1730 elements and 15,299 nodes.

3.2 Soil Model and the Parameters

In FEM simulation, a homogeneous soil layer was considered and the hardening
soil model was adopted to describe the soil’s behavior. When the soil is improved
by mixed-in-place method, the parameters should be adjusted. The soil parameters
in the modeling analysis were given in Table 1. The behavior of concrete piles, the
bottom plate of pit, and liners of tunnel were considered elastic. The reduction of the
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Table 1 Soil’s parameters in Hardening Soil model

Soil ¢ o ¥ | Esg™™ (MPa) | Egeq™ (MPa) | Euy™ (MPa) | vur | pref (kPa) | Ko | m | Ry

Silty clay | 5.5 [28 |0 |20 10 60 0.2 | 100 0.5 |0.5]09

Improved | 170 [ 40 | 10 | 120 120 360 0.2 | 100 043 /0.5/09

soil

Table 2 Structure parameters in FEM simulation

Member Modulus of elasticity E (10* | EA (KN/m) | EI (kN m?/m) | Poisson’s ratio w
MPa)

Anti-pulling pile | 3.00 1.2 x 107 | 1.6 x 103 0.15

Bottom plate 3.00 23 x 107 | 1.1 x 10° 0.2

Tunnel liner 345 1.1 x 107 | 1.1 x 103 0.15

rigidity of tunnel liners due to the assembling method was taken into account. The
elastic parameters for underground structures were shown in Table 2.

4 Result and Discussion

4.1 The Effect of the Depth of Excavation

When the width of excavation was set to be 50 m and the top of the tunnel was at the
depth of 12 m, the depth of excavation was increased from 2 to 10 m to investigate
the influence of the unloading ratio N (=0.2—-1.0) on the uplift displacement of the
tunnel. The result was shown in Fig. 7.

Figure 7a gives the increment of the uplift displacement of tunnel with the exca-
vation depth, and Fig. 7b illustrates this relationship in term of sy.x ~ N. It can be
seen that s, increased steadily with depth of excavation A, which is in consistency
with observations as shown in Fig. 2, indicating that the unloading process is crucial
to the uplift displacement of tunnel.

4.2 The Effect of the Width of the Excavation

To examine the effect of the width of excavation, the depth of pit was set to be 10 m
and the top of the tunnel was at the depth of 12 m. The width varied from 10 m to
180 m (as a large extensive excavation).

Figure 8 shows that the uplift displacement of tunnel increases with the width of
excavation. The rate of increment of vertical displacement with width of pit is not a
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constant. After the width of the pit is 60—70 m, about 10 times the tunnel’s diameter,
the increment rate of the heave gradually slows down.

4.3 The Effect of Ground Improvement

The effectiveness of ground improvement by cement mixing method was evaluated
by changing the depth, the width, and the strength of improved soil. In the model,
the width of excavation was set to be 50 m, the top of the tunnel was at the depth of
12 m, and the gap between the bottom of pit and the top of tunnel was of § = 3, 5,
and 7 m. Herein, there was no installation of anti-pulling piles.
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The depth of the improvement (Z,,,) changed from 0 to 20 m under the designed
bottom of pit. Figure 9 gives the variation of the uplift displacement of the tunnel with
the depth of soil improvement. It can be observed that the deeper the soil improvement
is, the smaller the uplift movement occurs. When Z,, is less than 10 m, the uplift
movement of the underlying tunnel reduces with the increase of the improved depth,

Maximum uplift of tunnel Smax/mm

—&— 5=3m
—8—s=5m
—&— s=Tm

Width of pit:b=50m
Depth of tunnel top:H=12m

Without anti-pulling piles

g

TR —— 8 a2 =

e — o o
-

—A— & A A

2 L 6 8 10 12 14 16 18 20
Depth of soil improvement Zm/m

Fig. 9 The relationship of smax ~ Zm
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but, for all three gaps between the bottom of excavation and the top of tunnel, after
Zy, is over 10 m, the reduction of the uplift movement sharply slows down.

In order to investigate the effect of the width of the improved soil (B), the depth
of the improvement (Z,,) was set to be 8 m and the gap between the bottom of pit
and the top of tunnel was 3 m. When B is changed from O to 10 m, Fig. 10 shows
the variation of the tunnel’s maximum uplift sp.x. It can be seen that width of the
soil improvement around the tunnel has an obvious impact on tunnel’s displacement
reduction, but when the improved width is more than 3 m, which is about half of
the tunnel’s diameter, the reduction of tunnel uplift doesn’t change much with width
increase.

If cement concentration in the mixed soil is increased, soil’s shear strength and
the elastic modulus can be increased. Figure 11 shows the variation of sy,.x With
soil’s elastic modulus increment due to soil cementation. It is observed that the uplift
displacement of tunnel decreases with the enhanced soil modulus. In this modelling,
to get an elastic modulus of £ =400 MPa is the most effective of all 3 cases, whereas
after E = 600 MPa, the increment of E can not help much in controlling the uplift
displacement of tunnel.

4.4 The Effect of the Length of Anti-Pulling Pile

In this modelling, the width of excavation was 50 m, the top of tunnel was at the
depth of 12 m and the depth of excavation was 10 m. Soil improvement by cement
mixing method was set to 10 m deep under the pit bottom and 3 m wide on each side
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of the tunnels. The anti-pulling piles were installed on both sides of tunnel with the

length of 20 m, 25 m, 30 m, 35 m, and 40 m, respectively.

Figure 12 gives the variation of uplift displacement of tunnel with the length of
anti-pulling pile under 3 different distances between the pit bottom and the tunnel
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top. It can be seen that the installation of anti-pulling piles can effectively control the
vertical displacement of tunnels, and with longer piles, the uplift of the tunnel will
be better controlled. It is clear that the combined method with both soil improvement
and anti-pulling tunnels can promisingly lead to a satisfactory controlling.

5 Conclusions

In this study, deformation measurements from 17 real cases of excavation over-
spanning in-use subway tunnels were collected for tunnel reaction analysis in terms
of vertical displacement. The measurement shows (1) when excavation was processed
to the full depth, the tunnels’ displacement could be characterized by uplift move-
ment, while the horizontal displacement of the tunnels was little affected; (2) the
deformation of the tunnel cross-section due to over-spanning excavation exhibits
vertical stretch and horizontal contraction, and the shape of the tunnel section tended
to be a vertical ellipse; (3) the main influential factors of the excavation are unloading
ratio N, the excavation area A, and the shape coefficient «. It indicates that with the
increase of excavation depth/unloading ratio N, the maximum vertical displacement
of tunnels tends to increase, and the same trend appears when the width of excava-
tion increases. (4) in 12 out of the 17 cases, the uplift values of tunnels were smaller
than the alarm value of 10 mm, indicating the effectiveness of pioneer engineering
measures, such as pre-reinforcement of the soil around the tunnel, the installation of
anti-pulling piles beside tunnel and stacking at the bottom of the excavation.

2-D FEM modelling was carried out to clarify the effect of excavation charac-
ters and the effectiveness of the control procedures. It is shown that, for tunnel
protection, the width and, especially, the depth of an overhead excavation should
be strictly controlled. The combination procedure of soil improvement by cement
mixing and anti-pulling pile installation is verified to be effective. However, both the
soil improvement and the anti-pulling piles should be installed in the near field of
the tunnels.
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Control for Intelligent Compaction L
of Embankments

Carl Wersill © and Andreas Persson

Abstract A newly developed intelligent compaction method, automatic frequency
control (AFC), has been tested in full-scale field tests. The technique utilizes measure-
ments on the drum to determine the resonant frequency of the dynamic roller-soil
system and provides continuous feedback to the roller for automatic adjustment
of the frequency. This facilitates compaction at the resonant frequency, even for
spatially varying soil properties. Previous tests have been conducted with simplified
conditions in indoor full-scale tests and in field tests on low embankments. Those
tests showed an increased compaction effect with higher surface stiffness that could
likely reduce the number of required passes. This paper describes an additional field
test, where a rock-fill embankment has been compacted under realistic conditions.
The results confirm that compaction is conducted more efficiently when utilizing
AFC, compared to conventional compaction. In addition, AFC increases compaction
homogeneity, which provides an embankment less sensitive to rearrangement in the
serviceability limit state. Implementing this novel technique can thus reduce costs
and environmental impact.

Keywords Intelligent compaction + Frequency - Field testing

1 Introduction

The current technology for vibratory compaction of embankments was developed
during the 1950s, 1960s, and 1970s. In the last 40 years, however, most developments
have been in control systems (such as continuous compaction control, CCC), engines,
safety, and driver comfort while the fundamental process in which the embankment
material is compacted has remained unchanged. Rapid technological development
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in computers, electronics, artificial intelligence, etc. now provides new possibili-
ties for further development of construction machines, including vibratory rollers.
Recent developments include unmanned roller navigation [1] and application of
artificial intelligence to roller compaction [2]. Utilizing the current availability of
advanced control and feedback systems, a novel intelligent compaction method has
been developed that automatically and continuously adjusts the vibration frequency
of the drum so that the dynamic roller-soil systems are in a state of resonance.
The technique, called automatic frequency control (AFC), is based on findings from
small-scale laboratory tests [3, 4] and full-scale indoor tests [5, 6]. These investi-
gations found that resonance is the most effective and energy-efficient frequency
in which to operate. Compaction at the resonant frequency has previously been
discussed by several authors [7-9]. Automatic frequency adjustment is also avail-
able in the Amman Compaction Expert system [10] but does not utilize the full effect
of resonance and is combined with adjustment of amplitude.

The first full-scale test with a fully functioning AFC system was conducted in the
field on low embankments [11] and found that a higher degree of compaction was
obtained while fuel consumption decreased by up to 15%, thus reducing the required
operating time and fuel consumption, which implies lower costs and environmental
impact. AFC also avoided loosening at the top of the layer, producing a significantly
higher surface stiffness. This test had the main limitations that compaction was
conducted in a single layer on low embankments and only in single compaction
lanes, without compaction of the adjacent material. To study the use of AFC in
realistic embankment construction, a subsequent field test was conducted where a
1.5 m high rock-fill embankment was compacted in two layers. In contrary to previous
tests, the embankment was compacted over its entire surface to account for realistic
conditions. One half of the embankment was compacted using AFC and the other
half with a fixed standard frequency. The results from this test are presented in this

paper.

2 Methods and Materials

The embankment was constructed using crushed rock 0-150 mm according to
Swedish regulations for sub-ballast material [12]. Sieve analyses, conducted on
samples taken from the embankment, are shown in Fig. 1. At the test site, the subsoil
consisted of a compacted stiff gravelly silty till. The embankment was constructed
in two layers, where Layer 1 had a compacted thickness of 0.5 m and Layer 2 had
a compacted thickness of 1.0 m. Filling was conducted with a bulldozer to avoid
separation. Layer 1 was compacted using AFC in 18 passes at high amplitude and
6 passes at low amplitude. For both amplitude settings, no progress in CCC values
could be detected at the end of compaction, indicating that maximum compaction had
been obtained. The embankment after the end of compaction is shown in Fig. 2a. The
roller was a prototype roller based on a Dynapac CA6500D with a static linear load
of 65 kIN/m that could operate at either a fixed frequency or at a variable frequency
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with AFC, continuously and automatically adjusted to obtain resonance. The fixed
frequency was set to 28 Hz and the frequency range for AFC was 17-28 Hz. All passes
were conducted at a high amplitude, where the nominal amplitude was 2.1 mm. The
roller is shown in Fig. 2b.

The embankment surface was compacted in 8 lanes with 20 cm overlap. Since
the drum width was 2.13 m, each lane had a width of 1.93 m. The total width of
the compacted surface was approximately 16 m and each lane was 20 m long. One
half of the embankment was compacted by AFC and the other half using the fixed
frequency 28 Hz. Figure 2c shows the measurement lanes, where A indicate that AFC
was enabled and B that the frequency was fixed at 28 Hz. First, AFC was enabled
and lane Al was compacted in two passes, followed by two passes on A2, A3, and
A4. AFC was then disabled and lanes B1, B2, B3, and B4 were compacted in two
passes. This procedure was repeated until all lanes had been compacted in 22 passes.
All measurements were conducted on lanes A2 and B2.
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Drum acceleration, eccentric position, and roller position (GPS) were logged in
all passes on lanes A2 and B2, facilitating analysis of frequency, displacement ampli-
tude, CCC values, and contact force. Vertical deformation within the top 600 mm of
the embankment was measured by Epsilon Measuring Units (EMUs). The sensors
consist of copper wire, wrapped around circular discs. These coils are placed in
vertical alignment in the embankment material at 150-250 mm spacing. When
inducing an electric current in one coil, a current can be detected by adjacent coils
through electromagnetic induction and this current can be correlated to the distance
between the sensors [13]. Through this procedure, the depth-dependent compression
that results from compaction can be analyzed. EMUs were placed in two sections
below lane A2 and in two sections below lane B2. Each section consisted of four
coils, providing three measurement distances. Readings were taken after 0, 2, 4, 8,
12, 16, and 22 passes. Settlement of the embankment surface was measured by level-
ling in 33 points on lane A2 and 33 points on lane B2 after 0, 2, 4, 8, 12, 16, and 22
passes. In addition, two vertical soil pressure cells were placed at one-meter depth,
i.e., in the interface between Layer 1 and Layer 2, to measure the vertical dynamic
stress during compaction. One pressure cell was placed below the center of A2 and
the other below the center of B2.

3 Results and Discussion

The variation of frequency over pass 2 and pass 22 is shown in Fig. 3. At the fixed
frequency, it is constant at the pre-set value of 28 Hz. When AFC is enabled, the
frequency is lowered significantly, while continuously varying with soil stiffness. Due
to the increased stiffness during the compaction process, the resonant frequency, and
thus the compaction frequency, is slightly larger in pass 22 than in pass 2. Figure 4
shows the average frequencies for all passes. Due to equipment malfunction, data
was not recorded for AFC in passes 3, 15, and 16. Naturally, the fixed frequency
was always constant while AFC implied a varying and slightly increasing frequency.
The dynamics of the system, and thus the resonant frequency, somewhat depend on
the rotation direction of the eccentric mass in relation to the rotation direction of the
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drum. Thus, the excitation frequency during AFC operation depends on whether the
roller is moving forward (odd passes) or backward (even passes).

Figure 5 shows the average displacement amplitudes (henceforth denoted ampli-
tude). The amplitude depends heavily on frequency and the variation is significantly
larger for AFC (the variation of amplitude in individual passes of compaction at
28 Hz is too small to indicate in the figure). However, the amplitude is significantly
larger when AFC is enabled, which is consistent with previous studies. Although the
centrifugal force is more than twice as high at the fixed frequency (proportional to the
square of frequency), the amplitude is larger for AFC due to resonant amplification.

CCC measurement values are shown in Fig. 6. The presented quantities include
the Compactometer Value (CMV) and E,j, (here denoted Eyjp;). Also shown is
the unloading modulus of Ej, (here denoted E,j,), which was developed in the
SwePave project [14] and shown to be more related to actual soil stiffness than the
other two quantities by Wersill et al. [15]. The increase of all values is apparent up to
approximately 13 passes, after which the increase is more modest, indicating small
additional compaction. Although all measurement values are higher for AFC, it does
not imply that stiffness is necessarily higher since all CCC quantities are significantly
influenced by the vibration frequency, amplitude, and other operational conditions.
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Fig. 6 Average CMV, Eyip
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In the calculation procedure for E.j,, using the measured eccentric position and
acceleration, the maximum contact force in each cycle can be calculated. Figure 7
presents an average of the maximum contact force for each pass. The bars show the
range of values for that pass. Since the force is frequency-dependent, the variation
is higher for AFC than for the fixed frequency. It is clear, however, that the contact
force is significantly higher at resonance (AFC), despite a lower centrifugal force.

The measurements obtained from the EMUs are displayed in Fig. 8. The results
from the two sections in each lane are averaged to obtain a more representative
value. Figure 8a shows the total compression of the three measurement distances.
The compression is slightly higher for AFC, implying that the compaction is more

Fig. 7 Average of maximum
contact force in each cycle

~ 500 T
<
§400— }} ]
‘5 300 % B
& 05000
¢ |l sgaecescester
5200’ B
E ‘ foarc § 28Hz ‘
= 100 ‘ : - s

0 5 10 15 20

Pass



Field Testing of Automatic Frequency Control for Intelligent ... 149

0 0

\ —e—AFC, 65-209 mm depth
- m-28Hz| | L\ ~ & -28 Hz, 65-232 mm depth

N
N

IN

7
IN
s

(o2}

Compression (%)
(2]
i
//
!
]
I
i
Compression (%)

©
©

o
-
o

0 5 10 15 20 0 5 10 15 20
Pass Pass

—e—AFC, 388-546 mm depth
20 —® -28 Hz, 407-562 mm depth |

\ —e—AFC, 219-378 mm depth
2\ —® —28 Hz, 242-397 mm depth |

Compression (%)
/
L)
!
Compression (%)
e

(c) ‘ | ‘ ‘ (d) | ‘ ‘ e

Pass Pass

Fig. 8 Compression measured by EMU sensors; a total compression; b top layer; ¢ middle layer;
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efficient and produces a more well-compacted layer. The remaining figures show
the compression for each measurement distance, where the depth is the average for
the two sections. The depths are slightly different due to variations in the actual
installed depth. Figures 8b and c, present the upper and middle layers, respectively.
In both cases, AFC improves the degree of compaction compared to conventional
compaction. In the bottom layer, however, the fixed frequency gives higher compres-
sion, as shown in Fig. 8d. An increased stiffness due to enhanced compaction close
to the surface has been shown in previous tests [6, 11] and imply that subsequent
passes at low amplitude or static passes can be avoided. Since the compression is
more similar in the three layers for AFC than for fixed frequency, the compaction
profile is more homogenous throughout the layer. This may have a positive effect on
the long-term performance of the embankment, as discussed by Wersill et al. [11].
The results above are in line with previous findings.

The settlements are shown in Fig. 9. Although the compression, measured by
EMU coils, was larger for AFC, the average settlements are identical for the two
compaction methods. This was observed also in the previous test and the reason
could be either larger settlement of the underlying layer (due to a slight increase in
depth-effect at a high frequency) or lateral soil displacement. However, the standard
deviation is smaller for AFC, indicating that spatial variation is less, suggesting that
homogeneity is enhanced also in the lateral direction.

Vertical normal dynamic stress measurements at one-meter depth during pass 11
are shown in Fig. 10. The measured vertical stresses show a similar behavior as
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Fig. 10 Vertical stress at one-meter depth during the 11th pass; a AFC and b 28 Hz

reported by Rinehart and Mooney [16]. The maximum measured stress for each pass
is shown in Fig. 11a, illustrating that AFC produces a significantly higher stress, and
thus a higher shear strain, within the embankment. The dynamic stress ratio between
AFC and fixed frequency, Ao arc/ Ao 28 1z, can be shown as in Fig. 11b. The dynamic
stress-induced by compaction using AFC is between 1.2 and 2.4 times the stress-
induced at 28 Hz (with a mean value of 1.8), most likely due to resonant amplification
of deformations within the embankment. Although this and previous studies have
found that compaction is slightly enhanced at greater depths for a high frequency, the
measured stress is significantly higher, which may seem counterintuitive. However,
considering that the roller speed is constant, a higher frequency produces a larger
amount of cycles per unit length which may be the reason for obtaining a better
compaction at a lower stress.
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4 Conclusions

In order to verify previous field tests, investigating the properties of embank-
ments compacted by the novel technique AFC, a 1.5 m rock-fill embankment was
constructed under realistic conditions. The results confirm that the displacement
amplitude and the contact force between the drum and the soil are significantly
increased and the compression of the compacted layer is higher, although the depth-
effect is somewhat decreased. In addition, the vertical dynamic stress at one-meter
depth is nearly doubled. The tests also confirm that a higher degree of vertical homo-
geneity, in regard to compaction, is obtained. Additionally, the results indicate that
lateral homogeneity is enhanced. A more homogeneously compacted embankment
decreases stiffness and stress gradients, which is beneficial for reducing rearrange-
ment and operational settlements. All of the above is obtained at a lower frequency
and with a significant reduction of fuel consumption. The beneficial compaction
results and the reduced fuel consumption, in combination with the possible reduc-
tion of the number of passes, imply that AFC can produce a better-compacted
embankment at a lower cost and environmental impact.
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from Laboratory Test Results
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Abstract Field fill materials often contain gravel particles larger than the allow-
able limit for standard laboratory compaction tests. In such cases, the maximum dry
density (04)max Of a material containing large gravels is obtained by correcting labora-
tory test results for specimens without large gravels. Usually, the Walker—Holtz (WH)
method is used for this correction, but there are many materials whose gravel ratio
(P) is 0.3 — 0.4, which is usually considered to be the application limit. Moreover,
accurate stress-strain properties under field compaction conditions are necessary
for relevant stability analysis of soil structures including embankments. However,
with unbound granular materials, it is difficult to obtain undisturbed samples for
laboratory tests or to carry out field shear tests. Also, large-scale triaxial compres-
sion tests on specimens containing large gravels are difficult to perform in ordinary
engineering practices. In this study, a series of laboratory compaction tests were
performed changing the maximum particle size (Dp,x), compaction energy level
(CEL) and P to examine the validity of the WH method and a series of drained triaxial
compression tests were performed varying the Dy,.x and the degree of compaction.
Based on the test results, a method to modify the WH method is proposed to properly
estimate the (p4)max value after adding or removing gravel particles when compacted
at a certain CEL. Also, a method is proposed to correct the strength for a given gravel
ratio to estimate the in-situ strength from the strength obtained from laboratory tests.
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1 Introduction

In the conventional control of field soil compaction of embankments for roads, rail-
ways and residential and industrial areas, etc., the dry density p4 and the water content
w are measured in the field and controlled based on the maximum dry density (04)max
and the optimum water content w,,; obtained by standard laboratory compaction tests
performed on representative samples of the field fill material at a specified compaction
energy level (CEL) (usually Standard or Modified Proctor, 1E. or 4.5E.). Field fill
materials often contain large particles, such as gravels and rock fragments, the size
of which exceeds the allowable limit for standard laboratory compaction tests. In this
case, it is necessary to estimate the values of (04)max and wep of the field fill material
by correcting the values obtained by laboratory compaction tests on samples obtained
by removing gravel particles of which the sizes exceed the allowable limit. When
the gravel ratio P (will be described later in Chap. 2) of a given field fill material
is lower than 0.3 or 0.4, the Walker—-Holtz (WH) method [1, 2] is usually used for
this estimate. The WH method assumes that the p4 value of the fine particle portion
inside the whole sample after adding large particles is the same as the value of the
sample comprising only fine particles compacted at the same CEL. However, it is
known that, with an increase in P of the whole sample, the CEL transmitted to the
fine particle portion inside the whole sample decreases, therefore the p4 value of the
fine particle portion decreases. Besides, this trend may not be negligible even when
P is lower than 0.3 or 0.4.

In addition, stability analysis of soil structure requires relevant shear strength
values of compacted fill material. Because the stability may decrease as a fill mate-
rial becomes wet or saturated, the strength under wet or saturated conditions is usually
used in design. Like the laboratory compaction tests, the shear strength character-
istics are often evaluated by performing triaxial compression (TC) tests on samples
obtained by removing gravel particles of which the sizes exceed the allowable limit
for standard TC tests.

There are studies that approach each problem [3, 4], but there are few researches
that studied these two issues related to each other by performing compaction tests
and TC tests on the same soil type compacted in the same way. In this research, a
set of samples having different maximum particle diameters Dy,,x wWere prepared by
consecutively removing larger particles from a typical field fill material. A series of
laboratory compaction tests were then performed on these samples at CEL = 1E and
4.5E. to evaluate the effects of P on the value of (pq)max for various values of Dyax
and CEL. Also, a series of laboratory consolidated-drained TC tests were performed
on these samples to evaluate the effects of P on the shear strength characteristics of
specimens compacted otherwise under the same conditions.
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2 Walker-Holtz Method
In the WH method, the dry density p4’ of a sample after adding large gravel particles
with the same CEL as a sample before adding gravel particle is obtained by Eq. (1):

,0/: pd'ps
T (1=P) ps+ P pg

(D

where pq is the dry density of the sample before adding gravel particles; ps is the
density of gravel particles; and P is the mass ratio of the added gravel to the whole
sample after adding gravel particles. In this study, it is reasonably assumed that the
density of particles other than the gravel particles is the same as p;. In addition, the
S; value does not change by adding gravel particles when following Eq. (1). In the
WH method,

On the other hand, the dry density p4” of the portion composed of fine particles
not containing large gravel particles inside the whole sample containing large gravel
particles compacted at a certain CEL is correctly obtained by Eq. (2):

,_ (=P)-pa-p
py=—"t 2
ps— P - pq

where pq is the dry density of the whole sample before removing the gravel particles;
and P is the mass ratio of gravel particles to the whole sample. Note that we need no
assumption to derive Eq. (2).

3 Soil Samples and Test Methods

The field fill material used to construct a road embankment in Kamaishi City, Iwate
Prefecture, Japan (hereafter called Kiten soil) was used in this study. Figure 1 shows
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Fig. 1 Grading curves of original material
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the grading curve of the field material with Dy,,x = 75 mm. A set of samples with
Dax = 53 mm, 37.5 mm, 19 mm, 9.5 mm 4.75 mm, and 2 mm were produced by
consecutively removing larger gravel particles.

The mold having an inner diameter of 15 cm and a volume of 2209 cm?® was used
for laboratory compaction tests on samples with Dy, = 37.5, 19, 4.75, and 2 mm.
A 2.5 kg rammer was dropped freely from a height of 30 cm, and the number of
tamping was 55 for each of in total three layers. The CEL, in this case, is 1E., and
E. is the energy per unit volume and is calculated by Eq. (3).

_ Wr-H-Ny-Ng

E.
\%4

3)
where Wy is the weight of the rammer; H is the drop height of the rammer; Ny is
the number of layers; Np is the number of tamping per layer; and V is the volume
of mold.

Furthermore, a 4.5 kg rammer was dropped freely from a height of 45 cm and
tamped 55 times for each of in total 5 layers. The CEL in this case is 4.5E.. A mold
having an inner diameter of 30 cm and a volume of 25,000 cm? was used for samples
with Dyx = 75 and 53 mm. For 1E., a 10 kg rammer was dropped freely from a
height of 45 cm. The number of tamping was 104 times for each of in total 3 layers.
For4.5E., a 10 kg rammer was dropped freely from a height of 45 cm and the number
of tamping was 468 times for each of in total 3 layers. The total mass of a whole
compacted sample was measured before and after oven-drying.

A series of drained TC tests were performed on specimens with Dp,x = 19, 9.5,
and 4.75 mm. Table 1 shows the compaction conditions of the specimens having
different Dp,.x values. [D.]gc in the table represents the degree of compaction at
1E.. The specimens were prepared by compaction in 5 layers in the mold. In order
to evaluate effects of Dy,,x on shear strength at the same pq value, the tests were
performed on specimens compacted to pg = 1.872 g/cm?® and S, = 80% for each
Dnax. The specimens were 100 mm in diameter and 200 mm in height for Dy,.x =
19 mm; and 75 mm in diameter and 150 mm in height for Dp,x = 9.5 mm and
4.75 mm. After saturation, the specimen was consolidated to an effective confining
pressure of 50 kPa with a back pressure of 300 kPa, and loaded monotonically at an
axial strain rate of 0.01%/min under drained conditions.

Table 1 TC specimens

Dax (mm) 19 9.5 4.75
Sr (%) when compacted 60 70 80 60 70 80 60 70 80
[Dclige (%) 95 95 95 95 95 90 95 95 90
96 95 95
100 100 100
105 102
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4 Results and Discussions (Laboratory Compaction Tests)

4.1 Results

Figure 2 shows the compaction curves for 1E. and 4.5E of the samples having
different Dy, values. The (04)max Value increases as the Dy, value increases and as
CEL increases. In comparison, the S; value when p4 = (p4)max along each compaction
curve, which is defined as the optimum degree of saturation (Sy)op: [S], is quite
independent of Dy,.x and CEL and has value of 81%.

In Fig. 3a, the curves with data points are the measured compaction curves of the
specimens with Dy,.x = 75, 53,37.5, 19, 9.5, 4.75, and 2 mm of Kiten soil compacted
at 1E.. The set of solid curves are the compaction curves of the specimens are those
calculated by Eq. (1) when adding particles larger than 2 mm in diameter to the
basic specimen with Dy,.x = 2 mm. It may be seen that the (04)max value for 1E,
is over-estimated by Eq. (1) to a larger extent with an increase in Dp,x (i.e., with
an increase in the mass ratio P of particles larger than 2 mm to the whole sample
containing these added large particles). On the other hand, the compaction curves of
the portion of fine particles with Dy,x = 53, 37.5, 19, 9.5, 4.75, and 2 mm inside the
basic sample with Dy,,x = 75 mm compacted at 1E. were calculated by Eq. (2). In
Fig. 3b, these calculated compaction curves are compared with the measured curves
of the specimens comprising fine particles that were compacted at 1E.. The (04)max
value calculated by Eq. (2) becomes smaller than the measured one obtained by
compaction at 1E.. This means that the (pq)max value for 1E. is under-estimated by
Eq. (2) to a larger extent with an increase in Diyx.
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4.2 Modification of the WH-Method

It is seen from Fig. 3a that it is necessary to modify Eq. (1) to obtain the correct py
value of a specimen after adding larger particles that are compacted at a certain CEL
from the pq4 value of the basic specimen compacted at the same CEL. It is seen from
Fig. 3b that it is also necessary to modify Eq. (2) to obtain the correct pq value of a
specimen after removing larger particles that is compacted at a certain CEL from the
paq value of the basic specimen compacted at the same CEL. To unify these trends of
behavior in a single framework, the maximum dry density ratio X was defined as the
ratio of the (p4)max vValue when compacted at a certain CEL calculated by Egs. (1) or
(2) to the measured (p4)max Value of the same sample compacted at the same CEL.
In the top-right quarter zone of Fig. 4, the X values of the specimens to which
different amounts of gravel particles larger than 2 mm in diameter were added to the
basic specimen with Dy, = 2 mm are plotted against the gravel mass ratio P of these
specimens after adding particles larger than 2 mm. These data were obtained from
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those plotted in Fig. 3a. The X value increases consistently from 1.0 as P increases
from zero. That is, as P increases, the (04)max Value after adding gravel particles when
compacted at a certain CEL is over-estimated to a larger extent than if calculated
by Eq. (1) based on the (p4)max value of the basic specimen compacted at the same
CEL. Importantly, X is noticeably higher than 1.0 when P = 0.3 — 0.4, which is
conventionally considered as the upper limit for the application of the WH method.

In the bottom-left quarter zone of Fig. 4, the X values of the specimens from
which different amounts of gravel particles smaller than 75 mm in diameter were
removed from the basic specimen with Dp,x = 75 mm are plotted against —P, where
P is the mass ratio of the gravel particles that were removed from the basic specimen
with Dyax = 75 mm. These plots were obtained from the data presented in Fig. 3b.
The X value decreases consistently from 1.0 as P increases. That is, as P increases
from zero, the CEL transmitted to the fine particle portion becomes smaller than 1E,
which was applied to the whole of the basic specimen containing gravel particles. By
this mechanism, the calculated dry density becomes smaller than the value obtained
by compaction at 1E..

Figure 5 shows the X—P relations obtained for the two different CELs (1E. and
4.5E.) and different basic Dy,,x values equal to 75, 53, 37.5,19,9.5,4.75 and 2 mm. It
may be seen that the X—P relations for these different CEL and basic Dy, values are
rather unique. This result is consistent with the results of the previous experimental
study [6] showing that the X—P relation is rather unique regardless of the basic Dy,x
value and CEL, and regardless of the different soil types with similar particle size
distributions.

The results shown above indicate that to obtain the correct value of (pq)max for a
given value of CEL after adding large gravel particles, the value obtained by Eq. (1)
should be divided by the factor X obtained from the curve shown in Fig. 5. Similarly,
to obtain the correct value of (p4)max for a given value of CEL after removing large
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gravel particles, the value obtained by Eq. (2) should be divided by the factor X
obtained from the curve shown in Fig. 5.

4.3 Estimation of pg Other than (04)max

It is often required to estimate a pq value other than the (p4q)max value after adding
gravel particles to a given sample. In this respect, Fig. 6 shows the [D.];g.—S; relation
of the samples having different D,y values obtained from the data presented in
Fig. 2. Even if Dy, changes, the optimum degree of saturation (Sy)op: does not
change noticeably, while the [D.]g.—S; relation still remains rather unique. These
results are consistent with the findings reported by Tatsuoka [5] that the (S;)op value

Fig. 6 [D.]ig.—S; relation 105 T T T T T T

1.0E
for different Dpax D,mc(mm)

—k— 175
—»—53

——37.5
—=—19.0
—A—9.50
4.75
—o—2.00

—
S
=}

N
n

o
(=]

[~
wn
T

1

Degree of compaction , Dc (%)

30 40 50 60 70 80 90 100
Degree of saturation, Sr(%)

=]
(=]

[
=]



An Experimental Study on the Estimation of Field Compaction ... 161

and this relation are rather insensitive to changes in the soil type and CEL. The
result presented in Fig. 6 suggests that p4 values after adding gravel particles to, or
removing gravel particles from, a given sample are correctly estimated by modifying
the values obtained by Egs. (1) or (2) and applying the same X—P relation for (04)max
as presented in Fig. 5.

To confirm this point, X—P relations other than the one for (04)max Were examined.
To this end, X was defined as the ratio of the pq value when compacted at a certain
CEL and a certain S;. Then the X values were obtained from the ratio of the pq value
calculated by Eqgs. (1) or (2) to the measured value of the same specimen compacted
at the same CEL and S;. Figure 7a and b show the X—P relation when compacted
to S, = 72% and 88%. From Fig. 7a for S, = 77%, which is lower than (S;)op =
81%, the X—P relation is rather unique and in fact it is nearly the same as the relation
shown in Fig. 5. In contrast, in Fig. 7b for S, = 88%, which is higher than (S;)op. =
81%, the relation is not as unique as the one shown in Fig. 5. This trend corresponds
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to the fact that the D.—S; relation scatters in has relatively largely scatter when S, >
(So)opt-

In summary, we can conclude that the X—P relation for (0q)max i rather unique
even when Dy« changes exceeding the maximum allowable particle size for the
mold of the laboratory compaction tests. Also, the X—P relation for py4 other than
(Pd)max 18 nearly the same as that for (pq)max corresponding to the fact that the D.—S;
relation is rather unique regardless of Diyy,y.

The detailed procedure based on the analysis described above to obtain the degree
of compaction of the field sample that includes large gravel particles is described
below.

4.4 (pd)max of Field Sample Including Large Gravel Particles

The degree of compaction for 1E, of fill material compacted in the field, hereafter
denoted by [Dc]i£gc.a, is obtained by Eq. (4):

[Delizea = (o) a/[(Pd)max.1£¢] o 4)

where (pq)a is the field dry density, and [(0d)max.1Ec]a 1S the (pd)max Of the field fill
material compacted at 1E. When laboratory compaction tests cannot be performed
on a given field fill material due to the inclusion of gravel particles too large in
size, [(0d)max.1Ec]a 18 usually estimated by Eq. (1) (i.e., the WH method) from the
maximum dry density [(04)max.1£c]F Obtained by laboratory compaction tests at 1E,
on the specimen obtained by removing large gravel particles from the original sample
of field fill material. It may be seen from Figs. 4 and 5 that, in the case of adding
gravel particles to a given basic material, even when P is in range of 0.3-0.4, X
is approximately 1.1. This means that the field degree of compaction [D.]igc.a is
under-estimated by a factor of approximately 1/1.1 & 0.9. This difference of 10% in
[Dc]igc.a s not negligible in usual geotechnical engineering practice. In view of the
above, it is proposed that even when P is lower than 0.3 or 0.4 and always when P
is higher than 0.3 or 0.4, Eq. (1) is replaced by Eq. (5) to obtain a proper value of
[(pd)max.lEc]A for use in Eq (4)

— [(pd)max.lEc]F * Ps ‘ l
(1 N P) " Ps +P- [(pd)max.lEc]F X

[(Iod)max.lEc]A (5)

In this case, the X value is obtained by substituting the P value of a given field
fill material into the X—P relation relevant for the given type of field fill material
(such as the one presented in Fig. 5). In this way, it becomes possible to avoid an
unreasonable underestimation of the field degree of compaction.
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5 Results and Discussions (Triaxial Compression Tests)

From the TC test results, the internal friction angles ¢opeax = sin™!H{ (o 1r — o3p)/(0 1
+ o31)} (for ¢ = 0) were obtained, where o ;¢ and o 3¢ are the axial and lateral stresses
at the peak deviator stress. Figure 8 shows the ¢opeak—Dmax relation for [De] 1z = 95%
for three different S; values. Regardless of the value of S, the ¢gpeax value increases
as Dy increases. The @opeax value at S; = 70% is slightly higher than that at S; =
80%. However, when compared under the same CEL, the [D.]g. value at S, = 80%
becomes higher than the value at S; = 70% and the ¢qpea increases correspondingly.
As a result, under the same CEL, there is nearly no difference between the @opeax
values at S; = 70 and 80%. On the other hand, even for the same [D.];£c, the Popeax
at S; = 60% is clearly lower than that of the specimens at S, = 70 and 80% and
this difference increases as Dp,x increases. These results support the proposal by
Tatsuoka and Correia [7] that the field compaction target is set at Sy = (Sy)opt tO
ensure high strength and stiffness after wetting or saturation.

Figure 9 shows the ¢opeax—[Dc]1Ec relation at S, = 80% for three different Diyax
values. When compared at the same [D.]igc, the ¢opeax value noticeably increases as
Dpnax increases. It is likely that this trend is due to the fact that, as Dy, increases, the
uniformity coefficient of specimen increases, which results in an increase in (0q)max
therefore an increase in pq4 for the same [D.];g.. On the other hand, Fig. 10 shows
the ¢opeak—pq relation at S, = 80% for the three different Dy,,x values. It may be seen
that the ¢opeax value is determined by pq regardless of Diyqy. It seems that this result
is due to that the effects of the following factors are cancelled: (1) as Dy, increases,
[D.]ik. for the same pq4 value decreases due to an increase in (04)max (Fig. 2); while
(2) as Dy increases, the @opeak at the same [D.];g. increases (Fig. 8).

It is known that, for a wide range of grading characteristics, the ¢opeax — 04 rela-
tion is not unique. However, if such a unique ¢opeax—pq relation as the one shown in
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Fig. 9is confirmed under certain limited conditions, we can determine design strength
parameters by referring to such a ¢gpeax—04 relation shown in Fig. 10. Otherwise, it
is recommended to determine a design strength parameter by referring to the @opeak—
[D.]ig. relation obtained by TC tests performed on samples after removing large
gravel particles with necessary correction for Dy,,. The results shown in Fig. 9 indi-
cate that it is on the safe side when the effects of D, are ignored. When the [D.];g.
value ensuring a given design strength parameter can be determined following such
a procedure as explained above, the target value of [D.];g. in field soil compaction
control is determined by referring to this [D.];g. value.
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6 Conclusions

The following conclusions can be derived from the results of a series of laboratory
compaction tests and drained triaxial compression tests on a set of specimens having
different maximum particle sizes Dp,x obtained by consecutively removing larger
particles from a field fill material:

When assuming that the same CEL as the one applied to the whole sample is
transmitted to the portion with fine particle (i.e., the WH assumption), the dry
density pq at a certain S, (including (0q)max at (S;)ope) Of soil containing large
gravel particles compacted at a certain CEL is over-estimated when estimated
from the pq value at the same S, of the specimen after removing gravel particles
compacted at the same CEL. Similarly, when based on the WH assumption, the pq
value at a certain S, of the gravel-removed sample compacted at a certain CEL is
under-estimated when estimated from the pq4 value at the same S; of the specimen
containing gravel particles compacted at the same CEL. In both cases, the error
is not negligible even when the gravel mass ratio P is lower than 0.3-0.4.

In order to appropriately estimate the p4 value at the same CEL of a specimen after
adding gravel from the py4 value compacted with a CEL of the specimen before
adding gravel particles, it is necessary to modify the conventional equation based
on the WH assumption by incorporating a correction factor X that is a function of
the gravel mass ratio P. This method is applicable over a wide range of P, from
below 0.3 to higher than 0.4.

The following findings were made from drained TC tests on saturated specimens
of gravel-removed samples having different Dy,,x values:

When compacted at the same values of [D.];g. and S;, the angle of internal friction
@opeak NOticeably increases as Dp,x increases. This is due likely to the fact that, as
Dnax increases, the uniformity coefficient of the sample increases, which results in
an increase in (04)max, thereby an increase in pq4 for the same [D.];g.. This result
indicates that it may be on the safe side to estimate the ¢opeax value of fill material
which includes large gravel particles from the value of gravel-removed specimens
for the same [D.] g.. This effect may be taken into account when necessary.

As S, becomes noticeably lower than the optimum degree of saturation (S;)op, the
@opeak value for the same CEL becomes lower than the value when S; = (Sy)opt.
This fact supports compaction control setting the field compaction target at S, =
(So)op.

With the same pgq, the [D.] . value decreases with an increase in Dp,x. Due to the
combined effects of this factor and factor a) above, when compacted at the same
pa value, the ¢opeax value becomes rather independent of Dyy,x. At least within the
test conditions employed in this study, taking advantage of this simple empirical
rule, the ¢opeax value of gravel-including field fill material can be estimated from
the value of gravel-removed sample for the same pq value.
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1 Introduction

The knowledge of the contact stress distributions and the contact width for a variety
of soil types is necessary to accurately predict the stress fields [1, 2]. The contact
interaction between a rigid rolling cylinder (drum) and the soil surface depends
mostly on the soil type and dynamic behavior of the drum [3, 4]. Such interactions
are better explained in terms of the contact width and the stress—strain paths at the
contact area. Hertz [5] presented the fundamental contact theory by addressing the
contact of two elastic masses with curved surfaces.

The experimental data collected with the instrumented roller compactors reveal
complex nonlinear roller vibration behaviors, which include the loss of contact
between the drum and the soil, as well as the drum and the frame rocking [6-8].

Different numerical modeling techniques have been used for estimating the
response of the roller. Quibel [9] and Krober [10] predicted the loss of contact (i.e.,
decoupling of the drum from the soil) using the lumped parameter modeling. Kopf
and Erdmann [11] used an iterative process to calculate the drum contact width, as
well as stiffness and damping parameters based on a cone—spring—damper model
proposed by Kargl [12]. Rinehart et al. [2] studied the stress and strain paths during
the vibratory soil compaction on a uniform embankment layer as well as on a two-
layer soil system and compared the stress and strain paths to the laboratory resilient
modulus results. The authors found that the presence of a thick stiff base layer makes
the contact area smaller. Pistrol [13] defined continuous compaction control (CCC)
as an integrated method to identify soil stiffness. Herrera et al. [14] proposed a data
reduction methodology to backcalcute the mechanical properties of compacted soils
using CCC data, identifying the potential use of CCC as an in-situ dynamic test
for quality control purposes. Musimbi et al. [15] compared the results of an itera-
tive BEM approach with the results of the Hertzian theory application and a field
investigation on different types of layered soils to study the drum—soil contact width.
They found that the Hertzian theory better predicted the contact width for granular
materials as compared to clayey soils due to low elastic modulus of clay.

Asaf et al. [16] used the discrete element method (DEM) to simulate the interac-
tion between a rigid wheel and the soil surface. They concluded that DEM provided
reasonable results on contact mechanics as compared to the other theoretical and
experimental studies. Buechler et al. [17] employed DEM to study the contact mech-
anism of a static drum on the soil surface. Their predicted contact widths from the
DEM analyses were greater than those predicted by the Hertz theory and were close
to the BEM results predicted by Rinehart et al. [2]. Buechler et al. also found that
granular soils exhibited greater contact widths as compared to the cohesive soils.

Finite element (FE) models are also versatile tools for obtaining the responses of
geomaterials under different rollers. Even though simple two-dimensional (2D) FE
modeling approach considers a uniform distribution of responses along the length of
the drum, they are rapid to execute [18]. Some FE models include contact models that
can better address the stress field and contact width. The execution time can become
rather excessive for routine use as the problem is extended to three-dimensional
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(3D) with dynamic loading, and as the plastic and nonlinear geomaterial behaviors
are included in the model.

Various researchers considered the unbound granular and subgrade materials as
linear elastic [18-20], while other have included the Drucker—Prager/cap model.
Hiigel et al. [21] and Wang et al. [22] further modeled soils using viscoplastic models.
More recently, the MEPDG stress-dependent material model has been implemented
in several finite element models [23] to simulate the vibratory roller compaction of
the soils.

In this paper, a 3D nonlinear FE model [23, 24] simulating the roller proof-
mapping of one- and two-layer geosystems upon completion of compaction is used
for computing the contact area between the drum and the soil underneath. The FE
model used included a contact model to simulate the interaction between the drum
and the geosystem. The inclusion of the nonlinear behavior of the geomaterial allows
more realistic conditions than the simplifying Hertzian contact theories that consider
homogeneous and linear elastic behavior of the surfaces. The following sections
explain the components and strategies undertaken in this study.

2 Methodology

Since the numerical modeling of soil response due to roller compaction is complex, an
FE technique is necessary to evaluate the interaction of the roller with the geosystem.
LS-DYNA®, which is an explicit and implicit multi-purpose FE program that, was
used to address this need. Figure 1 shows a 3D view of the geosystem and the roller.
A 3D mesh was assembled to represent a roller imparting energy to the geomaterials

a) IC-equipped roller  b) FE model of soil and drum ¢) Soil-drum interaction

Drum

=

-

B

s
5{55?}?

":?’:,;

L .

(d) Contact inter- . .
y y Sliding permitted

action

. ¢ * Soil-Drum
Node penetration

Fig.1 Schematic representation of drum—soil system [23, 24]
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at a given amplitude and vibrating frequency. The drum of the roller compactor was
modeled with rigid shell elements with common dimensions of IC rollers, i.e., 2 m
wide and 0.75 m in radius. Due to the size of the drum, the geomaterial was modeled
as 4 m wide, 4 m long, and 2.5 m deep with non-reflective boundaries. A mesh
consisting of about 64,000 brick elements was used to represent the geosystem.
Smaller elements with 50 x 50 x 50 mm dimensions were used underneath the
roller up to 0.5 m in depth, 0.6 m longitudinally, and 1.2 m transversally from the
center of the roller, after which the elements become larger. To establish better the
drum-soil contact, about 75,000 shell elements were used to simulate the drum.
The soil-drum system was modeled with different levels of complexity including
static and dynamic analyses during stationary and moving conditions. Fathi [24] and
Nazarian et al. [25] showed that the numerical responses obtained form FE models
with different complexity levels are highly correlated. This study makes use of a
nonlinear quasi-static stationary model to evaluate the drum’s contact width.

A material model proposed by Ooi et al. [26] was considered to account for the
load-induced nonlinear behaviors of geomaterials. Ooi et al. model is in the form of:

M, =Kk P 9+1ké T"°‘+1ké (1)
r 14 a Pa Pa

where M, is resilient modulus, P, is the atmospheric pressure of 100 kPa, 6 is the
bulk stress, T, i the octahedral shear stress, and k', k’», and k’; are the model
parameters (determined from fitting the laboratory data to the model).

2.1 Contact Width

Figure 2 shows different views of the contact area and the stresses in the geosystem
due to drum loading. One of the limitations encountered with the use of the automatic
single surface contact model was that the nodes along the drum (master surface) that
are in contact with the geosystem (slave surface) are not explicitly defined. For
this reason, the contact width of the drum has to be estimated based on the stress
distribution at the soil-drum interface. The contact area, A., can be estimated from:

Fe
A= @)

Oave

where F'. is contact force, and o, is average vertical stress within the contact area
of the drum.
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3 Results and Discussion

The stress distribution along the drum length at two different distances from the
centerline of the drum is shown in Fig. 3. The stress increases along the soil surface
underneath the drum when closer to the edges of the drum. Likewise, a drop in stress
occurs of about 90 kPa from a distance of 25—-75 mm from the centerline of the drum
cylinder in contact with the soil.

The stress distribution of geomaterial in the rolling direction is shown in Fig. 4.
The vertical stress decreases with respect to distance. Even though at 200 mm away
from the centerline the stress is close to zero, that distance cannot be defined as the
extent of the contact width. A criterion for defining the contact width is necessary, due
to the cylindrical curvature of the drum and the size of elements along the pavement
surface (50 mm-sided cubic elements). As a simplifying assumption, the contact
width is assumed to be constant along the length of the drum. The contact width was
set at the distance where the magnitude of the averaged stress is 85% of the peak
observed stress. This arbitrary criterion was then compared with field measurements
performed at different sites with distinct types of geomaterials.

The contact width under a static drum load was estimated for four different drums
shown in Table 1, on top of single- and two-layer geosystems. The drums become
larger and heavier in the order listed. A set of 200 cases were simulated per drum,
for each group of geosystems, consisting of a single-layer (subgrade only) and two-
layer systems with top layer (base) thicknesses of 150 and 300 mm on top of the
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Fig. 3 Stress distribution of surface soil elements along the length of drum at a 25 mm away from

the center line of drum, b 75 mm away from the center line of drum
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Fig. 4 Stress distribution from drum centerline in rolling direction

Table 1 Rollers selected for assessing contact width
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Drum? W (KN) Centrifugal force (KN) L (m) D (m) No. of cases
I 7.45 15.1 1.00 0.60 600
II 88.55 30.2 1.50 1.10 600
11 88.55 78.3 1.50 1.10 600
v 58.84 169.0 2.00 1.50 600

4W—operating weight 4 eccentric force, L—length of drum, D—diameter of drum

subgrade and the feasible ranges of nonlinear k parameters described in Table 2. The
descriptive statistics of the contact width for those drums are summarized in Table
3. The contact width increases as the drum becomes larger.

The contact widths of a Type IV roller drum, described in Table 1, were measured
while static at two subgrade sections and four base course materials. The subgrade
sites consisted of a sandy subgrade and clayey subgrade sections, while two distinct
base layers were laid on top of each subgrade type. The contact width of the drum

Table 2 Feasible range of

layer properties [27]

Table 3 Descriptive statistics

of contact width for
different-sized drums

Pavement properties

Range of values

k' 100-3000
k'y 0-3.0
k'3 —4.0-0
Drum Contact width (mm)
Mean Median Standard deviation
1 143.1 142.8 2.8
11 210.5 208.6 4.5
1 212.4 2114 5.2
v 264.0 262.2 6.4




174 A. Fathi et al.

was measured by spray-painting the pavement structure underneath, in front of and
behind, and along the length of the drum, as shown in Fig. 5. In addition to the
measurement of the contact width, in-situ modulus spot testing with a lightweight
deflectometer (LWD) was conducted by the research group. Figure 6 shows the
contact width measurements at the six locations.

Table 4 lists the selected FE models with representative resilient moduli similar
to LWD field surface moduli, and their respective contact widths. Figure 7 compares

Spray Painting

Fig. 5 Schematic view of contact width measurement at field

Fig. 6 Measured contact widths at different test sections
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Table 4 Contact width measurements obtained from field sections and similar representative
resilient moduli FE models

Case Field measurement FE analysis

LWD modulus, Contact width, Resilient Contact width,

MPa mm modulus, MPa mm
Clayey subgrade |59.3 260 59.2 244
Sandy subgrade 48.3 208 48.8 248
Sandy subgrade 28.3 297 34.6 260
Base 64.1 203 62.1 229
Base 53.1 269 53.7 241
Base 63.4 264 63.8 238
Base 61.4 241 61.1 231
Base 59.9 234 594 241
Base 73.0 226 73.2 227

325
y=1.02x A

R*=10.28

)
3
n

>

Field Contact
Width, mm
~
b
’\»
>
»

—
~
wn

175 225 275 325
FE Model Contact Width, mm

Fig. 7 Comparison of contact width measured from field and FE analysis

the field contact width measurements with the corresponding results obtained from
FE analyses. The FE results are in agreement with the measured field contact width.

Figure 8 shows that the measured contact width decreases with an increase in the
LWD modulus. In other words, the less stiff the geomaterial is, the wider the contact
width will become.

400
350 +
300 + A
250+ e ....AEE_D
200 + y=-2.10x+371.
150 + R2=10.31
100 t t t + t t t t
10 20 30 40 50 60 70 80 90 100
LWD Modulus, MPa

A Subgrade
OBase

Field Data
Contact Width, mm

Fig. 8 Measured field contact width versus LWD modulus for bases and subgrades
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4 Summary and Conclusions

This study proposed a stress-dependent approach for estimation of the contact area of
the compaction rollers considering the nonlinear behavior of the geomaterials. A 3D
finite element simulating the proof-mapping process was developed to evaluate the
interaction of the roller with the geosystem using an advanced contact model. The
stress distribution at the soil-drum interface was used for determining the contact area
between the drum and unbound materials. This approach was conducted for different
rollers of varying sizes. To validate the stress-dependent approach, different test sites
were visited including various types of unbound materials for single-layer (subgrade
only) and two-layer (subgrade and base) geosystems.

The contact area was measured by spraying the paint around the drum at static
condition at the visited test sites. The comparison between the field measurements
and numerical observations revealed a good correlation between the two representing
the capability of the developed approach for yielding promising results.
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Program (NCHRP) for funding this study. The contents of this paper reflect the authors’ opinions,
not necessarily the policies and findings of NCHRP.

References

1. Mooney MA, Rinehart RV (2009) In situ soil response to vibratory loading and its relationship to
roller-measured soil stiffness. J Geotech Geoenviron Eng Am Soc Civ Eng 135(8):1022-1031

2. Rinehart R, Berger J, Mooney M (2009) Comparison of stress states and paths: vibratory roller-
measured soil stiffness and resilient modulus testing. Transp Res Record: J Transp Res Board,
Transp Res Board Natl Acad 2116:8-15

3. Yoo T-S, Selig ET (1979) Dynamics of vibratory-roller compaction. J Geotech Eng Divis ASCE
105(10):1211-1231

4. Van Susante PJ, Mooney MA (2008) Capturing nonlinear vibratory roller compactor behavior
through lumped parameter modeling. J Eng Mech 134(8):684-693

5. Hertz HR (1882) Ueber die Beriihrung fester elastischer Korper (On the contact between elastic
bodies). J fiir die reine angewandte Mathematik 1882(92):156-171

6. Adam D, Kopf F (2004) Operational devices for compaction optimization and quality control
(Continuous compaction control & light falling weight device). In: International Seminar
on Geotechnic Pavement and Railway Design and Construction, Millpress, Rotterdam, The
Netherlands, Athens, Greece, pp 97-106

7. Anderegg R, Kaufmann K (2004) Intelligent compaction with vibratory rollers: feedback
control systems in automatic compaction and compaction control. Transp Res Record: J Transp
Res Board, Transp Res Board Natl Acad 1868:124—-134

8. Mooney MA, Rinehart RV, van Susante PJ (2006) The influence of heterogeneity on vibratory
roller compactor response. In: DeGroot DJ, DeJong JT, Frost D, Baise LG (eds) GeoCongress
2006: geotechnical engineering in the information technology age. American Society of Civil
Engineers, Atlanta GA, pp 1-6

9. Quibel A (1980) Le comportement vibratoire: Trait d’union entre le choix des parameters
et Defficacite des rouleaux vibrants (The vibratory behavior: interactions between vibra-
tion parameters and the effectiveness of vibratory rollers). In: Colloque International sur le



A Stress—Dependent Approach for Estimation ... 177

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Compactage (International conference on compaction, Session VII Compaction Equipment),
ENPC, LCPC, Paris, pp 671-676

Krober W (1988) Untersuchung der Dynamischen Vorgége bei der Vibrationsverdichtung von
Boden (Analysis of dynamic operation during the vibrational compaction of soil). Technischen
Universitét

Kopf F, Erdmann P (2005) Numerische Untersuchungen der Flichendeckenden Dynamis-
chen Verdichtungskontrolle FDVK (Numerical analysis of continuous compaction control).
Osterreichische Ingenius Architekten Zeitschrift (OIAZ) 150(4-5):126-143

Kargl G (1995) Modellversuche zur Ermittlung des Last-Deformationsverhaltens geschichteter
Modellbdden unter ebenen und zylindrisch gekriimmten Belastungsflachen und vergleichende
Computerberechnungen. Technische Universitit Wien

Pistrol J (2016) Compaction with oscillating rollers (Doctoral thesis). Vienna University of
Technology, Vienna. Thurner H, Sandstrém A (n.d.) Continuous compaction control, CCC. In:
Proceedings of the international conference on compaction, Paris, pp 237-245

Herrera C, Costa PA, Caicedo B (2018) Numerical modelling and inverse analysis of continuous
compaction control. Transp Geotech 17:165-177

Musimbi OM, Rinehart RV, Mooney MA (2010) Comparison of measured and BEM computed
contact area between roller drum and layered soil. In: Fratta DO, Puppala AJ, Muhunthan B
(eds) GeoFlorida 2010: Advances in analysis, modeling & design (GSP 199). ASCE, West
Palm Beach, FL, pp 2444-2453

Asaf Z, Shmulevich I, Rubinstein D (2006) Predicting soil-rigid wheel performance using
distinct element methods. Trans Am Soc Agric Biol Eng 49(3):607-616

Buechler SR, Mustoe GGW, Berger JR, Mooney MA (2012) Understanding the soil contact
problem for the LWD and static drum roller by using the DEM. J Eng Mech Am Soc Civ Eng
138(1):124-132

Mooney MA, Facas NW (2013) Extraction of layer properties from intelligent compaction
data. Final Report for NCHRP Highway IDEA Project 145, Transportation Research Board of
the National Academies, Washington, DC

Patrick J, Werkmeister S (2010) Compaction of thick granular layers, NZ Transport Agency
Research Report No. 411. NZ Transport Agency Research Report 411, New Zealand Transport
Agency, Wellington, NZ

Xia K, Pan T (2010) Understanding vibratory asphalt compaction by numerical simulation. Int
J Pavement Res Technol 4(3):185-194

Hiigel HM, Henke S, Kinzler S (2008) High-performance ABAQUS simulations in soil
mechanics. In: 2008 ABAQUS users’ conference, Newport, RI, pp 1-15

Wang L, Zhang B, Wang D, Yue Z (2007) Fundamental mechanics of asphalt compaction
through FEM and DEM modeling. In: Wang L, Masad E (eds) Analysis of asphalt pavement
materials and systems analysis: engineering methods, GSP 176. American Society of Civil
Engineers, Boulder CO, pp 45-63

Carrasco C, Tirado C, Wang H (2014) Numerical simulation of intelligent compaction
technology for construction quality control. CAIT-UTC 029 Report, El Paso, TX

Fathi A (2020) Extracting mechanical properties of compacted geomaterials using intelligent
compaction technology. Doctoral dissertation, The University of Texas, El Paso

Nazarian S, Fathi A, Tirado C, Kreinovich V, Rocha S, Mazari M (2020) Evaluating mechanical
properties of earth material during intelligent compaction. NCHRP Research Report, 933

Ooi PS, Archilla AR, Sandefur KG (2004) Resilient modulus models for compacted cohesive
soils. Transp Res Rec 1874(1):115-124

Velasquez R, Hoegh K, Yut I, Funk N, Cochran G, Marasteanu M, Khazanovich L (2009)
Implementation of the MEPDG for new and rehabilitated pavement structures for design of
concrete and asphalt pavements in Minnesota. MnDOT Research Report MN/RC 2009-06.
University of Minnesota, Minneapolis, MN



An Earthworks Quality Assurance )
Methodology Which Avoids Unreliable oo
Correlations

Burt G. Look

Abstract In earthworks, testing using density ratio is applied widely in quality
control. Density ratio tests take significant time for results to be reported. Yet because
of its widespread usage, this now acts as an impediment to the development of alter-
native methods of testing. Modern geotechnical and pavement designs are based on
modulus and strength values. It is, therefore, reasonable to investigate the use of
alternative test methods which measures these parameters directly. Several in-situ
devices have been available to industry for the past 2 decades and research has shown
these have significant benefits. However, studies then try to corelate those measured
parameters with the density ratio. Correlating to density is flawed. Given the poor
correlations associated with relating density to other measured parameters an alter-
native approach was developed. This is based on matching probability density func-
tions (PDFs) for quality assurance (QA). This methodology first recognizes density
is normally distributed, but other more accurate tests are non-normally distributed.
The derived best fit distribution is compared with the normally distributed density
measurements. Data using a range of alternative testing equipment was used for this
QA method of matching PDFs. The methodology has been successfully used on a
major earthworks project in Australia.

Keywords Earthworks - Density testing + Probability density functions

1 Introduction

In earthworks testing using dry density ratio (DDR) is applied widely in quality
control (QC). DDR tests may take significant time for results to be reported. This QC
approach is not representative of current Quality Assurance (QA) testing philosophy.

Modern geotechnical and pavement designs are based on modulus and strength
values. It is, therefore, reasonable to investigate the feasibility to use alternative
test methods for QA purposes, which measure these parameters directly. Several
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in-situ devices have been available to industry for the past 2 decades and research
has shown these have significant benefits. However, studies then try to corelate those
measured parameters with the density ratio. Correlating to density is flawed as DDR
is not a fundamental parameter. An alternative testing approach is required which
encapsulates the QA required but avoids the direct paired correlation approach.

The dry density ratio (DDR) compares the compacted field density with the labora-
tory maximum dry density (MDD), which can be Standard or Modified compaction.
A specified density ratio is really a targeted means to reducing the air voids.

The emphasis on density has led to the belief that it is the key parameter, yet it
is an index only, i.e. we assume an increased density ratio (aka relative compaction)
means an increased strength or modulus or reduced permeability. Technology has
now advanced to measure those parameters directly, yet many road and approving
authorities still use density testing as the main quality evaluation parameter because
of our longstanding experience. The compaction model has not advanced with the
change in both testing and compaction equipment.

Given the poor correlations associated with relating density to other measured
parameters an alternative approach was developed based on quality assurance
schemes. This is based on matching the probability density functions (PDFs). This
methodology first recognizes density measurements are normally distributed, but
other more accurate tests are non-normally distributed. The derived best fit distri-
bution is compared with the normally distributed density measurements. Data from
several sites using a range of alternative testing equipment, was used to assess this
method of matching PDFs. The methodology has been successfully used on a major
earthworks project in Australia. The lessons learnt are presented along with the
background rationale for progressing such alternative test in earthworks QA.

2 Sample Preparation for Testing

Prior to carrying out the laboratory compaction test, the sample should be suitably
prepared. Australian Standards AS 1289 1.1 [1] requires that the soil clod size be
reduced to pass a 10 mm screen. Blight and Leong [4] shows the effect of clod sizes
and sample wetting on the compaction curve. These sample preparation and curing
take time prior to the tests. For high plasticity clays, this curing time can be up to
4-7 days, but 1-2 days for low plasticity clays (Table 1).

The effect of curing time for soaked CBRs and the corresponding swell values
are shown in Fig. 1a, b, respectively. This was a high plasticity clay (PI = 47%) from
Bundamba, Queensland. This shows if sample preparation and curing times are not
carried out, the test results will be affected. This down time results in project delays
and equipment onsite not being fully occupied.

Many contractors often place additional lifts before the test results are known.
This has a risk but is based on the assumption that they have done a good job at
compaction and the tests are simply validating what they already know.
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Table 1 Minimum curing = py, iy Within 2% of OMC | Greater than 2% of
times based on condition of (h) OMC (h)
sample (AS1289 5.1.1, 2017)
[2] and (AS1289 6.1.1,2014) ~ Sands and granular |2 2
[3] materials®
Low (LL <35%) |24 48
Medium (35% < |48 96 (4 days)
LL < 50%)
High (LL > 50%) |96 (4 days) 168 (7 days)

4Included crushed rocks and manufactured materials with fines
content <12%

Lower CBR @f=

Lower Swell @
Lower cure | Higher CBR @

Higher cure

Higher cure

Higher Swell @
Lower cure

Box-Whisker Plot of Comparison of CBR Soaked [ Cured Tests

3 E
/ Curing Days = 4 :’ A —

Box-Whisker Plot of Comparison of Swell Saaked CBR) / Cured Tests

CBR% - Soaked

(a) Soaked CBR

Swell %

(b) Swell

Fig. 1 Soaked CBR—effect of curing time on CBR value (mean, upper and lower quartile)

Density ratio tests are therefore used as a quality control (QC) tool and not in
Quality Assurance (QA). QA aims to prevent defects. QC aims to identify and fix
defects. Quality Assurance makes sure you are doing the right things, the right way,
while Quality Control makes sure the results of what you've done are what you
expected.

3 What Do Engineer Want from Testing

A survey of 54 engineers [6] on ranking what attributes are desirable in a test equip-
ment showed that accuracy is the most preferred attribute of any test. The preference
ranking order for the 8 attributes of a test equipment from that survey was.

1. Accuracy
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Precision

Time to conduct test/Ease of use

Time to process results/Ease to process and report
Amount of data obtained/Capital cost of equipment.

AN

This could be broken down into age and employer. Those with less than 5 years of
experience preferred ease of use and ease to process and report. A contractor would
have time to conduct and process results highly ranked. This ranking was used to
assess various equipment [6].

3.1 Alternative Equipment Used or QA Testing

Over the past 2 decades, several devices have been developed that provide a more
direct measure of the modulus or strength of an in-situ material. However, these
various values and units of measurements are not consistent with the historical
reliance of density testing results for QC purposes. Using density as a reference
test then leads to requests for correlations to the DDR results as if that index was
the end product. Yet DDR was meant to be an index only of the likely strength or
modulus. To measure strength or modulus and then correlate back to an index test
shows how tradition encourages this force fit from a primary to the 2nd order index
parameter. A peak strength or modulus is not necessarily coincident with a specific
MDD and OMC.

Measured modulus values depend on the material compaction, its quality, and
its interaction with deeper underling layers. Thus, density is just one contributing
factor to modulus, and a weak correlation should be expected. The importance of
controlling Degree of Saturation (DOS) in soil compaction is discussed in Tatsuoka
and Correia [12]. They show a systematic approach to controlling DOS at the end of
compaction as the compacted state cannot be estimated only by strength and stiffness.

Poor correlation between modulus and density measurements was reported in
Meeehan et al. [10] with the effect of moisture content critically important. McLain
and Gransberg [9] searched for correlations between potential alternatives to the
nuclear density gauge. The tests included Light Falling Weight Deflectometer
(LFWD) and Clegg Impact Values (CIV). The results showed that no definite rela-
tionship between Nuclear Density Gauge (NDG) and Modulus or CIV results could
be found. Mazarai et al. [8] quantify the equipment and operator-related variabili-
ties from a database of stiffness measurements made with four devices on eighteen
separate specimens. It was found that most devices are reasonably repeatable and
reproducible as long as the moisture content and density are rigidly controlled. This
conclusion leads to parallel testing of modulus and density rather than replacement
testing.

Nazarian et al. [11] reported on a Modulus-Based Construction Specification for
Compaction of Earthwork and Unbound Aggregate. They concluded the adaption
of the modulus-based specification needs to be approached in the context of the
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levels of uncertainty associated with the current well-established density criteria. It
was shown that achieving quality compaction (defined as achieving adequate layer
modulus) is only weakly associated with achieving density.

Similar poor correlations will be shown in this paper on many projects over the
years. Field result trials were used to benchmark various alternative equipment and
compared with traditional density QC measurements. A methodology is presented
which avoids the conundrum of accepting a test with a poor paired correlation
with density. Without such an alternative methodology, superior tests are unable
to supplant the traditional density-based QC approach. Continuous parallel testing
is not cost-effective and often creates conflicting data. The nascent technology of
Intelligent Compaction (IC) has its own compaction “modulus” which provides a
further motivation to have a methodology as an independent test needs to be readily
available to check such results.

4 Precision and Accuracy of Various Tests

The various test instruments were compared to density for 5 sites with the coefficient
of variation (COV) shown in Fig. 2. The COV represents the range of precision, and
the density test is the standout leader (COV = 2.0%) as compared to the plate load
tests with a COV of 77%. However, precision is the 2nd preference as compared to
accuracy. Accuracy was assessed in terms of how well the results compared with
each other for similar high, low, and median values for the 5 test sites. The number
of matches between tests for the 5 sites were compared as an indicator of accuracy

100%

Coefficient of Varaition %

40%

20%
Relative PANDA - 50 PANDA-150 DCP-50+ DCP-150+ Plate Load
Compaction Geogauge  Prima LFWD CBR Zom LFWD Clegg + 100mm f: s 1 200mm Test
High 29% 34.5% 35.7% SE.0% 50.9% 54.0% 74.0% 92.0% 97.0% 74.0% 142.0%
Median 20% 26.5% 315% 40.0% 341% 36.0% 53.0% 50.0% IB0% 53.0% 77.0%
Low 18% 19.1% 15.0% 17.0% 21.6% 26.0% 34.0% A8.0% 28.0% 34.0% 14.0%

Fig. 2 Variability for equipment tested over 5 sites
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Table 2 Equipment and tests

matching to other tests over 5 Tests compared for 5 sites No. of matches | Rank

sites Plate load test (PLT) 22 1
PANDA—50/100 mm 19 2
PANDA—150/200 mm and CBR 17 3
LFWD—PRIMA 16 5
Clegg and DCP 150/200 mm 15 6
Dry density ratio 13 8
Geogauge and LFWD—ZORN 11 9
DCP 50/100 mm and moisture ratio | 9 11

(Table 2). For depth tests such as the Dynamic Cone Penetrometer (DCP) or PANDA
the accuracy and precision would vary if 50/100 mm or 150/200 mm depth test results
are used.

The (incorrect) assumption prior to these trials was that density and PLTs (two
“standard” tests) were aligned i.e. a high density would produce a high PLT modulus
value and vice versa. The PLT had the highest accuracy with 22 matches with other
equipment. Thus, the lowest precision test (PLT) had the highest accuracy. Amount
of data was not well ranked as an attribute, but the PLT would provide the most data
and the density test provides the least data.

5 Dendrograms for Assessing Compaction Relationships

In statistics, hierarchical clustering builds trees (Dendrograms) to represent clustered
data. The groups of data are nested and organized as a tree with each group in liking to
other successor groups. StatTools (version 7) is an add-in to Microsoft Excel and was
used for the cluster analysis. The Cluster Analysis command searches for patterns in
a data set in order to classify observations or variables into groups of similar items.
The analysis supports a variety of agglomerative hierarchical methods and distance
measures. The clade is a branch in the tree. Clades that are close to the same height
are similar to each other and clades with different heights are dissimilar.

Figure 3 shows the dendrogram for the Cooroy (CH) clay soaked CBR. This
clustering provides visual evidence that the CBR is more closely clustered to the
compaction moisture and the OMC rather than the density. This could also have
been derived numerically as seen in the correlation matrix (Table 3). CBR is most
strongly correlated with the compaction moisture content (0.691) and least with the
dry density (0.037). CBR is negatively correlated with swell (—0.834). This suggests
that CBR for this expansive clay is most correlated to the swell value after soaking
for the 4 days.

Figure 4 shows the same data dendrogram with the clustering for 15 relationships.
The CBR is least related to the DDR at compaction, the dry density, and the MDD.
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Table 3 Correlation matrix for 6 No. test outputs
Correlation | Comp. MC % | DD (tm®) |OMC (%) |MDD (m?) |CBR @ |Swell %
matrix 2.5 mm
Comp. MC 1.000
%
DD (tm?) | —0.299 1.000
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Fig. 4 Dendrogram of 15 parameters in a soaked CBR test
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Note that all samples were compacted above 90% MDD, a low Density/CBR rela-
tionship does not suggest no or little compaction as that would certainly have an effect
on the CBR value. The soaked CBR at 2.5 mm and 5.0 mm are clustered together and
the CBR is most strongly related to the Moisture ratio (MR) and moisture content
(MC) at compaction, and the compaction the Degree of saturation (DOS) before and
after soaking.

Similar dendrogram analysis of in situ tests with compaction parameters show
some tests were associated more with the moisture/CBR while other tests are more
associated with the DDR. Thus, the non-efficacy of correlating another test result to
DDR.

6 Density PDF Used to Match Other Test Data

With a “new” equipment and an existing testing system (DDR testing) the first step
is to investigate the association between the two sets of data. A poor correlation
often results. The density tests are normally distributed, while most of the other tests
are not normally distributed. A good correlation also requires both to have the same
distribution functions. Look [5] discuss the issues of assuming a normal PDF for
tested soil and rock materials. Look [7] show how statistically based compaction
quality control requires PDF matching.

Given that paired relationships are unsatisfactory, a different methodology is
required if these instruments are to be used for QA tests. A method of matching
PDFs is proposed to advance the use of the various instruments. Without such an
approach the industry will keep on back checking to the DDR index which provides
the poor correlations which then creates suspicion on the use of modern and more
accurate test equipment. At the same time, research is consistently showing many of
these instruments are superior as QA measurement tools as compared to the density
ratio status quo.

The PDFs for the best fit and normal distributions are compared for the DCP in
Fig. 5. A normal PDF would be an incorrect assumption and using a DCP with a
normality assumption results in a poor QC assessment. The Normal PDF is ranked
No. 11 in goodness of fit tests. The paired matching of the DCP and DDR is shown
in Fig. 6 with an R? = 0.06 for the best-fit trend line. This poor correlation shows an
increasing DCP value resulting in a decreasing DDR, when both should be increasing.

The approach of matching PDFs rather than paired correlations is shown in Fig. 7.
Using the appropriate PDF, the 5% value of both the DCP and Density ratio are paired.
Then a similar pairing for the 10% value, 25% value, median, and so on. Figure 8
shows the data can now be paired with a high correlation. The same data with a
paired PDF matching approach now results in a strong correlation.

A similar approach is also shown for LFWD tests paired with DDR results.
Figure 9 shows this paired correlation with the “low” LFWD passing values and
the “high” failing values when such an approach is adopted. The low R? value alone
should discount such an approach. But the persistence of site supervisors to insist on
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a correlation with the density ratio continues to be the impediment of implementation
of superior tests. Modulus values above 100 MPa can “fail” a 100% DDR tests and
values below 30 MPa can “pass” a DDR criterion.

Figure 10 shows the LFWD tests with the best fit PDF as compared with a normal
PDF. The normal PDF was ranked 11 in the goodness of fit test. If a normal PDF was
used, the statistical errors become apparent, as large negative values can now occur
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at the lower 5% tail. A bounded Weibull PDF would provide the best fit PDF in this
case.

Using the procedure of matching PDFs for the LFWD, the corresponding QA
values are obtained as shown in Fig. 11. The resulting paired fit by this matching
PDF method results in an R> = 0.98. This should be compared with Fig. 9 which had
a trend line with an R> = 0.07. This is the same data with a transformed analysis.

These results are summarized in Table 4 with both the LFWD and the DCP results.
Note that DCP has both a low accuracy and precision as was shown in Table 3 but
is shown here not as progressive tool but for those who rely on this commonly used
measuring tool. This is a material-specific relationship for this test site as different
materials can have different moduli for the same 95% relative compaction [7]. This
material was 60% gravel size with 20% of both sand and fines.

(edW) SMNPOW WIWIYd QM

Dry Density Ratio (%)

275 -

Fig. 11 Matching the dry density ratio and LFWD PDFs

Tabled In-situtest QA for2 g (g LFWD (PRIMA) @ | DCP Blows
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the method of matching PDFs
96 15 4
98 30 5
100 60 6
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Very low accuracy Medium accuracy Low-medium
accuracy
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7 Conclusions

Current QC tests rely on density testing. Yet because of its widespread usage and
historical success, this now acts as an impediment to the development of alternative
methods of testing. The time lag to complete laboratory evaluation of sampled mate-
rials, provides a bottle neck during construction. Several in-situ devices have been
available to industry for the past 2 decades and have significant benefits. However,
with 2 sets of data, most researchers then use a paired correlation and at high densi-
ties obtain a low regression coefficient with associated uncertainty. This is due to the
low precision of the PLT or LFWD (COV > 50%), while the dry density ratio has
a high precision (COV < 5%), but low accuracy. Both the PLT and LFWD have a
non-normal PDF as compared to the density tests which have a normal PDF.

A statistical method of matching PDFs was shown to provide a reliable approach,
for other testing to be applied for QA assessment without the spurious correlations
that would otherwise occur. This would then result in an improved accuracy of
testing, faster turnaround of results, and is an easier test, that can cross check the
emerging IC technology. However, current lack of standards and lower precision of
these tests introduces other considerations in quality assessment. As a priori there
is an assumption that a valid relationship exists between any two tests at the same
site, on the same material and at a given time of testing. Changes in soil suction and
degree of saturation may affect the result if not time coincident.

Acknowledgements Dr David Lacey was active in acquiring and analysis of some of the test data
presented.
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Abstract Due to the impact of modern information technology, the construction
of transportation infrastructure has entered the “Intelligent Era.” The conventional
construction technology is also undergoing a paradigm shift. In this paper, the term
“intelligent construction” is defined, and the status quo of global transportation
infrastructure construction with emerging intelligent construction technologies is
summarized. The framework of intelligent construction is presented on all aspects of
the integration of modern information technology and the conventional highway
technologies. The essential elements of intelligent construction include sensing,
analysis, decision-making, and execution. Big data, machine learning, and expert
system are applied to provide practical technical solutions for intelligent construction.
This paper also elaborates on the process of intelligent decision-making and auto-
feedback machine controls. Finally, the future development of intelligent construc-
tion is laid out. The globally coordinated efforts by the International Society for Intel-
ligent Construction (ISIC) will help the leading development and implementation of
intelligent construction into the future.
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1 Definition of Intelligent Construction for Infrastructure

Definition The term “intelligent construction for infrastructure” has been refer-
enced by the industry and academics for several years without a clear definition.
The following is the definition provided in this paper:

Intelligent construction for infrastructure is a combination of model science and innovative
construction technologies. Itincludes the applications of intelligent perception/sensing, intel-
ligent computing/analysis, intelligent decision-making, and intelligent feedback controls
to the life-cycle of infrastructure: from the survey, design, construction, operation, and
maintenance/rehabilitation by adapting to changes of environments and minimizing risks.

Introduction Conventional infrastructure construction and intelligent technologies
used to be in different fields. As the technologies advanced rapidly and reacted to
changes in workflows, these two fields are merging into called “intelligent construc-
tion.” In modern days, it is common to see advanced technologies being used at
construction sites, such as Automated Machine Guidance (AMG), Unmanned aerial
vehicles (UAV), etc. Behind the scenes, Building Information Modeling (BIM)
is gradually adopted to manage the life-cycle of infrastructure more efficiently.
However, the real intelligent construction is beyond automation, but inherently
built-in intelligence to “sense, analyze, and assist in decision-making.”

Construction of infrastructure can vary significantly in terms of linear, vertical,
sizes, and associated materials and construction machinery and technologies.
Regarding the quantity, the construction for roadways is the highest. The construc-
tion quality control (QC) for roadways is also relatively more complicated than those
for bridges and tunnels. The key issues with roadway construction are dealing with
the compaction of earth materials and pavement mixture materials that are affected
by the variability of materials types, moisture, and temperatures.

Life-Cycle and Construction Quality Modern days management of infrastructure
often covers the life-cycle of the asset. Construction quality reflects the needs of
subsequent maintenance and rehabilitation (M&R) (Fig. 1). Unfortunately, most
construction projects are often of questionable quality due to a low-bid system that
is widely used.

A A
Life-cycle 1 Life-cycle 2
Q . Q .
% Operation % Operation
El.] ] | Y e R
< U U < [ 5 N B
A~ M&R A~ M&R
Construction End of life Construction End of life
Time Time

Fig. 1 Comparison of life-cycles of systems with varied construction qualities
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Improve QC with Information Technologies To improve the construction of
infrastructure, one cannot merely rely on conventional construction machinery and
technology. One of the critical findings of construction quality studies is that 80% of
premature failure of infrastructure is due to workmanship [1]. Therefore, the industry
starts to invest in technologies other than conventional methods. One dominating
technology that the industry starts to adopt is information technologies. The informa-
tion technologies start with small computer chips, including chips in circuit boards,
then the circuit boards are integrated into construction machinery and manage-
ment systems (Fig. 2). Such an application allows the conventional methods and
machinery with the added capabilities to sense and collect data, analyze data into
information, and utilize the information to make better decisions. Application for the
quality control for the entire construction process (from material production to final
compaction) is gradually adopted by the industry (Fig. 3).

Characteristics of Intelligent Construction Intelligent construction can be consid-
ered integration of conventional construction methods, machinery with modern
information technologies. However, one should remember that automation is not
intelligent construction. True intelligent construction shall consist of four crucial
elements: perception, analysis, decision-making, and execution (Fig. 4). Perception

Chips Circuit boards Computers and machinery

Fig. 2 Information technologies used in computers and construction machinery

—
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Paving Materials

Paving Planning 4 Production Monitoring
& Control - -

Paving Information
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Materials
Transport
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Fig. 3 An example of quality control for the entire construction process ( Source Vogele)
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Decision-making

Execution

Fig. 4 Fundamental elements of intelligent construction integrated with Al

is not merely to sense and collect data, but to obtain the meaning of the data. Anal-
ysis and decision-making would be an inherent intelligent algorithm with aid from a
certain level of Artificial Intelligence (AI). Finally, execution would involve a certain
level of feedback or auto-feedback systems.

The Framework of Intelligent Construction The framework of intelligent
construction includes intelligent designs, intelligent construction technologies, and
intelligent M&R (Fig. 5).

Step-By-Step Implementation Starting with Intelligent Compaction (IC) The
implementation of such a framework needs to be in a step-by-step process. Based
on the experiences of the authors, the implementation shall start with the intelligent
compaction (IC) that has proven and mature track records of implementation since
the 1970s. IC is an instrumented roller-based system that can measure one hundred

Intelligent
Decision-

Intelligent Intelligent

design constuction 3
d making

Fig. 5 The framework of intelligent construction
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percent coverage of compacted areas. The core of IC is the real-time accelerometer-
based measurement system, Intelligent Compaction Measurement Value (ICMV),
that can be used to monitor the stiffness of the compacted materials during the
compaction process. IC is a proven QC tool and will soon be evolved to be an
acceptance tool. Successful implementation of IC would help the implementation
of other intelligent construction technologies such as feeding as-built layer modulus
data to BIM for pavements [2].

2 Construction Managed by Systematic Methods

The Definition of Systematic Methods It is imperative to use systematic methods
to implement the framework of intelligent construction due to the inherent complex-
ities. There are a variety of systematic methods that utilize mathematical models and
computer programs. However, the definition of systematic methods can be general-
ized as an organic structure of many interacting elements that can be dynamically
adapting to changes of conditions and feedbacks from environments to maintain its
functions and stability. A system may involve in a wave pattern, as exemplified by
the Al system from the 1950s to the current days [3].

The Fundamental Elements of Systematic Methods In the systematic methods
for roadway construction, the fundamental elements are: designs (including roadway
materials and pavement structure), construction (as-built information such as layer
moduli measured by intelligent compaction), analysis (stresses and strains of
the roadway structure under traffic loadings and environmental effects), condi-
tion surveys (including structural and functional testing data), controls (including
restriction of overloaded heavy vehicles).

The Usages of Black Boxes Any system includes inputs, processes, and outputs.
Ideally, a white box or grey box approach can be used if the algorithm of the process
is known (e.g., back-calculation of falling-weight deflectometer data to generate
pavement layer moduli). When the processes of complex systems are often unknown
or too complicated to characterize them into mathematical models, a black box
approach needs to be taken with the aid of Al and machine learning.

The System of Roadway Structures As an example in roadway construction, the
system includes subgrade, subbase, and pavement layers. The inputs to this system
are traffic loadings and effects from moisture and temperatures. The outputs of this
system are the stresses and strains for each pavement layer.

The System of Artificial Intelligence Regarding Al, the core of the system consists
of training data, computing algorithms, etc. that will be elaborated on in later sections.

The System of Intelligent Construction Technologies The system of intelligent
construction technologies consists of many elements such as personnel, technologies,
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Fig. 6 Interaction of many elements within the system of intelligent construction

equipment, materials, information, capital, etc. (Fig. 6). It is an extensive, complex,
nonlinear system. The input to this system is the land. The outputs of this system
are infrastructure for all modes of transportation mentioned above. The elements are
multi-disciplinary, interacting, and assembled into an organic structure or system.
As mentioned above, this system consists of three sub-systems: intelligent designs,
intelligent construction, and intelligent M&R.

The Information Technology System for Data Sharing As the system of intel-
ligent construction grows, the increasing complexity makes it only possibly to be
managed by information systems. The core of the system to function is data
sharing. However, the fundamental rules of such an information system still need
to be followed, including hierarchical structure, horizontal/vertical interaction,
compatibility protocols, and an open system.

3 Construction Machine Learning

Computers that Emulate Human Brains Machine learning is one of the core
technologies in intelligent construction. The first generation of such technologies is
the expert system. It is followed by an artificial neural network (ANN) and genetic
algorithm (GA) to emulate human brains that achieve initial but limited success.
Machine learning then leads to another wave of Al revolution in the past few years.

The Essence of Machine Learning The essence of Machine Learning is computer
code enhanced/involved with training data. There are various training: supervised
learning, unsupervised learning, semi-supervised learning, and reinforced learning
that lead to various computing methods. The most recent machine learning method,
reinforced learning, allows the system model to adjust and adapt based on feedback
from the training data.
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Neural Network As an illustration, the conventional linear regression with the least
square technique is a simple method to obtain the rule for the prediction of results
based on a set of experimental data. The same set of data can be used to train a three-
layer neural network to generate a model, not seen externally, for the prediction of
results. The machine learning process involves systems of artificial neurons to react
to the excitation from the training data. The reaction that may be nonlinear from each
neuron is then weighted and summed. The layers of neurons consist of the input layer,
the hidden layer, and the output layer. The input layer handles the inputs and passes
them on to corresponding neuron units of the hidden layer without any computation.
The hidden layer is the core of the neural network that performs linear (summation
of weighted inputs) or nonlinear (excitation functions) computation. The outputs
are then transmitted from the hidden layer to the corresponding neuron of the output
layer with weights and adjustment. It should be stressed that the weights/adjustments
in the input layer and the output layer are different. Therefore, all three layers form
a coupled nonlinear system. Once the neural network is established, the next step is
to train this system with data to order to decipher the hidden rules that are difficult to
model with conventional mathematical methods. During the training, the weighting
and adjustment are changed with a variety of techniques, such as the loss function,
the steepest-descent method, refreshing the weightings, the slope computation with
backpropagation.

Deep Learning Method Deep learning employs multiple layers with two to ten
hidden layers that use different computation methods than those in a neural network.
Deep learning uses pre-processing of data to reduce the burden of computing in a
later process. Some methods use the Convolutional Neural Networks (CNN) in one
of the hidden layers and the compression (“pooling”) in another hidden layer, also to
reduce the computing efforts in later stages. The applied convolutional integration in
computing is in discrete form for processing two vectors into the third vector. Such
processes include convolutional cores and filtering. However, one should not rule
out other emerging methods such as the congregation category and other statistical
techniques [3] (Fig. 7).

Machine Learning and Construction Though machine learning has been widely
used in many industries, it is just started in construction research and develop-
ment. However, it is anticipated that construction technologies with machine learning
will emerge in the industry in the near future. An example of such innovation will
include the true intelligent compaction roller that can integrate roller technologies,
the highest-level of Intelligent Compaction Measurement Value ICMV) system, and
machine learning (Fig. 8).

4 Entering the Big Data Era

Construction Data and Machine Learning As described above, machine learning
requires a lot of good quality data for training. When applied to construction, it



200 G. K. Chang et al.

Neural
Network
compacition
Training Extract . - W
data characteristics Categorize Output w )
g,
I ' L}
Deep /&
Learning __\_5_. 3.
)’(”}{”}Q{”}Q{ Intelligent
V‘WW‘W" Compaction
INOANANENQ
Training Extract chracteristics Output
Data and categorize P

Fig. 7 Comparison between neural network and deep learning for intelligent compaction

Smart controller Roller

Instruction

Parameter adjustment

Response Excitation Vibration frequency
Eccentric block
Eccentric distance
Compacted Rolling speed
Materials

Fig. 8 The true intelligent compaction roller system

cannot be stressed more about the quality construction data (e.g., there was such a
compaction industry product that fail due to lack of quality data in training). Raw
construction data will need cleaning and mining to extract such quality data.

Digitization of Construction Data and Information Modern days intelligent
construction often makes use of sensors and telematics to collect and transmit data
to the Cloud. The issues for data security, integrity, storage, and ownership are
mounting. The construction industry and owns/agencies are at a steep learning curve
to handle and resolve those issues.

Uses of Data The use of data is quality control (QC) for contractors/industry, quality
assurance (QA) for owners/agencies. The line between QC and QA can be murky,
which causes issues such as the intelligent compaction (IC) and paver-mounted
thermal profile (PMTP) data QA required in the US federal highway (FHWA)
requirements for incentives/disincentives of federal-funded construction projects.
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Tools for Data Analysis Software tools for intelligent construction data analysis
are crucial for the success of the implementation. An example of such tools is the
Veta Intelligent Construction Data Management software that is funded by the US
FHWA and transportation pooled fund study, TPF-5(334). The purpose is to create
and maintain a standard public-domain software tool that drives the standardization
for the intelligent construction industry and simplify/facilitates data management
(Fig. 9) [4]. Further information can be found on the Intelligent Construction Clearing
House [2].

5 Integration of Intelligent Technologies

To implement intelligent construction, the most daunting task is the integration of
construction with intelligent technologies. The integration takes a tremendous invest-
ment of capital and human resources, training, changes of workflow, institutional
changes as well as collaboration among industry partners. Building Information
Modeling (BIM) is an appropriate concept for such integration to manage the life
cycle of infrastructure assets (Fig. 10). BIM for infrastructure has proven initial
success in European countries, China, and some parts of the US.

Data standards such as Industry Foundation Class (IFC) and LandXML are also
crucial to make BIM work. Visualization is also an integral part of BIM that serves
as a powerful communication tool for all parties. The implementation of BIM is not
trivial. A framework for BIM for Pavements (BFP) has been proposed by the authors
(Fig. 11). This proposed TPF study is to develop BFP guidelines and public-domain
tools to assist departments of transportation (DOTs) for BFP implementation; form
partnership between DOTs and industry to advance BFP technologies; and assist
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DOTs with enhancing financial effectiveness by improving efficiency and cost-saving
in pavement design, construction, and maintenance with BFP.



Intelligent Construction for Infrastructure—The Framework 203

6 Future of Intelligent Construction

To facilitate the future development and implementation of intelligent construction,
the authors have founded the International Society for Intelligent Construction (ISIC)
in 2016 with the vision to create a platform for the globally coordinated efforts to
advance and implement intelligent construction technologies worldwide [5]. One
of ISIC’s primary efforts is to create subcommittees that would lead the future
development of prioritized fields for intelligent construction:

SC1—Perception and Control All technologies related to data acquisition and
controls, including sensing technologies, data collection technologies, e.g., Global
Navigation Satellite System (GNNS), Light Detection and Ranging (LiDAR),
Unmanned Aerial Systems (UAS), Internet, monitoring technologies (e.g., materials,
paving, and intelligent compaction), Automated Machine Control (AMC), Auto-
mated Machine Guidance (AMG), and Autonomous Control Machinery (ACM),
etc.

SC2—Data Analysis and Management All technologies related to data analysis
and management, including data science (e.g., Big Data, data communication proto-
cols, and standards), signal analysis, Cloud computing, and digital information
platforms, etc.

SC3—Artificial Intelligence (AI) and Engineering Application of Al on construc-
tion, including intelligent algorithms/computing and methodologies (e.g., engi-
neering expert systems, neural networks, machine learning, etc.)

SC4—Integration and Innovation Application with fundamental theories and
integrated technologies during design, construction, and rehabilitation/maintenance
stages, e.g., stress analysis, augmented reality technologies (BIM, Virtual Reality
(VR), Augmented Reality (AR), 3D visualization), the interaction between construc-
tion machinery and constructed media, risks forecast/evaluation, management, and
decision-making, etc.

SC5—Green and Safety Conservation of natural resources, environmentally
friendly technologies. Application of automated sensing/safety technologies on
construction and operation, and forewarns of all kinds of disasters and recovery,
etc.

SC6—Education and Training Promotion and popularization of intelligent
construction technologies with education and training, including the development
of teaching materials, and workshops, etc.

The authors anticipate the above efforts would take intelligent construction to the
next levels for technology innovation, education, and implementation in the future.
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Geo-statistical Evaluation )
of the Intelligent Compaction L
Performance in a Reclaimed Base Project

Maziar Foroutan, Ahmad Ghazanfari, Hamid Ossareh,
and Ehsan Ghazanfari

Abstract One of the main objectives of utilizing intelligent compaction (IC) tech-
nology is to increase the uniformity and consistency of compaction operation. In
this study, intelligent compaction measurement values (CMVs) in a reclaimed base
project in Route 117, Vermont were used to perform a geo-statistical analysis. Semi-
variogram models were constructed to investigate the spatial structure and unifor-
mity of compaction during the first and second reclaimed phases. The uniformity
of the compaction operation was evaluated using the semivariogram model parame-
ters (range, sill, and nugget). Furthermore, the semivariogram models of in-situ spot
measurements were generated to verify the suitability of different types of measure-
ments in capturing the geo-spatial trends in pavement layers. Then, the spatial statis-
tics of each measurement were compared to the univariate statistics. It was found
that the data variance might be closely related to each other, but there is no relation
between these values and the spatial uniformity of the compacted area. The results
indicated that the spatial structures of both compacted layers (i.e., first and second
reclaimed layers) were successfully captured through all three types of measure-
ments, where the second reclaimed phase revealed a higher degree of uniformity. In
addition, geo-statistical analysis of both reclaimed layers revealed a higher degree
of uniformity in dynamic cone penetration index (DCPI) data compared to other
compaction measurements. On the other hand, a relatively high degree of inconsis-
tency observed among the CMV measurements. It should be acknowledged that the
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conclusions of this study are based on data from only one project, specific to the
characteristics/conditions of that project.

Keywords Intelligent compaction (IC) - Geo-statistical analysis + Uniformity of
compaction * Reclaimed base project + In-situ spot measurements

1 Introduction

Compaction is one of the most important operations in pavement construction since it
has significant impact on pavement service life and costs of maintenance and rehabil-
itation [1]. Poor compaction of pavement layers can potentially lead to different types
of distress such as fatigue cracking, rutting, shoving, and raveling [2]. An important
criterion to achieve a desirable compaction quality is the compaction uniformity
[2-4]. In addition, the pavement construction codes and analysis tools are mostly
designed based on a uniform material [5]. Intelligent compaction (IC) is an inno-
vative technology intended to improve the compaction uniformity and consistency
in pavement construction [1, 5]. Using the global positioning system (GPS) and
accelerometers, the IC roller can provide real-time compaction measurement values
(CMVs) that are tied to the physical space [6]. To get a better insight into the IC
roller performance, the uniformity of ICMVs need to be evaluated and compared
with in-situ measurements (e.g., nuclear gauge density, dynamic cone penetration,
core density). It should be emphasized that CMV is considered as Level 1 intelligent
compaction measurement value (ICMV), and therefore, conclusions based on CMV
data should be approached with caution.

Univariate statistics are traditionally implemented to evaluate the degree of unifor-
mity during the compaction process [3]. However, these methods are not able
to capture and evaluate the geo-spatial structure of the compacted layers [7-9].
Geo-statistical analysis is a statistical tool that can describe the spatial/temporal
pattern of the collected data and predict the values at unknown locations based on
the spatial/temporal autocorrelation [10]. Identical univariate statistics do not guar-
antee the same spatial structure; therefore, implementing a geo-statistical analysis is
necessary to evaluate uniformity and spatial continuity of the compacted area [3, 11].

Several studies investigated the spatial patterns of IC data and evaluated the unifor-
mity and spatial continuity of different layers upon completion of IC [3, 4,7, 8, 12,
13]. However, these studies were not conducted on reclaimed base projects, where
the material exhibit higher degree of non-homogeneity compared to other types of
pavement projects. Given the increase in the number of reclaimed base projects in
recent years, the uniformity of IC measurements and in-situ spot measurements need
to be investigated and compared in reclaimed base projects.

As such, the main objective of this study is to evaluate the uniformity and spatial
continuity of CMVs, nuclear gauge density (NGD), and dynamic cone penetration
(DCP) measurements upon completion of the IC compaction process on two different
reclaim phases. To this end, the semivariogram models were generated to capture
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the geo-spatial structure of the IC data and in-situ spot measurements. Since the spot
measurements involve less uncertainty, the uniformity and spatial continuity of the IC
measurement were compared to the spot measurements. In addition, the geo-spatial
statistics were compared to the univariate statistics in order to verify the ability of
the semivariogram models in evaluating the uniformity of the compaction process.

2 Background and Methodology

2.1 Project Description and In-Situ Measurements

IC technology was implemented in Route 117 Vermont, a reclaimed asphalt pave-
ment (RAP) project. At the initial phase of the project, the existing asphalt layer
was milled to remove 4 inches of the distressed pavement. Then, through the first
reclaiming phase, the remaining amount of asphalt and a portion of the underlying
base were pulverized to the depth of 10 in. Once the first reclaiming phase was
completed, the road was graded, shaped, and then compacted by the CS56B Cater-
pillar IC roller. Then, a 6-inch layer of the emulsion mixed with the reclaimed base
material was injected during the second reclaiming phase (i.e., full depth recla-
mation). Next, the entire road was cut/filled to grade and compact using the IC
rollers in order to achieve the desired level of compaction. The in-situ density/moduli
measurements were performed through the NGD and DCP tests and coordinates (i.e.,
Easting and Northing) of each measurement were manually recorded using a GPS
rover rod. Figure 1 illustrates the reclaiming process, IC roller operation, and in-situ
spot measurements. A geo-statistical analysis was performed on CMV, NGD, and
dynamic cone penetration index (DCPI) data to evaluate and compare the spatial
variability of these compaction measurements during the first and second reclaimed
phases.

2.2 Compaction Measurement Values (CMVs)

In this study, the CM Vs from the CS56B Caterpillar IC roller were used for data anal-
ysis. CMV is a dimensionless compaction quality measurement, which is a function
of the roller configuration (e.g., the weight and diameter of roller drum) and roller
parameters such as speed, frequency, and amplitude [3, 4]. The dynamic response
of IC roller is used to determine CMVs [13], where the CMV can be calculated as
below [3, 13]:

A
CMV = C x =22 (1)
Ag
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Fig. 1 Photographs of a reclaiming, b compacting, ¢ NGD, and d DCP test

where C = Constant (300 in the Caterpillar roller), Ag = Acceleration amplitude
of the fundamental component of the vibration, and A,u = Acceleration amplitude
of the second harmonic component of the vibration. IC data analysis has shown
that A,q is proportional to the force amplitude ‘F’ of the roller blows, and Ag is
approximately equivalent to the displacement ‘s’ during the blow [14].

2.3 Geo-statistical Analysis

Geo-statistical analysis is a statistical tool, which can be used to assess the uniformity
and spatial continuity of the compacted area [15]. The geo-spatial autocorrelation
between the CMV/NGD/DCPI measurements can be captured using the semivari-
ogram models [3, 4]. In other words, semivariogram is meant to investigate the spatial
patterns where the measurements that are closer in space are more correlated than
the measurement that are farther apart from each other [3, 4, 7, 14]. The semivari-
ance is defined as one-half of the average squared differences between data values
that are separated at a lag distance of & [15]. Once the semivariance is calculated
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Fig. 2 Schematics of a 'y
semivariogram model
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for various lag distances, the semivariogram model can be generated by plotting the
semivariance values against different lag distances [16, 17]. Figure 2 demonstrates
the graphical representation of a semivariogram model. The following expression
represents the mathematical formula to determine the estimated semivariance:

N(h)

B = — v, Ak 2
V()—Wi:l[(a+h)— a] (2)

where N (h) the number of data pairs that are separated by lag distance of 4 from
each other, and V,, and V,; are the CMVs/NGD/DCPI measured at location « and
o+ h.

There are different mathematical models, such as power, exponential, Gaussian,
and spherical model, that can be used to fit the calculated semivariance values [17].
The mathematical formulations of these models are represented as follows:

n12
Power model: |:—] 3)
a
, 3h
Exponential model: w| 1 — exp( —— “)
a

h2
Gaussian model: a)|:1 - exp(—ﬁ—)] (®)]

Spherical model 3(h ! i (6)
: —_ - )] — -] — —
pherica oewza 2\

where a is the range, w is the sill, and h is the lag distance. Initially, the semivariogram
model can be visually selected based on the binned semivariance. For instance, the
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Gaussian model can be fitted when there is an obvious plateau at the beginning of
binned data. The exponential model is usually used when the statistical dependence
of data gradually decays at a sill value. Then, the least square or the weighted least
square methods can be implemented to select the best fitted model. Based on the
schematic of the semivariogram model (see Fig. 2), nugget, range, and sill are three
main parameters that determine the characteristics of a semivariogram model [15].
Range is defined as the distance that the semivariogram reaches a plateau, while
sill can be defined as the plateau that the semivariogram reaches at the range [14].
In other words, range is the maximum distance that the measurements are spatially
autocorrelated, and sill corresponds to semivariance at sill. A larger range value is an
indication of greater degree of uniformity (less spatial variability) [3, 4, 7]. On the
other hand, since the sill value approximately represents the standard deviation of
data, lower sill values represent higher levels of uniformity. Furthermore, sampling
error and very short scale variability may cause some discontinuity from the origin
[3, 4, 7], which is defined as the nugget effect and it is shown as C in the schematic.

In this study, the CMV data were collected during the compaction operation, while
NGD and DCPI data were collected upon the completion of the compaction process
at first and second reclaim layers. A total of 27 DCP and NG measurements were
performed on a 160 ft section of the road during the first reclaim phase, where 15 in-
situ measurements were performed on a 90 ft. long portion of the road in the course
of second reclaim phase. The location of the data points was recorded using a GPS
rover to perform a geo-statistical analysis. A geo-statistical analysis was performed
on CMV, NDG, and DCPI data (using Rstudio, academic use version) to evaluate the
uniformity and spatial continuity of the compacted area during the first and second
reclaim phases.

3 Results and Discussion

3.1 First Reclaim Phase

The geo-statistical analysis was performed on CMV, NGD, and DCPI data to evaluate
the uniformity and spatial continuity of the compacted area during the first reclaim
phase. The normal score transformation was performed to ensure the scale of all
three datasets are identical. The semivariogram models were generated based on the
original and normal score transformed data (see Figs. 3,4, 5 and 6). The semivariance
values resulted from CMV, NGD, and DCPI data were binned using the method of
equal number of data points (i.e., 27 data points) in each bin. A comparison between
the original semivariogram and semivariogram after normal score transformation
revealed that the range values remain unchanged after transformation, while the sill
values were close to 1. According to Fig. 3, exponential semivariogram models fitted
to the binned semivariance of original and normalized CMV data indicated that the
measurements are autocorrelated to the distance of 48 ft. (i.e., range = 48 ft.), where
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the sill values of the original and normalized semivariogram models were estimated to
be 300 and 1.1, respectively. In other words, there would be no statistical dependence
between the roller CMVs separated by a distance larger than 48 ft. Furthermore,
exponential semivariogram models were fitted to the binned semivariance values
resulted from geo-spatial analysis of original and normalized NGD data. As evident
from Fig. 4, no spatial autocorrelation exists at lag distances larger than 45 ft., and
the corresponding sill values for the original and normalized semivariogram were
~11 and ~1.05, respectively. In this case, the spatial trend of NGD data revealed
that there is a potential for this data to get autocorrelated at a larger lag distance
since an increasing trend is observed in the model. The Gaussian semivariogram
model fitted to DCPI data is illustrated in Fig. 5, where an identical range value
of 55 and sill values of 8 and 1.25 were resulted from original and normalized
semivariograms, respectively. Table 1 represents the spatial and univariate statistics
of different compaction measurements on the first reclaim phase.

Table 1 Summary of spatial and univariate statistics

Compaction | Spatial statistics Univariate statistic

data Original Normalized u (Mean) | o (Std.
Nugget | Range |Sill | Nugget Range | Sill deviation)

CMV 5 48 300 | 0.1 48 1.1 43.8 15.6

NGD 3 45 11 |05 45 1.05 1343 33

DCP 0 55 8 102 55 1.25 6.7 22




Geo-statistical Evaluation of the Intelligent Compaction ... 213

3.2 Second Reclaim Phase

In order to investigate the uniformity and consistency of the compaction operation
during the second reclaim phase, a geo-spatial analysis was performed on the original
and normal score transformed CMV, NGD, and DCP data collected at this phase (see
Figs. 6, 7, and 8). The semivariance values were grouped into the bins with a fixed
size of 3 ft. The semivariogram range values were identical before and after transfor-
mation, while the sill values were in the range of 1.55-2.7. Figure 6a, b indicate the
semivariogram plots of original and normalized CMYV data, where Gaussian models
are fitted to the semivariance values. As can be seen, no spatial autocorrelation exists
after the lag distance of 68 ft, where the corresponding sill values are ~190 and ~2.2
for the original and normalized semivariograms. According to Fig. 7, Gaussian semi-
variogram models fitted to original and normal score transformed semivariance of
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Table 2 Summary of spatial and univariate statistics

Compaction | Spatial statistics Univariate statistic
data Original Normalized u (Mean) | o (Std.
Nugget |Range |Sill | Nugget Range | Sill deviation)
CMV 2 68 190 |0.1 68 220 | 43.8 15.6
NGD 0 52 15 10.08 52 1.55 | 1343 33
DCP 0 83 1.4 10.18 83 2.70 6.7 22

NGD measurements are spatially autocorrelated at 52 ft., while the sill values were
1 and 1.55, respectively. In addition, the semivariogram models for DCPIs (Fig. 8)
resulted in the highest autocorrelation distance, where the range value was 83 ft., and
the sill values for the original and normalized semivariogram models were approx-
imately 1.4 and 2.7, respectively. Table 2 represents the summary of the univariate
and spatial statistics of each compaction measurement.

3.3 Discussion

Geo-statistical analysis of roller measurements and in-situ measurements (i.e., NGD
and DCPI) was performed on the data collected through both reclaim phases.
According to the resulting semivariogram models, the spatial trend of the compacted
area was captured using all three types of measurements. Although the data collec-
tion area in the second reclaim phase was smaller than that of the first reclaim phase,
the semivariogram models indicated that the range values resulted from the second
reclaim phase data were systematically higher than those from the first reclaim phase.
This can be an indication of higher degree of uniformity and spatial continuity of
the second reclaim phase. Although it is difficult to interpret the sill values upon
data transformation, since this parameter is affected by standard deviation, the orig-
inal sill values were lower during the second reclaim phase. In addition, a further
investigation of the spatial variability of different compaction measurement methods
revealed that there was higher degree of uniformity and consistency among the DCPI,
which is reflected in relatively higher range value in both reclaim phases. However, it
should be noted that the lower sampling rate associated with the spot measurements
data might result in missing a range smaller than the sampling rate. Although the
range values are significantly higher than sampling intervals, increasing the sampling
rate during spot measurements can enhance the reliability of this comparison. The
higher level of uniformity and consistency of DCPI data compared to NGD values
revealed that DCPI data could be a more reliable option for calibrating the IC roller
measurements in this project. This result is consistent with [ 18] where the regression
model constructed using CMVs and DCPI data showed the highest regression value
in this project.
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The CMYV data revealed a high degree of non-uniformity and inconsistency which
is reflected in large sill values (sill = 300 and 190) suggested by the semivariogram
models. This observed inconsistency among the IC measurements can be attributed
to the non-homogeneity of the compacted material or changing the roller parameters
(e.g., frequency and amplitude) during the compaction operation [18, 19], as was the
case in this study. A similar study in the literature, where the spatial structure of the
CMYV data on a 130 ft. base layer was investigated, reported a range value of 62.3 ft
and a sill value of 947.3 [3]. A comparison between the results presented in [3] and
our study suggests that the range value is similar, but there is significant discrepancy
in the sill value. This indicates that compared to [3], the level of inconsistency of
roller measurements in the current project was less. According to [8], the results of
the geo-statistical analysis of the CMV data collected on 800 ft. section of a road
base layer resulted in a range value of 13.1 ft. and a sill value of 51.5. The range value
reported in [8] is much smaller than those in [3] and the current study. In addition, a
comparison between the univariate statistics and spatial statistics revealed that usually
the changes in the variance of data proportionally changes the sill parameter of the
semivariogram models, but the spatial variability of the measurements cannot be
correlated to the univariate statistics. Other studies also have shown that the variance
and sill parameter are closely related to each other [3, 4, 8]. It should be noted that
the authors are currently collecting and analyzing data from similar IC projects to
compare the results and provide comparative analysis.

4 Conclusion

Based on the results of this study, the following conclusions can be drawn:

e The spatial structure of the compacted area (during both reclaim phases) was
successfully captured through different compaction quality measurement schemes
(IC measurements and spot measurements).

e The range values are systematically higher during the second reclaim phase that
can be inferred as higher degree of uniformity and continuity.

e The semivariogram models revealed that the DCPI data has the highest range
values that can be inferred as a high degree of uniformity thorough the compacted
area. It should be considered that this conclusion can be affected by increasing
the sampling rate during DCP measurements.

e The standard deviation can be an indication of the degree of non-uniformity and
inconsistency of the collected data, but it is not able to explain the differences
between the spatial structure of the compacted area.

e The higher degree of inconsistency in IC roller measurements can be attributed to
non-homogeneity of the underlain layers and variations in some of the compaction
parameters, such as frequency and amplitude during the compaction process.

e [t should be acknowledged that these conclusions are based on data from only
one project and therefore cannot be generalized for all IC projects.
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CCC Systems for Vibratory )
and Oscillatory Rollers in Theoretical oo
and Experimental Comparison

Johannes Pistrol ©, Mario Hager, and Dietmar Adam

Abstract Intelligent Compaction (IC) and Continuous Compaction Control (CCC)
systems have seen major developments in recent years. The Institute of Geotechnics
of TU Wien investigated established CCC systems for vibratory rollers and developed
a novel system for work-integrated compaction control with oscillatory rollers. The
various CCC systems in the market yield to numerous measurement levels and units
with each manufacturer pursuing their own system. This has become a great chal-
lenge for contractors and authorities and resulted in a demand for a single measure
to be able to combine and compare results from different rollers. The theoretical
basis and differences of common CCC systems for vibratory and oscillatory rollers
are explained in the paper. Moreover, experimental field tests have been performed
with a tandem roller with vibratory and oscillatory excitation. Five different CCC
values—CMYV, Omega, Ej,, kg and CCC for oscillatory rollers—were evaluated
based on acceleration measurements. The results of the theoretical and experimental
investigations are presented and compared to create a better understanding of why
results of different CCC systems or rollers cannot simply be converted into each
other.

Keywords CCC - IC - Intelligent compaction + Roller compaction
1 Introduction

Dynamic rollers for near-surface compaction are used for a wide range of engineering
structures. The quality of earthwork strongly depends on the state of compaction of
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the individual layers. Therefore, both the compaction equipment and the compaction
method have to be carefully selected taking into account the material used. The layer
thickness must be selected taking into account material properties such as grain size
distribution, maximum grain size and degree of non-uniformity, water content and
water permeability, roller type and machine parameters.

The concept of vibration excitation for drums was implemented for the first time in
1958 [1] and, together with its further developments such as rollers with directional
vibration and feedback-controlled rollers, has become the most common form of
excitation for dynamic drums in earthworks. The main advantage of vibratory rollers
over static rollers is their significantly higher vertical load due to dynamic excitation,
which results in a better compaction depth.

A second type of dynamically excited drums are oscillating drums. The Swedish
company Geodynamik AB developed the principle of oscillatory roller compaction at
the beginning of the 1980s [2]. The dominant compaction direction of the oscillating
rollers (horizontal) results in a lower compaction depth compared to vibratory rollers
of the same size and weight. This has to be taken into account on site by reducing
the thickness of the filled layers.

Systems for a Continuous Compaction Control (CCC) were developed for both
types of excitation. While various systems for vibratory rollers have been used during
the last decades, only one CCC system has recently been developed for oscillatory
rollers.

2 Overview of CCC Systems and Previous Investigations

2.1 CCC with Vibratory Rollers

In 1975 the company Geodynamik AB developed a roller-mounted compaction meter
in cooperation with Lars Forssblad (of Dynapac) and introduced the compaction
meter and the compaction meter value (CMV) in 1978. The CMV is described in more
detail below. The new method was presented at the First International Conference on
Compaction held in Paris, France, in 1980 [3, 4]. Many of the roller manufacturers,
e.g., Caterpillar, Ingersoll Rand, subsequently adopted the Geodynamik CM V-based
system.

In the late 1980s, Bomag developed the OMEGA value and the corre-
sponding Terrameter system. The OMEGA value provided a continuous measure
of compaction energy and at that time, it served as the only CCC alternative to CM V.
In the late 1990s, Bomag then developed the measurement value E;,, which provided
a measure of dynamic soil modulus (e.g. [5]). Ammann followed suit with the devel-
opment of the soil stiffness parameter kg [6]. These latter E,j, and kg parameters
signaled an important evolution towards the measurement of more mechanistic soil
properties, e.g. soil stiffness and deformation modulus.
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Compactometer (CMV/RMYV) The Compactometer was the first commercially
used system for continuous compaction control with vibratory rollers and is still
used by the manufacturers such as Caterpillar, Dynapac, HAMM and Volvo.

The acceleration sensor (named A-Sensor) measures the vertical accelerations on
an undamped part (e.g. the bearing) of the vibratory drum. Early research showed
that various indices incorporating drum acceleration amplitude and the amplitude of
its harmonics (i.e., multiples of the operating frequency) can be correlated to soil
compaction and underlying stiffness [4]. From this early research, the compaction
meter value (CMV) was proposed [3] and is computed as:

A
CMV = clA—2 (1)

where A, is the amplitude of vertical drum acceleration at the fundamental (oper-
ating) frequency w and A,,, is the drum acceleration amplitude of the first harmonic,
i.e., twice the eccentric excitation frequency. C; is a constant established during site
calibration (C; = 300 is often used). The ratio of A,,,/A,, is ameasure of nonlinearity.

CMYV is determined by performing spectral analysis of the measured vertical
drum acceleration over two cycles of vibration. The reported CMV is the average of
a number of two-cycle calculations. Geodynamik typically averages the values over
0.5 s; however, this can be modified to meet the manufacturer needs.

A sister parameter called the resonance meter value (RMV) is defined as:

AO.Sw
RMV = IOOA— ()

w

where Ag s, is a subharmonic acceleration amplitude caused by jumping, i.e., the
drum skips every other cycle. Therefore, the name of the parameter is misleading
since no resonance effects but operation mode “Double-Jump” is causing the subhar-
monic acceleration amplitude. The RMV is used to indicate whether the roller is
double-jump motion.

Terrameter (OMEGA and E,;,) The Terrameter system of Bomag also measures
the accelerations in the bearing of the drum. The system uses two accelerometers,
mounted with an inclination of 45° relative to the horizontal plane and arranged
orthogonally to each other.

The Terrameter analyses the equilibrium of forces on the drum in vertical direc-
tion to calculate the soil contact force F} from the vertical drum acceleration 7
under consideration of the static force F g, and the excitation force F, (see Fig. 1).
The vertical displacements z can be obtained from a two times integration of the
acceleration signal. Displacements z and soil contact force F', can be used to plot a
force-displacement diagram for each period of excitation (see Fig. 2).

The OMEGA value was the first CCC value of the Terrameter. It is defined as the
area under the force-displacement diagram for two consecutive periods of excitation
Tg to minimize the influence of the operation mode Double Jump:
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Fig. 1 Equilibrium of
vertical forces for the
calculation of F,

(m +my)z

Fig. 2 Force—displacement
diagram of the drum for the
calculation of OMEGA and
Eyip

soil contact force F),

displacement z

OMEGA = C; % Fyzdt 3)

2Tg

Factor C3 [1/Nm] is a roller-dependent factor to make OMEGA a dimensionless
value ranging from 0 and 1000. OMEGA is proportional to the energy transmitted
into the soil.

In 1999 Bomag introduced the E.;,, which replaces the OMEGA value and is
currently used with the Terrameter system. In contrast to OMEGA the vibration
modulus E.; [MN/m?] is not a dimensionless value but a physically interpretable
measure, which describes a soil stiffness by analyzing the inclination of the force-
displacement curve between two defined points (40% and 90% of the maximum
contact force). The E;, is calculated recursively using a Poisson’s ratio of v = 0.25:

AFb Evinb()JT

Az~ 2(1—v?)(2.14+0.51n Cg) @

with
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Eyin(2bo)*m

Cg =
K 16(1 - Uz)(m + my + mp)gr

(&)

where r and by are the radius and the half width of the drum and m, my and mg
denote the mass of the drum, the eccentric mass and the mass of the roller frame
respectively. Bomag seems to use adapted versions of these equations in the field.
Moreover, Dynapac uses a modified version of the Ey;,, which is determined
during the unloading phase of the load-displacement curve and called E;, 2 [7].

Ammann Compaction Expert (kg) The ACE® system (Ammann Compaction
Expert) was developed for feedback-controlled rollers by the Ammann Group.
It calculates the CCC value kg in the time domain based on a force—displace-
ment diagram. The soil stiffness parameter kg with the unit MN/m is a physically
interpretable parameter, such as the vibration modulus E ;.

The ACE system uses two different equations for the calculation of kg depending
on the mode of operation. For continuous contact the kg value can be calculated as

(6)

kg = &” [(m + my) (myey Vario) cos (ﬂ:|

A

where A, is the amplitude of the displacement and ¢ is the angle of phase shift
between excitation force and displacement. The dimensionless factor Vario is used
for a reduction of the dynamic excitation. In case of a periodic loss of contact, kg
is calculated using the contact force at the change from loading to unloading phase
(Fy(;=0)) and the corresponding amplitude of the drum displacement A;:

_ Fog=0) — (m +my +mgr)g
A

ks (7

2.2 CCC with Oscillatory Rollers

While various CCC systems for vibratory rollers are available only one CCC system
for oscillatory rollers has been developed in the past; the Oszillometer of the Swedish
company Geodynamik AB.

Novel CCC System for Oscillatory Rollers A research cooperation of the German
roller manufacturer HAMM AG and the TU Wien developed a novel CCC system
for oscillatory rollers [8]. The accelerations in horizontal and vertical direction are
measured in the bearing of the oscillating drum. The measured accelerations can be
plotted in a diagram with horizontal accelerations on the abscissa and vertical accel-
erations on the ordinate for each period of excitation. This diagram typically shows a
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Fig. 3 Digital acceleration
data for one period of
excitation sorted and
connected in chronological
order [9]

iy [m/s]

(Zaml2m)
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Fig. 4 Digital acceleration
data for one period of
excitation sorted and
connected according to the
increasing horizontal
acceleration
(zig-zag-pattern), and upper
and lower envelopes [9]

upper envelope

In [m/3?]

lower envelope

T2 2
(Zm120) b 5 m /S

recumbent eight-shape of accelerations. Experimental and theoretical investigations
proved a correlation between the aforementioned shape and the stiffness of the soil.

Each sampling point of the acceleration measurements is defined by a horizontal
(¥m) and a vertical acceleration (Zyp) (see Fig. 3). For the calculation of the CCC value,
all sampling points are sorted and connected according to the increasing horizontal
component, which results in a zig-zag-pattern in the diagram. Furthermore, the upper
and lower envelope is calculated by identifying and connecting local maximum and
minimum points of the zig-zag-pattern (see Fig. 4). The area of the eight-shape can
be assessed by calculating the area between the upper and the lower envelope by
trapezoidal integration. The calculated area equals the CCC value for oscillating
rollers and adopts the theoretical unit of m?/s*.

2.3 Results from Previous Investigations

Adam and Kopf [12] performed numerical studies on CCC values for vibratory
rollers. They investigated the influence of the roller’s mode of operation—as a result
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of the soil stiffness and the relative drum amplitude—on the CCC values CMV,
OMEGA, E,j, and kg. Selected results from this study are depicted in Fig. 5.

CMYV and OMEGA drop down considerably when passing to “Double-Jump”
mode and show a significant dependency on the drum amplitude. OMEGA is closely
related to the energy transferred to the ground, which explains the strong link to the
drum amplitude.

E.i, and kg are less influenced by the modes of operation and show a minor
dependency on the drum amplitude as expected due to their definition as stiffness
values.

Nevertheless, a perfect independency of machine parameters cannot be achieved.
Since the level and the course of all CCC values depend on the roller parameters
they have to be adjusted and need to be kept constant for the entire measurement
procedure.

OMEGA

rocking motion
chaotic

o o I
- = °

relative drum amplitude [-]

& - -
= - e

relative drum amplitude [-]

Fig. 5 Influence of modes of operation on CCC values [12]
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3 Experimental Field Tests on CCC Performance

Large-scale in situ tests were performed in the scope of the aforementioned research
project to investigate the performance of various CCC systems based on acceleration
measurements obtained from a tandem roller.

3.1 Compaction Device

A tandem roller HAMM HD* 90 VO [10] was used as copaction device. The roller
comprises a total mass of 9830 kg and two drums of roughly 1900 kg vibrating mass
each. The typical travel speed during compaction is 4 km/h for this type of roller
and was used throughout the majority of the tests. The roller is equipped with a
HCQ processing unit — similar to a Compactometer—, which calculates the HMV
(basically the CMV/RMYV) value for vibratory test runs.

Depending on the rotational direction of the eccentric masses the vibratory drum
at the front of the roller operates with a vertical amplitude of 0.34 mm or 0.62 mm
respectively. For the smaller amplitude, a frequency of 50 Hz was used most of the
time while 40 Hz was the standard frequency for vibratory compaction with the large
amplitude.

The oscillatory drum is mounted on the rear of the HD* 90 VO roller. It uses a
tangential amplitude of 1.44 mm and a typical excitation frequency of f = 39 Hz.
However, the roller for the experimental field tests was modified to be able to use
frequencies from f = 20 Hz up to f = 70 Hz.

3.2 Test Layout and Measuring Equipment

A test area was prepared and equipped in a gravel pit near Vienna for the experimental
field tests. The test area comprised four parallel test lanes of loose sandy gravel (to
be compacted) with a length of 40 m and two layers of 0.4 m and 0.3 m thickness
(see Fig. 6). The test field was filled on the highly compacted surface of the gravel
pit. The four test lanes were intended for static, oscillatory, vibratory, and combined
oscillatory and vibratory compaction. Two ramps at the beginning and at the end of
the test lanes served for roller handling, speeding up and down the roller as well as
lane changes. A fifth test lane was prepared on the highly compacted ground of the
gravel pit.

The test field was equipped with tri-axial accelerometers, a deformation-
measuring-device and an earth pressure cell to evaluate the impact of the roller on
the soil and the surrounding area. The majority of the results of these measurements
is not discussed in this paper, but can be found in literature [8, 9, 11].
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Fig. 6 Test layout of the experimental field tests [8]
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Four conventional mattresses were buried under test lane 2 to simulate non-
compacted weak spots in the test field and to investigate the influence of these weak
spots on CCC values. Two mattresses were placed on the highly compacted ground
of the gravel pit before filling the first layer. Weak spot No. 1 was therefore buried
in a depth of 0.25 m after filling the first layer and a depth of 0.55 m after filling
the second layer. Weak spot No. 2 was prepared by placing two mattresses on top of
the first layer after finishing all tests on the first layer. After filling the second layer,
weak spot No. 2 was located in a depth of 0.15 m below ground level (see Fig. 6).

The oscillatory drum of the roller was equipped with four accelerometers with a
sensitivity of 10 g and the vibratory drum with accelerometers with a sensitivity of
£30 g. The accelerometers were mounted on the left- and the right-hand side on the
bearing of the drum to measure the accelerations in horizontal and vertical direction
on the undamped part. The positive direction of the horizontal accelerations X was
defined in the direction of roller travel; the positive vertical accelerations Z pointed
downwards (see Fig. 6). The accelerometer signals and all other measurement data
were recorded with a sampling rate of 1000 Hz.

4 Results from Experimental Field Tests

In the following, the results of the calculated CCC values for oscillatory rollers are
compared to the measured and calculated CCC values for vibratory rollers for selected
test runs on layer 2 of lane 2 of the test field. The CCC values for the oscillatory
roller and the CCC values for vibratory rollers cannot be calculated on the basis of
measurement data of one single test run.

The simultaneous excitation of oscillatory and vibratory drum causes additional
accelerations in the bearings of each drum, which interfere with the calculation of
CCC values.

Therefore, the excitation has to be limited on one type of excitation for each CCC
test run. For the comparison of vibratory and oscillatory CCC values, measurement
data of two consecutive test runs on the highly compacted second layer of lane 2
of the test field is used. During these passes, no increase in compaction was to be
expected, so that an influence on the CCC values by the changing stiffness ratios
between the passes can be largely ruled out.

Figure 7 compares the CCC value for oscillatory rollers with all the CCC values
established on the market for vibratory rollers. The oscillatory test run was performed
with the standard parameters f = 39 Hz and v = 4 km/h, while all CCC values of the
vibratory excitation were determined on the basis of a test run with a small vibration
amplitude of 0.34 mm, an operating frequency of f = 50 Hz and a travelling speed
of v =4 km/h. The E;, and kg values were determined for two excitation periods
each, with a mean average smoothing over 30 individual values being used for the
representation in Fig. 7. In addition, all CCC curves were divided by their mean
value, as otherwise no comparison would be possible due to the different units and
measurement levels of the CCC systems.
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Fig. 7 Course of popular CCC values for vibratory rollers and a novel CCC value for oscillatory
rollers on the compacted layer 2 of the test field. Oscillation: f = 39 Hz, v = 4 km/h. Vibration:
small amplitude, f = 50 Hz, v =4 km/h

The calculated CMV g, value and the measured HMV g, value of the pre-installed
Compactometer system is based on the same algorithm and clearly shows the influ-
ence of the two weak spots, similar to the CCC value for oscillatory rollers (FDVK-O).
In particular, the unprocessed CMV,, value is subject to pronounced scatter in the
homogeneous areas of the test field, which reduces its significance. The roller inte-
grated Compactometer obviously smoothes the HMV g, value, which yields to more
“stable” results. The online calculation of HMV gy, is based on a data evaluation in
the frequency domain and therefore, performed piecewise which results in a time lag
compared to CMV .

The first CCC value of the Terrameter system, the OMEGA value, provides very
constant results in the homogeneous areas of the test field, but the two weak spots
show a much smaller influence on the size of this value. As already emphasized by
Hager in [13], the E;, value of the Terrameter and the kg value of the ACE system
is the most advanced CCC values for vibratory rollers and are classified as Level
3 measures in the US FHWA Intelligent Compaction Measurement Value ICMV)
road map document, while CMV and OMEGA are considered Level 1 and Level 2,
respectively.

Figure 8 compares the course of the CCC value for oscillatory rollers of the
previously considered test run with the CCC values for vibratory rollers of a test
run with a large vibration amplitude of 0.62 mm, an excitation frequency of f =
40 Hz and a travel speed of v = 4 km/h. The statements previously made about
the compaction parameters OMEGA, E;, and kg remain valid, even when the large
vibration amplitude is used. The CCC values CMV g; and HMV g, determined in the
frequency domain, on the other hand, show an influence by the increased amplitude
of the excitation in the form of pronounced scatter and the underestimation of the
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rollers on the compacted layer 2 of the test field. Oscillation: f = 39 Hz, v = 4 km/h. Vibration:
large amplitude, f = 40 Hz, v =4 km/h

stiffness above the weak spots. Due to the large vibration amplitude, the vibratory
drum approaches the mode of operation “Double Jump”, to which the frequency-
based CCC values react sensitively. This shows a great strength of the CCC value
for oscillatory rollers which is, due to its definition, independent of the mode of
operation of the oscillatory drum.

However, it should be noted in the comparison that the measuring depths of
the CCC system for oscillatory rollers and the CCC systems for vibratory rollers
differ significantly. While oscillatory rollers primarily compact the soil by dynamic
horizontal forces, the vibratory roller achieves not only a greater depth effect but
also a greater measuring depth due to the predominantly vertically directed dynamic
excitation.

5 Conclusions

The theoretical background of four commonly used CCC values for vibratory rollers
(CMV, OMEGA, E,j, and kg) and a novel CCC value for oscillatory rollers has
been explained and results from previous investigations have been reviewed briefly.
Experimental field tests have been performed to evaluate the CCC values based on
acceleration measurements on a tandem roller with a vibratory and an oscillatory
drum. The presented results demonstrate that all investigated CCC values are able to
map the stiffness conditions of the soil and to detect weak spots with accuracy.

It has been confirmed that the mode of operation of a vibratory drum has a signif-
icant influence on most CCC values for vibratory rollers, especially on CMV and
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OMEGA. The differences in the depth effect and the resulting reduced measuring
depth have to be considered for CCC with oscillatory rollers. The results from the
conducted field tests show that various CCC values cannot simply be converted into
each other due to the great differences in the theoretical background (and the resulting
Levels of ICMV) of CCC algorithms, even if all CCC values are determined on the
basis of acceleration measurements on one and the same roller.
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Numerical Assessment of Impacts m)
of Vibrating Roller Characteristics oo
on Acceleration Response of Drum Used

for Intelligent Compaction

Zhengheng Xu @, Hadi Khabbaz(®, Behzad Fatahi®), Jeffrey Lee®,
and Sangharsha Bhandari

Abstract Intelligent compaction (IC) is an emerging technology for efficient and
optimized ground compaction. IC combines the roller-integrated measurements with
the Global Positioning System (GPS), which performs the real-time quality control
and assurance during the compaction work. Indeed, IC technology is proven to be
capable of providing a detailed control system for compaction process with real-
time feedback and adjustment on full-area of compaction. Although roller manufac-
turers offer typical recommended settings for rollers in various soils, there are still
some areas needing further improvement, particularly on the selection of vibration
frequency and amplitude of the roller in soils experiencing significant nonlinearity
and plasticity during compaction. In this paper, the interaction between the road
subgrade and the vibrating roller is simulated, using the three-dimensional finite
element method capturing the dynamic responses of the soil and the roller. The devel-
oped numerical model is able to simulate the nonlinear behavior of soil subjected to
dynamic loading, particularly variations of soil stiffness and damping with the cyclic
shear strain induced by the applied load. In this study, the dynamic load of the roller
is explicitly applied to the simulated cylindrical roller drum. Besides, the impact of
the frequency and amplitude on the level of subgrade compaction is discussed based
on the detailed numerical analysis. The adopted constitutive model allows to assess
the progressive settlement of ground subjected to cyclic loading. The results based on
the numerical modeling reveal that the roller vibration characteristics can impact the
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influence depth as well as the level of soil compaction and its variations with depth.
The results of this study can be used as a potential guidance by practicing engineers
and construction teams on selecting the best choice of roller vibration frequency and
amplitude to achieve high-quality compaction.

Keywords Intelligent compaction * Finite element modeling - Vibrating roller
compactor * Acceleration response

1 Introduction

Continuous compaction control (CCC) is an emerging and appealing technology
because it provides continuous assessment of soil stiffness since the technology first
began in over 40 years ago. Nowadays, roller-integrated monitoring, in conjunc-
tion with the Global Positioning System (GPS) signal incorporated within the CCC
vibratory roller, performs the real-time quality control. Moreover, the integration
of measurement values with the roller operation allows “intelligent compaction”
wherein the roller’s excitation force can be automatically adjusted based on the real-
time feedback to achieve the most efficient compaction effort. Intelligent compaction
(IC) technology can be utilized to achieve a more endurable performance and a more
uniform compaction [1].

Several intelligent compaction measurement values (ICMVs) are used in prac-
tice to reflect the compaction quality, such as compaction meter value (CMV),
compaction control value (CCV), vibration modulus (Eyig) and modulus of subgrade
reaction or soil stiffness (ks). The mechanistic measurements derived from IC roller
allow practicing engineers and construction teams to evaluate the quality of the
compacted ground; hence, a thorough understanding of qualitative control of the
soil-drum system is of prime importance. Historically, in the development stage
of roller-integrated soil compaction, a dimensionless parameter, CMV, was heuris-
tically measured based on the correlation between the underlying layer stiffness
and soil density via harmonic signal [2]. CMV is influenced by the roller opera-
tion parameters and the roller dimensions [3-5]. In addition, the CCV of vibratory
roller as an extension of CMV, together with recording soil temperature and sub-
harmonic content of the drum acceleration, could allow the measurement of the
compaction level of the asphalt [1, 6]. More recently, BOMAG has developed a
vibratory modulus (Evyig) value based on Lundeberg’s theory and one-degree-of-
freedom lumped parameter theory [7—10]. Furthermore, a composite nature of soil
stiffness (ks) of underlying layers has been interpreted from the drum response and
the excitation force, considering a rigid cylinder on the elastic half-space theory
[7,8, 11-13].

Indeed, the soil stiffness is strongly correlated to the loading conditions or strain
levels, and there is an increasing emphasis on investigation of soil stiffness in the field
based on the roller response [14]. Therefore, the majority of experimental studies
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have been conducted to assess the correlation between soil stiffness and roller charac-
teristics, such as the drum frequency and amplitude [11, 13, 14]. However, referring
to some recent studies, the interaction between compacted soil and drum reveals a
notable nonlinearity [12—15].

The measured soil stiffness reflects on the composite response of layered strata
[12] and further analysis would be required to obtain characteristics of each newly
compacted layer. The assumption of added masses for the simulation of the soil has
been generally adopted in many lumped parameter models; thus, those models are
unable to explicitly portray the decoupling behavior of soil-drum system because
of overly simplified nature of simulations of inertial and dissipative properties for
the soil modeling [13]. Thus, a discretized computational numerical model can be
recommended to capture the complex soil-drum interaction behavior, while it can
simulate the nonlinear behavior of the soil subjected to cyclic loading.

To better understand the response of the soil underneath the roller, developing
a representative model to study the sophisticated interaction between the layered
soil and the vibratory drum is necessary. Thus, in this study a three-dimensional
finite element model is utilized to investigate the dynamic responses of soil-drum
system. The key motivation for the paper is to assess the feasibility of the proposed
numerical model and reveal the impacts of the roller vibration characteristics on
the soil response via the numerical simulation. While many previous studies had
investigated the roller response when full compaction state in the soil was reached,
in this study the roller response when the soil is being compacted from weak state
to stronger state is simulated. Moreover, the cyclic load is explicitly applied on
the simulated cylindrical roller drum; and the roller properties are varied in terms
of excitation frequency, amplitude and weight to assess the impacts on the level
of subgrade compaction. These simulation results can be indicators for practicing
engineers and construction teams to select optimized roller parameters and obtain
a better understanding of intelligent compaction readings to achieve a high-quality
soil compaction. It should be noted that detailed field experiments would help to
further assess the suitability of the established numerical model for interpretation of
intelligent compaction measurements.

2 Development of a Finite Element Model for Simulating
Soil-Drum Interaction

2.1 Roller Characteristics

In this study, a typical rigid smooth drum was modeled with length and diameter
of 2.1 m and 1.5 m, respectively. Referring to Fig. 1, a single drum roller typically
adopted for soil compaction, together with a counter-rotating eccentric masses to
provide directional eccentric force amplitude (F ey = moeq ©?). The resultant eccentric
mass moment (mpep) was set between 1 and 5 kg m. In addition, the employed
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Fig. 1 A free body diagram
of 1-DOF lumped mass
model of vibratory roller
compactor

Table 1 Operational

. Parameter Value Unit
parameters of vibratory roller

Length of drum 2.1 m
Diameter of drum 1.5 m
Mass of frame 2534 kg
Mass of drum 4466 kg
Eccentric mass moment inducing vibration | 1.0-5.0 |kgm
Vibration excitation frequency 25-35 Hz

Note Data from Kenneally et al. [13]

excitation frequency ranged from 25 to 35 Hz. Details of the roller properties are
summarized in Table 1. The vibratory roller had a total weight of 7000 kg, which
was used as the total weight of the simulated drum in this study.

As shown in Fig. 1, a single-degree-of-freedom (SDOF) roller was employed
to analyze the intersection between soil and drum, while other parts of the roller
including the frame, cabin and back tire were not simulated explicitly. The drum is
isolated from the machine frame via low stiffness rubber, and thus, the influence of
the frame is rather small, explaining why the frame inertia (i.e., Z ) is commonly
neglected [10, 11, 13, 14]. The externally applied load on the soil could lead to
the dissipation of excess pore pressures, resulting in a soil consolidation [16]. It
should be noted that the magnitude of the vibration force is not equivalent to the
effective compaction force [17]. In addition, to acquire the effective compaction
force, a more complex soil-drum modeling is required. However, to validate the soil
response adopting HS-Small model utilized in this study, the roller behavior was
simplified. The drum—soil contact force is determined from simple force equilibrium
(Fig. 1, Eq. (1)). The full contact conditions between soil and drum were continuously
maintained.

F. = moegS2* cos(Qt + @) + mag + meg — mgZq — miZs (1)
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where z4, Z4, Zq are the displacement, velocity and acceleration of vibratory roller
drum, and F ., mgey, $2, mq, mg, are the soil reaction force, the eccentric mass moment,
the frequency of operating roller, the mass of the drum, the mass of the frame,
respectively; ¢ is the phase lag between the excitation force (mgeo2* cos(€27)) and
the drum displacement; Z; is the acceleration of vibratory roller frame, and it was
neglected in this study.

2.2 Modeling of Soil

The nonlinear elasto-plastic stress—strain relationship is what typically observed in
soils subjected to dynamic loading [18]. It is important to employ well-established
constitutive models to capture the variations of resilient modulus helping to char-
acterize the nonlinear response of underlying soil under repeated loading [10, 19].
In this study, to precisely capture the soil plasticity and nonlinearity in the cyclic
loading, the hardening soil with small-strain stiffness (HS-Small) model developed
by Benz [20] was employed. HS-Small model is an extension of the hardening soil
model (HS model), extended with the extra elastic overlay model, and is capable of
capturing the high stiffness at small strains.

HS-Small model is able to evaluate the stress-dependent stiffness and plasticity-
induced soil stiffness degradation [21]. Equation (2) can be used to illustrate the
stress dependency of the shear modulus Gy in the adopted HS-Small model. Addi-
tionally, referring to Brinkgreve et al. [22], there are three major parameters that
can characterize the behavior of soil simulated using the HS-Small model, including
(1) the confining stress-dependent stiffness for primary deviatoric loading (Eso),
(2) the unloading—reloading stiffness from the drained triaxial test (E,;) and (3) the
tangent stiffness modulus from an oedometer test (Eeq), as expressed in Egs. (3)-(5),
respectively.

. m
€ Cosp — 0;8in
Go = G| — 3T )
c cosy + p'sing
€ cosp — 0,8ing
E<q — ref 3
0= (ccosgo + p“*smgo) %)
cosp — 0,;sin
ref c % O'%f ¥ 4)
ccosp + pising

o [ €COSP — K“° s1n<p
=E 5
Eoca = Eocq ccosg + pfsing )
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Table 2 Soil parameters

. . Parameter Symbol | Value Unit
based on hardening soil
model with small-strain Unsaturated unit weight Vunsat | 17 kN/m3
stiffness Saturated unit weight Y sat 20 kN/m3
Triaxial compression stiffness Eg%f 50,000 kN/m?

Primary oedometer stiffness E{):fl 50,000 kN/m?

Unloading/reloading stiffness | Erf 150,000 kN/m?

Rate of stress dependency m 0.5 -
Poisson’s ratio Uur 0.2 -
Cohesion c 0 kN/m?
Friction angle o] 31 °
Dilatancy angle Y 0 °
Shear strain at 0.7 Gy Y07 1.0 x 107* |-
Small-strain stiffness Gyt 1.2 x 10° | kN/m?
Over-consolidation ratio OCR 1.0 -

Note Data from Brinkgreve et al. [22]

where G™*', ng)f, E{;f and E(‘;"éfj are the shear modulus, secant, unloading/reloading
and tangent stiffness related to the reference pressure p™' (a default setting of p™f =
100 kPa), respectively; m is the factor defining of the level of stress dependency; 03'
is the minor principal stress; and K¢ is the stress ratio in primary compression.

The HS-Small constitutive model is able to represent the nonlinear behavior of the
natural subsoil in the small- and large-strain ranges. Comparing to the conventional
linear elastic and elastic-perfectly plastic Mohr—Coulomb models, the HS-Small
model is favorable to simulate the modulus degradation of the soil and damping char-
acteristics with the cyclic shear strain mobilized in the soil [20]. HS-Small model can
simultaneously take into account hysteretic soil damping (at small strains) and soil
plasticity behavior (at large strains). The function proposed by Hardin and Drnevich
[23], utilized to represent the correlation between the cyclic shear strain (y.) and
secant shear modulus (Gj) in this study, is expressed as below;

Gy

Tl 4 ¥
+VOA7

G, (6)

where parameters G, and y ¢ 7 represent the small-strain shear stiffness, and the shear
strain at which the secant shear modulus (Gy) is reduced to 0.7 Gy, respectively. The
recommended value for « (the constant in Eq. (6)), resulting in good agreement with
laboratory measurements, is 0.385 [23].

In this study, the properties of sandy soil reported by Brinkgreve et al. [22] were
applied, which are summarized in Table 2. Having calculated the model based on the
above-mentioned data, the average compressional wave velocity (p-wave) and the
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shear wave velocity (s-wave) at p = p™ = 100 kPa were 438.0 m/s and 268.2 m/s,
respectively.

2.3 Finite Element Model

To characterize the soil-roller interaction, a model consisting of vibratory drum
resting on the soil deposit was modeled in three-dimensional (3D) finite element
software, PLAXIS 3D (2017). Roller parameters reported in Table 1 were assigned
to the drum simulated in this study.

The simulated drum—soil system is portrayed in Fig. 2. The roller was modeled
as a rigid body consisting of a 2.1-m-length and 1.5-m-diameter drum. The vibra-
tion excitation force (Fe = Fe, cos(€2¢)) induced by an eccentric mass configura-
tion, which rotates around the drum’s longitudinal axis, was applied as a vertically
vibrating harmonic load to the roller. It should be noted that due to the counter-
rotating eccentric masses, the horizontal forces were canceled out, and therefore
they were neglected in this study similar to what was adopted in other studies [12].

A soil deposit was modeled with a width of 10 m, a length of 10 m and a depth
of 10 m. It should be noted that the full response depth associated with vibratory
roller was estimated to be from 0.6 to 1.0 m [24]. Thus, 10 m was deemed sufficient
for modeling purposes. Consideration of interface element has a notable impact on
the numerical predictions while soil is interacting with structures [25, 26]. In this

Vertical excitation force =
mgey N%cos(Qt)

Rigid vibratory drum
Diameter: 1.5 m
Length 2.1 m

Interface between
drum and soil

Free field boundaries I

iz

Viscous boundary ]

Fig. 2 Adopted three-dimensional numerical model capturing interaction between vibratory roller
and the ground
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study, to simulate the interaction between soil and drum, the interface elements
with the same properties as the surrounding soil were introduced with Rjper = 1,
while the zero tension limit was introduced [22]. The free field boundaries coupled
with viscous dampers were applied for lateral boundaries to avoid the wave energy
rebound into the soil body through applying resistant tractions in the tangential and
normal directions [23]; for bottom border, a nonreflecting boundary condition (i.e.,
viscous boundary) was employed to reduce wave reflection in computational borders
as recommended by Herrera et al. [14] and Kenneally et al. [13]. The formulations
for the adopted tangential and normal resistant tractions are summarized as follows:

tn = —pCyVi )

Iy = —ch Vs (8)

where V, and V, are normal and shear components of the velocity; C, and C;
are p-wave and s-wave velocities, respectively. Figure 3 shows the adopted three-
dimensional numerical model for the vibratory roller, supported by the sandy soil.
There were 186,193 elements in the finite element model. The three-dimensional
model was utilized to conduct an implicit nonlinear time integration with a time
step of 2.5 x 107 s. Indeed, there were three different loading stages adopted in
this numerical modeling to assess the soil response to the drum vibration during
the compaction process. The first phase was application of gravity loading only; the
second stage was dynamic loading phase, where the vibration load was applied on
the drum followed by the third stage which was a static condition while roller was
removed to establish the permanent deformation of the soil after completion of the
soil compaction. The results of the conducted numerical modeling and parametric
studies are presented and discussed in the following sections.

—34 Hz
- -32 Hz
30 Hz
28 Hz
| —26Hz |

Total Displacement (mm)

-5

05
Time (sec)

Fig. 3 Settlement (permanent displacement) of soil due to harmonic dynamic loading
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3 Results and Discussion

To better investigate the soil response due to vibratory roller behavior, impacts of
roller frequency, amplitude and weight of roller were assessed in this study. In the
adopted numerical model, the excitation force caused by the rotating eccentric masses
was applied to the rigid drum, while different vibration frequencies as well as various
eccentric mass moments and different weight of roller [ (mq + m¢)g] were considered
to evaluate the drum response.

3.1 Effects of Vibration Frequency

Vibratory roller frequency as a fundamental parameter in the dynamic system has a
crucial impact on the soil compaction process. In order to scrutinize the impact of the
vibratory drum, varied frequencies while keeping the eccentric mass moment mgey =
2 kg m and weight of drum and frame equal to 7000 kg constant were considered.
The impact of roller excitation frequency on the soil response was studied by varying
frequency from 26 to 34 Hz. It could be noted that the first natural frequency of the
soil deposit was estimated to be 110-183 Hz (i.e., V,/(4H)) corresponding to roller
influence depth of 0.6—-1.0 m.

Figure 3 presents the time history of soil displacement in conjunction with
different vibration frequencies of roller. Referring to this figure, the soil gradually
settled due to roller vibration, where f = 34 Hz exhibited the highest degree of soil
compaction for the adopted sandy soil. The observations, based on the conducted
numerical modeling in this study, exhibit when the vibration frequency is close or
equal to the natural frequency of the soil, the vibratory roller can achieve the optimum
compaction, and the observed results are consistent with the results reported by other
researchers [27-29]. Regarding the operation frequency f = 34 Hz, the initial soil
settlement (i.e., 4.8 mm) was observed before vibration just due to the self-weight
of the roller. Furthermore, the maximum vertical settlement of the soil in dynamic
phase is 23.8 mm and reached residual settlement of 21.5 mm when the roller was
removed. It should be noted that as expected the initial soil settlement (i.e., 4.8 mm)
was larger than the recoverable soil settlement (i.e., 2.3 mm) since the initial loading
stages comprised of both elastic and plastic components, whereas the unloading stage
comprised of only elastic component. Figure 3 presents the soil settlement accumu-
lates as a result of plastic deformation during each loading cycle as the dynamic time
increased. The irreversible deformation occurred in the soil indicates the gradual
compaction of the soil and incremental increases in the yield stress in the soil.

Indeed, the roller vibration frequency closest to the first mode natural frequency of
the ground (i.e., roller vibration frequency of 34 Hz) resulted in more ground displace-
ment and soil compaction as expected [30]. Therefore, as the excitation frequency
acquired a lower value than the natural frequency of the soil, the accumulated soil
settlement was reduced as evident in Fig. 3.
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Fig. 4 a A sample of applied excitation force vs time for frequency = 30 Hz and b soil reaction
force vs soil surface displacement

Figure 4a, b presents the time history of excitation force with a frequency of
30 Hz and the corresponding soil reaction force—cyclic soil-surface displacement
relationship. The energy lost in the soil due to soil damping and plastic deformations
is evident in Fig. 4b.

3.2 Effects of Amplitude

The nominal amplitude of the vibratory drum displacement is directly impacted by
the eccentric mass [31]. To consider the impacts of the excitation force amplitude
of the roller on the soil and drum interaction and therefore the compaction process,
several different magnitudes of eccentric mass moments while keeping the vibration
frequency constant equal to f = 30 Hz were adopted in this study. A number of
constant eccentric mass moments varying from 1 to 4 kg m were investigated to
provide directional eccentric force amplitude. In general, a lower eccentric mass
moment is capable of providing smaller excitation force amplitude, and it is usually
used for proof rolling and finishing passes to avoid over-compaction; conversely,
a higher eccentric mass moment is utilized in the early stage of compaction [13].
Figure 5a illustrates the evolution of the accumulation of soil displacement with time
as a function of varying eccentric mass moment. It should be noted that in the range
of applied eccentric mass moment, the full contact condition between the soil and
drum was continuously maintained.

For a given vibration frequency of f = 30 Hz and soil parameters reported in
Table 2, the soil settlement increased with eccentric mass moment with the maximum
observed when mpey = 4 kg m, as shown in Fig. 5a. The results show that an increase
in the eccentric mass moment led to an increase in the compacted soil displacement,
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Fig.5 a Accumulation of soil displacement versus time in conjunction with different roller masses;
and b drum acceleration verse time

which is consistent with the observations reported by other researcher [27]. Addition-
ally, the similar correlation between the acceleration and eccentric mass moment was
observed by Pietzsch et al. [31], while the drum acceleration amplitude increased
with the drum excitation mass moment. Corresponding to the operating eccentric
mass moment mgpeg = 4 kg m, the drum showed the maximum acceleration response
with time as a result of the highest excitation force. Due to the constant weight of
roller, when the excitation force is more (i.e., higher myey), the corresponding accel-
eration is consequently more. Thus, the drum acceleration increased with eccentric
mass moment as observed in Fig. 5b. Obviously, a low eccentric mass moment from
vibratory roller results in less accumulation of soil displacement in the soil in compar-
isons to the high eccentric mass moment. As recommended by Kenneally et al. [13],
to avoid the irregular vibration induced by chaotic jump or bifurcation for the very
dense soil, the lower eccentric mass should be utilized in finishing passes.
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3.3 Effects of Roller Weight

The roller mass was altered from 7000 to 10,000 kg in this study for the further
assessment while eccentric mass moment mpey = 2 kg m and frequency of drum
equal to 30 Hz were held constant. Figure 6a shows the correlation between drum
acceleration response and time for rollers of different weights.

Figure 6a examines the soil settlement with time during compaction. Indeed, the
soil settlement gradually increased due to accumulated plastic deformation in the
soil. It should be noted that the initial soil settlement corresponding to 7000 kg roller
(i.e., 4.8 mm) was less than the corresponding value for 10,000 kg roller which
was 8.7 mm, due to the reduced self-weight of the roller. Furthermore, the initial
settlement due to self-weight of the roller was larger than the unloading settlement
induced by the roller removal, since the initial settlement comprised of both elastic
and plastic components as evident in Fig. 6a. The 7000 kg roller showed the highest
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acceleration response as observed Fig. 6b and resulted in the most compacted state
of the soil. It should be noted that the 7000 kg roller exhibited the most compacted
state of soil within the range of the studied parameters. The results exhibit that the
soil total displacement due to compaction increased with the drum acceleration,
which is also in close agreement with the results reported by Cao et al. [32]. While
the excitation force is constant, the increased weight of roller resulted in reduced the
roller acceleration and therefore vibratory compaction. Obviously, the 7000 kg roller
resulted in least initial settlement (see Fig. 6a) due to its lowest self-weight and the
largest final settlement (i.e., 19.0 mm) due to the increased vibration acceleration.

4 Conclusions

This paper investigated the characteristics of rollers using a three-dimensional finite
element simulation to represent the drum—soil interaction while capturing soil hard-
ening with small-strain stiffness variations. The effects of the vibration of frequency
and the amplitude as well as the weight of roller on soil compaction process and the
roller response were analyzed and discussed via the numerical modeling predictions.

The numerical predictions in this study have indicated that while the vibration
frequency was changed between 24 and 34 Hz for a given eccentric mass moment
of mpeg = 2 kg m, the optimal compaction was achieved when vibration frequency
of 34 Hz was adopted. Indeed, this vibration frequency (i.e., 34 Hz) was the closest
to the natural first mode frequency of the effective soil deposit beneath the roller.
Furthermore, the initial soil settlement due to self-weight of the roller was larger
than the soil expansion after removal of roller since the loading stage comprised of
both elastic and plastic components, whereas the unloading stage comprised of only
elastic component.

The observations based on the conducted numerical modeling in this study exhib-
ited that for the eccentric mass moment (mye) ranging from 1 to 4 kg m, the maximum
contact force was reached when mgyey = 4 kg m, wherein the drum experienced the
maximum acceleration with time. Thus, the largest final settlement was observed for
mpeop = 4 kg m, and it is not recommended to operate the roller under high eccentric
mass moment in the finishing passes to avoid over-compaction. Furthermore, among
rollers with different weights considered and for a given eccentric mass moment, the
lightest roller experienced the highest acceleration and thus resulted in the largest
final settlement due to the highest induced acceleration.

Although the numerical predictions were comparable to the previously published
data, further field experiments would help to further assess the suitability of the estab-
lished numerical model for interpretation of intelligent compaction measurements.
The numerical results of this study show that the proposed three-dimensional finite
element model adopting nonlinear elastic—plastic soil model capturing soil hard-
ening and damping variations with shear strain can be used to simulate the complex
interaction between the soil and the roller drum subjected to roller vibration and
can be used to interpret the intelligent compaction results and optimize the process.
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Indeed, this study can be used as a potential guidance by practicing engineers and
construction professionals on selecting the best choice of roller vibration frequency,
eccentric mass moment and weight of roller during intelligent compaction process
to achieve high-quality final product.
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Abstract Use of intelligent compaction (IC) is a growing technique for compaction
in the field of construction. It provides an efficient way of evaluating the soil
compaction level with a higher degree of certainty than traditional quality control
methods. IC involves the interpretation of measured values received through the
accelerometer and other sensors attached to the roller. The key objective of this paper
is to analyse the dynamic roller—soil interaction via a three-dimensional nonlinear
finite element model, capturing soil nonlinear response and damping in both small
and large strain ranges as a result of dynamic load applied via the vibratory roller. In
particular, the impact of soil plasticity index (PI) on the response of a typical vibra-
tory roller is assessed. Indeed, the soil plasticity impacts stiffness degradation with
shear strain influencing the soil stiffness during compaction and the roller response.
The numerical predictions exhibit that the soil plasticity can significantly influence
the response of the roller and the ground settlement level; hence, practising engi-
neers can consider the soil plasticity index as an influencing factor to interpret the
intelligent compaction results and optimize the compaction process.

S. Bhandari (<) - B. Fatahi - H. Khabbaz - Z. Xu
University of Technology Sydney (UTS), 15 Broadway, Ultimo, NSW 2007, Australia
e-mail: Sangharsha.Bhandari @student.uts.edu.au

B. Fatahi
e-mail: Behzad.Fatahi @uts.edu.au

H. Khabbaz
e-mail: Hadi.Khabbaz @uts.edu.au

Z.Xu
e-mail: Zhengheng.Xu-1@student.uts.edu.au

J. Lee
Australian Road Research Board (ARRB), Brisbane, QLD 4006, Australia
e-mail: Jeffrey.Lee @arrb.com.au

J. Zhong
Logan City Council, Logan Central, QLD 4114, Australia
e-mail: JinjiangZhong @logan.qld.gov.au

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 247
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV, Lecture Notes
in Civil Engineering 166, https://doi.org/10.1007/978-3-030-77238-3_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77238-3_19&domain=pdf
http://orcid.org/0000-0003-2089-4681
http://orcid.org/0000-0002-7920-6946
http://orcid.org/0000-0001-6637-4601
http://orcid.org/0000-0003-4017-063X
http://orcid.org/0000-0001-8026-4847
http://orcid.org/0000-0003-2093-5025
mailto:Sangharsha.Bhandari@student.uts.edu.au
mailto:Behzad.Fatahi@uts.edu.au
mailto:Hadi.Khabbaz@uts.edu.au
mailto:Zhengheng.Xu-1@student.uts.edu.au
mailto:Jeffrey.Lee@arrb.com.au
mailto:JinjiangZhong@logan.qld.gov.au
https://doi.org/10.1007/978-3-030-77238-3_19

248 S. Bhandari et al.

Keywords Intelligent compaction + Soil plasticity - Vibratory roller - Finite
element modelling -+ Modulus degradation

1 Introduction

Compaction by using the vibratory roller is one of the most prevalent methods of
ground improvement for many years. This process helps improve the strength of the
soil to withstand the structural loads applied on top [1, 2]. Although the dynamic
rollers are very efficient for compaction of granular materials, a sufficient number of
spot tests are required to verify the quality of compaction attained [3]. To overcome
this shortcoming, continuous compaction control (CCC) has evolved and driven
research studies in this field. CCC is an integrated technology for the measurement
of mechanistic properties of the soil during the process of compaction [3]. Data
acquisition systems are attached to the roller to collect operation and performance
data continuously during the compaction process [4]. With the development of tech-
nology, advanced monitoring system has been developed which provides real-time
feedback with the support of built-in global positioning system (GPS), accelerometer,
other sensors and display boards by interpreting the signal received by accelerom-
eter and sensors, and the technology has been renamed as intelligent compaction
(IC) [3]. In the last four decades, many studies have been performed to transform the
response of the roller into a numerical value known as measurement values (MVs).
Nowadays, there are several MVs utilized to capture the compaction quality such
as compaction control value (CCV), compaction meter value (CMV), soil stiffness
(ks), vibration modulus (Ey,) and the machine drive power (MDP) [3]. During the
vibratory compaction process, a dynamic interaction between compaction drum and
the soil underneath is present, which can impact the soil settlement. Several factors
such as soil stiffness, speed of roller, excitation load, frequency and weight of the
roller as well as the dynamic soil-roller interaction have substantial impacts on the
roller—soil interaction during the compaction process [1-5].

Roller—soil interaction during compaction is highly dependent on soil properties.
Soil properties such as stiffness, cohesion, friction angle and plasticity index can
have great impacts on the compaction process, while partially soil characteristics
change when subjected to cyclic loading [6]. Plasticity index (PI) is represented as
the numerical difference of Atterberg’s limits (liquid limit (LL) and plastic limit
(PL)) which presents the soil moisture content range, where soil behaves plastically
[7]. Vucetic and Dobry suggested that cyclic shear stiffness and damping ratio of
fine-grain soils are strongly dependent on the PI [8].

This paper attempts to simulate the complex three-dimensional vibratory
compaction process, capturing the interaction between the soil and the roller. The
main aim of this paper is to investigate the influence of PI on the roller response
during the process of compaction, helping to interpret the roller response during
intelligent compaction. The findings of this paper aim to help practising engineers to
assess the importance of PI on the vibratory roller response and possibly introducing
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PI as one of the indices required to assess the ground stiffness and compaction level
during the construction, adopting intelligent compaction technology.

2 Three-Dimensional Finite Element Model

In this study, a finite element model using PLAXIS 3D (2018) software was developed
to study the vibratory roller—soil interaction. The objective of this modelling was to
investigate the response of the soil and roller to the vibratory load for soils with
different plasticity indices.

2.1 Adopted Soil Model

Prediction of the settlement observed in the soil is quite complex due to the presence of
both elastic and plastic deformation. Among different available constitutive models,
hardening soil (HS) model was developed to allow elastic and plastic deformations
of soil to occur concurrently while approaching the Mohr-Coulomb failure envelope
[9-11]. Small strain hardening soil (HSS) model is an upgraded version of the HS
model, which is capable of capturing the larger stiffness of soils at small strains [11,
12]. HS and HSS models, available in PLAXIS software, use almost the same set of
material properties [10—12]. Apart from the hardening model parameters (i.e. ng)f =
secant stiffness at reference pressure Ps (i.e. 100 kPa); E(r)ig = tangent oedometer
stiffness at Pf; E™f = loading/unloading stiffness at P™'; m = power for stress-level
dependency of stiffness; ¢ = cohesion; ® = friction angle; = dilatancy angle; vy,
= Poisson’s ratio), to represent higher stiffness at small strains, HSS model adopts
shear modulus at small strain (Gf)ef) and shear strain level at which secant shear
modulus is reduced to about 70% of G{ff (Yo7) [11, 12]. Indeed, soils exhibit the
nonlinear stress—strain relationship during cyclic loading, while the degradation of the
soil stiffness occurs with shear strain [14]. Referring to Santos and Correia [14], Yo7
helps to delineate a distinctive shear modulus decay curve with the use of normalized
shear strain (Y*) given by Eq. (1).

T*=7Y/Yo7 (D

Hardin-Drnevich relationship explains that the stress—strain curve in the small
strain range can be expressed by a hyperbolic law which is given by Eq. (2) [12, 13].

G, 1
G0_1+%

@)
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where G; is secant shear modulus and Gy is initial shear modulus at very small
strain (i.e. <107). Y, is termed as threshold shear strain and expressed as Y, =
T max/Go, where T max 1S failure shear stress. Santos and Correia [14] proposed Y, =
Yo7, where secant modulus (Gy) reduction is assumed to be 70% of the initial value
and revised Eq. (2) as Eq. (3) [12-14].

Gy 1
2= 3)

Go l+a‘%

where a = 0.385.

Indeed, the stiffness decay G/Gy due to increasing shear strain very much depends
on the soil plasticity index (PI) as laboratory measurements by Vucetic and Dobry
[8], shown in Fig. 1, reported. Figure 1 indicates that cyclic stiffness degradation is
more significant for the soils with lower PI than higher PI.

In this study, 8-m-deep soil layer was simulated below the roller; top 0.5 m was
modelled as a weak cohesive soil, and the rest of deposit below was assumed as
old alluvium of stiff nature. Thus, the soil compaction could mainly densify the
top layers of the soil. PI of the top layer was varied from 30 to 100, and therefore,
the value of Y\ was changed in the numerical model reflecting on the impacts of
soil plasticity on the roller’s response and induced soil settlement. Soil properties
reported by Moller [15] and Aghayarzadeh et al. [16] were used for this study and
are summarized in Table 1.

2.2 Adopted Roller Characteristics and 3D Model

As shown in Fig. 2, in this study, a rigid cylindrical roller with a length of 2.1 m and
diameter of 1.5 m was modelled. The static load was provided by the weight of the
roller, which was 6800 kg. The excitation force of roller is generally induced by the
eccentric mass (1) which is placed at the moment arms (e() inside the roller, and
the typical vibration mass moment is 0-5 kg m [9]. In this study, mpep = 1.0 kg m
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Table 1 Small strain hardening soil properties used in this model
Parameter Symbol | Topsoil layer [16] Bottom soil layer [15] | Unit
Density P 1800 1900 kg/m?
Secant stiffness EXf 12,000 55,000 kN/m?
Tangent stiffness E g‘;ﬂ 7000 55,000 kN/m?
Unloading/reloading E{l‘if 88,000 165,000 kN/m?
stiffness
Power for stress level | m 0.9 0.5 -
dependency
Poisson’s ratio Uur 0.2 0.2 -
Cohesion c 7 6 kN/m?
Friction angle 0] 31 30
Dilatancy angle v 0 0
Threshold shear strain | y¢.7 55%10% —32%103 |2.5%1072 -
Reference shear G{)ef 88,000 225,000 kN/m?
modulus

Fig. 2 Vertical forces acting

on the dynamic roller

i
F.

cos(Qt)

was adopted. Referring to Kenneally et al. [9], the vibration frequency of 30 Hz was
adopted in this study, which is a median range for typical rollers. The reaction force
from the ground applied to the roller during the vibratory compaction can be written
as follows [9].

F, = myeo$? cos(Q2t) + mqg + meg — Mmaaq (@)
where F . is the reaction force of the soil; mge is the mass moment; Q2 = 2z f (where
f is vibration frequency of the roller); mq is the mass of the drum, m; is the frame
mass, and the aq is the measured acceleration of the roller during compaction.

The soil beneath the roller undergoes many cycles of loading and unloading during
the compaction process. The 3D finite element model was employed to simulate
the interaction between soil and drum during the vibratory compaction process.
Although the 3D model allows realistic details of the problem to be considered
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Fig. 3 a 3D model dimensions adopted to study the roller—soil interaction and b finite element
mesh adopted in this study

and can provide more accurate and realistic outcomes, the complexity of modelling
aspects and computational time increases significantly. In this study, the multilayer
soil model was developed as shown in Fig. 3. Length and breadth of the soil block
were kept 10 m. It should be noted that the total depth of 8 m for the depth of soil was
deemed sufficient considering the roller dimensions reported in Fig. 3. The eccentric
loading induced by harmonic excitation force (i.e. mgeg Q2 cos(Q21)) was applied as
adynamic vertical load to the compaction drum with a frequency of 30 Hz. A total of
240,350 elements were used to create the finite element mesh to analyse the model,
while the calculation time increment was taken as 3.3 x 107 s. It should be noted
that it was assumed in this study that the only vertical vibratory force was applied,
and for the sake of simplicity, tangential forces due to oscillation compaction were
ignored.

The numerical calculations were performed in four phases. In the first phase, the
gravity loads were applied to the soil deposit, and equilibrium was established. In
the second phase, the self-weight of the roller was applied to investigate the soil
settlement due to the static load of the roller. Furthermore, a sinusoidal dynamic
load was applied in the third phase to replicate the vibration action. In this phase,
the displacement of the roller, acceleration of the roller and settlement of the ground
were continuously monitored, which could be used to establish the soil reaction
force during the compaction. Finally, in phase four, the roller was removed from
the soil surface, and the soil was allowed to reach equilibrium, simulating the post-
compaction state of the soil.
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3 Results and Discussion

To highlight the importance of soil plasticity on the roller response and roller—soil
interaction, a numerical parametric study was conducted by changing the backbone
curves as a function of soil plasticity index (PI) as described in Fig. 1. It should be
noted that the modelling parameters of the roller, such as weight and dynamic load,
were kept constant for all models. Figure 4 shows an example of observed settlement
profile of the ground below the middle of the roller after 0.5 s of vibration for the
soil with PI = 30.

Soil properties and particulate parameters impacting the soil stiffness have signif-
icant effects on the roller response during the vibratory compaction. Plasticity index
(PD) is one of the crucial properties of the soil which can impact the soil stiff-
ness during cyclic loading and needs to be considered when interpreting intelligent
compaction data. It should be noted that while the PI of the topsoil layer varied from
30 to 100, all other parameters of the soil model remained the same in this study.

Figure 5 illustrates the time history of soil displacement below the roller for soils
of different PI values. Among all the cases, the case with the lowest considered
PI = 30 exhibited the most significant soil settlement and densification. The static
settlement in the first phase due to the self-weight of the roller was varying from 0.89
to 2.41 mm when soil PI changed from 100 to 30, respectively. Indeed, Fig. 5 shows
that the soil with lower values of PI experienced more settlement as a result of roller
weight than the cases with higher values of PI. Furthermore, during the application
dynamic vibration load of the roller, gradual increment in the settlement was observed

Fig. 4 Soil settlement Settlement(mm)
observed after the 0.00
application of a dynamic

load of roller for 0.5 s when Roller =

PI =30 -103

-L.55

207
Top Layer Soil 0.5m
Bottom Layer Soil 7.5m 23
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Fig. 5 Settlement observed during different phases of the model

with the local sinusoidal behaviour in response to the sinusoidal vibration load.
After the complete cycle of dynamic load for 0.5 s, the total soil settlement (i.e.,
vertical displacement of the rigid roller) observed before removing the roller was
between 4.77 and 7.42 mm corresponding to plasticity indices between 100 and 30,
respectively. At the final stage where the roller was removed, soil experienced elastic
heave as expected. As shown in Fig. 5, it was observed that there was a gradual
decrease in the permanent soil settlement as the PI increased from 30 to 100. Vucetic
and Dobry [8] had reported that the soils with higher plasticity indices are generally
composed of more fine particles which have comparatively high surface areas and
result in a high number of particle contacts which increase the electrical and chemical
bonding between the particles and therefore have more capacity to withstand the large
shear strains before undergoing permanent deformations. Conversely, in soils with
lower PI, the particles start to slide at the adjoining surface at lower strains which
results in higher permanent deformations.

The recovered settlement after removing the roller reflects on the elastic prop-
erties of the soil, and the permanent settlement was a result of accumulated plastic
deformations which also indicates the increased soil compaction/compression level.

Figure 6 illustrates the soil reaction force () during vibratory compaction versus
roller displacement for various PI for a given roller vibration frequency (i.e., 30 Hz)
and amplitude (i.e., mpep = 1.0 kg m). The response revealed an expected soil cyclic
damping in addition to the energy loss due to soil plastic-permanent deformations.
Figure 7 shows the variations of reaction force (F.) with time which shows that
the roller was on continuous contact with the soil during the entire compaction
process. For PI = 30, the maximum reaction force observed during the process was
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Fig. 8 Acceleration response of the roller with time for two cases (PI = 30 and PI = 100)

125.48 kN and the minimum value was 6.28 kN. For PI = 100, the maximum reaction
force measured was 130.55 kN and the minimum was 0.28 kN. Figure 8 shows the
acceleration response of the roller for the given eccentric mass moment of mgey =
1.0 kg m and f = 30 Hz, which were used to obtain the reaction force of the soil
based on Eq. (4).

4 Australian Field Experience

In recent years, there are increasing interests in Australia to utilize intelligent
compaction technologies to improve the uniformity and quality of road construction.
A number of test sites were tested in 2019. For example, Fig. 9 is a fill embank-
ment site consisting of granular fill material (PI < 10%) located in an industrial
development site near Yatala QLD. A Dynapac smooth drum roller (model CA4600)
equipped with the Trimble CMV technology was used to proof roll a compacted area
at the different moisture content (approximately between 8 and 10%). The IC roller
operation parameters are:

Amplitude 1 mm

Frequency 25 Hz

Speed 1.6-3.2 kph

Measurement only made in forward vibration mode.

In comparison, Fig. 10 is a pavement reconstruction project of a Logan City
Council road near Eagleby QLD, where a Caterpillar smooth drum roller (model
CS64B) was compacting sections of thin granular pavement over high-plasticity
clay material (PI > 40%). The soaked CBR value is about 1.5%, and experience
shows that the subgrade area will be difficult to compact. The IC roller operation
parameters are:

e Amplitude 1 mm
e Frequency 25 Hz
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Fig. 10 Photograph of high-plasticity subgrade site tested with IC technology
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Fig. 11 Comparison of Trimble CMV values on site with different plasticity

e Speed 1.6-4.8 kph
e Measurement only made in forward vibration mode.

Figure 11 shows the compaction curves collected at a different site (measured
CMYV potted against a number of roller passes). The yellow line shows the increase
in CMYV for the granular fill site with moisture content at dry of optimum. Similarly,
the blue line corresponds to the same granular fill site but compacted at optimum
moisture content. It is noted that there is only a 1% moisture difference between the
optimum and dry of optimum case; therefore, it is not unexpected that the compaction
curves are very similar. The key point to note is that when the fill was wet of optimum
(i.e., moisture content of 10%), the compaction curve plateau was at a CMV of 26.7
after 3 roller passes. No further compaction can be achieved using the current roller
compaction setting.

The compaction curve shown in Fig. 11 is the average CMV of the designated
compaction zone. For the area compacted at optimum moisture content, it has a
standard deviation of 9.1 and COV of 27%. Similarly, for the area compacted dry of
optimum, the standard deviation is 12.1 and COV of 36%.

On contrast, the orange line is the compaction curve for the high-plasticity clay site
(field moisture content is around 34%). As the CMV is an indication of the stiffness
of the underlying material, it makes sense that the wet clay material has a much lower
in situ stiffness (i.e., higher deformation measured by the onboard accelerometer)
than the granular fill material. It is speculated that if the clay is exposed for a prolonged
period (e.g. after a long drought period), the compaction curve for the high plasticity
clay material will be different and is expected to have a steeper climb in CMV with
increasing roller passes. Furthermore, the rate of increase of the high-PI material is
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much lower than the granular fill material. This field observation supports the Plaxis
finite element model presented in this paper.

5 Conclusions

Three-dimensional finite element simulation was conducted to investigate the impact
of soil plasticity index (PI) on the compaction process and roller response. In this
study, a layered soil was simulated, where small strain hardening soil (HSS) model
was employed to consider variations of soil stiffness with shear strain as well as soil
plastic deformations as a result of exceeding the yield stress. The model captured
the nonlinear roller—soil interaction for both large and small strain conditions. The
interaction between the soil and roller was captured to study the attained settle-
ment and acceleration response of the roller. Impacts of soil plasticity index were
captured by altering the backbone curves as a function of PI as recommended by
Vucetic and Dobry [8] by adjusting the threshold shear strain Y7, which is an
input model parameter. Maximum permanent deformation was observed for the soil
with the lowest adopted PI (i.e. 30) which was 4.29 mm. Furthermore, while the PI
was increased from 30 to 100 and keeping all other parameters constant, a gradual
decrease in damping of the roller—soil system was observed. Following a nonlinear
trend, 3.66 mm of permanent settlement was observed for the soil with PI = 100. It
was evident that total settlement attained due to vibratory compaction was more for
the soils with lower PI since they could deform easier at the low-strain loading condi-
tions. On the other hand, higher plasticity soils could absorb more strains internally
before undergoing permanent deformations.

The numerical simulations attempted to capture the nature of compaction work
on the site in which the soil undergoes both elastic and plastic deformations. This
simulation clearly shows that there is a significant impact of soil plasticity in the
compaction process. Further, this research will also provide a basis to perform further
research in this topic related to intelligent compaction, recommending that soil plas-
ticity index can be considered as a factor in interpreting the results or optimizing
the intelligent compaction procedure. Indeed, field study to assess the impacts of
soil plasticity index on roller response to validate the findings of this study is highly
recommended.
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Abstract Inrecent years, a geothermal heat pump de-icing system (GHDS) has been
introduced as an alternative for conventional snow and ice removal systems (CSRS).
Application of the CSRS for bridges highly prone to ice formation is not a satisfactory
solution as it has a negative impact on the environment, bridge deck condition,
motorist safety, and travel time. Although GHDS has proved to be a sufficient and
feasible solution, it is only applicable to new bridges. However, a new method of
GHDS has been developed which utilizes an external hydronic pipe attached to the
bottom surface of the bridge deck and is applicable even for existing bridges. In
this study, the performance of the external hydronic heating system, installed and
tested on the full-scale mock-up bridge deck, was investigated in Texas. The system
has experienced several cold events and de-icing tests, in which it was successful
in maintaining the surface temperature above freezing. However, the results show
the system is capable of de-icing the bridge deck and provide an ice-free surface. In
order to enhance the de-icing operation, the system requires about 8 h of preheating;
however, less time is required during mild events. Furthermore, the system is energy-
efficient with a coefficient of performance (COP) of more than 4.

Keywords Externally heated bridge deck - Geothermal heat pump system + Bridge
deck de-icing - Snow melting + De-icing system * Geothermal energy
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1 Introduction

Approximately, 70% of the US population and transportation network are affected by
snowy weather and receive more than 5 in. average snowfall annually [1]. Bridges
are the key elements of the transportation network negatively affected by severe
winter weather. De-icing the bridge deck surface is critical to ensure the safety and
mobility of the motorist. The conventional snow and ice removal system (CSRS)
uses the de-icing chemical, such as de-icing salt, which is not only corrosive to the
bridges but also provokes environmental issues. It also has proven to be insufficient
in minimizing traffic delays and safety issues [2, 3]. However, a new method has
been proposed for bridge deck de-icing and snow melting, which can prevent the
aforementioned problems.

Geothermal energy is a green and renewable source of energy and a reliable alter-
native for fossil fuels. The geothermal energy is harvested through the application of
ground loop heat exchangers or energy geostructures (e.g., foundations, diaphragm
walls, tunnel liners, or anchors) and has been used for different heating and cooling
purposes [4-9]. One application of geothermal energy is for snow melting or de-
icing the bridge deck. Thus, a geothermal heat pump de-icing system (GHDS) was
developed, which utilizes geothermal energy as a reliable and renewable source of
energy. In this system, the heat carrier fluid, mostly water-based antifreeze solu-
tion, is circulated between the ground loop heat exchanger (GLHE) and hydronic
heating loops embedded in the bridge deck. Moreover, the heat pump is employed
in the system to help the heat carrier fluid reach the ideal temperature appropriate
for melting snow and ice on the surface. Also, the life-cycle cost—benefit analysis
(LCCBA) of this system indicated that its application is economically viable for the
bridges with a minimum annual daily traffic volume of 7000 vehicles, and benefit to
cost ratio (BCR) of 2.6 can be achieved for the 50 years life-cycle and daily traffic
volume of 24,000 vehicles [3].

The conventional hydronic heating systems are developed based on the hydronic
loops embedded in the bridge deck concrete during the construction of the new bridge
and have been studied by different research groups [10—14]. However, as the majority
of existing bridges are also in need of de-icing, externally heating hydronic pipes
are developed for geothermal heating of the bridge deck. The hydronic loops are
attached to the bottom surface of the bridge deck and covered with a sufficient layer
of insulation material [15]. In recent years, the Texas Department of Transportation
(TxDOT) has investigated the implementation of this system on Texas bridges [16].
However, the main objective of the research was to develop a system that is not only
limited to new bridges. Preliminary studies of the externally heated geothermal bridge
deck were carried out using a finite element model, and their results showed more
heating time in comparison with the internal heating system is required. The proposed
system can successfully de-ice the bridge deck in a mild winter weather condition
[17]. In another research, the feasibility of this system was tested on a lab-scale bridge
deck in the environmental chamber; the system performance was tested on various
conditions, including room temperature as low as 40 °F. This study provides detailed
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information on system performance as well as the empirical prediction equation to
estimate deck temperature at given ambient and supplied heating fluid temperatures
[15].

However, it is essential to investigate the feasibility and performance of the exter-
nally heated geothermal bridge deck in the actual winter weather conditions. In this
study, the process of design and construction of the full-scale mock-up of the exter-
nally heated geothermal bridge deck in Texas, USA, is demonstrated, and the results
of the system operation during a severe cold event are discussed.

2 Design and Construction

2.1 Test Site Conditions

The mock-up of the externally heated bridge deck was constructed in the DFW
metroplex in Texas, USA The test site has a humid subtropical climate characterized
by moderate rainfall, mild temperatures, and abundant sunshine [18]. Although the
region is familiar with mild winters, several snowstorms in recent years were experi-
enced, such as the snowstorm on March 4-5, 2015, which was the fourth-largest ever
recorded in a 24-h period during the month of March in the region. Over a period
of two days, 3.5 in. of snowfall was recorded, and the average ambient temperature
during snowfall was recorded around 28 °F. Moreover, the subsurface investigation
showed the site has relatively uniform soil layers, including sandy clay with alter-
nating sand/gravel seams covering the top 40 ft. which is followed by a limestone
layer. The boring logs stop at 60 ft. Based on local knowledge of the region, it is
estimated that limestone extends up to a depth, which is of interest to the study.
The groundwater table was encountered at 15 ft. below ground surface at the time
of drilling. The undisturbed temperature of the soil also was observed to be about
70.5 °F.

2.2 Design of the Heated Deck and GLHE

Bridge deck. The dimensions of the whole bridge slabs are designed 16 ft. x 36
ft. including 12 standard PCP panels. However, only a section of the bridge with
16 ft. x 24 ft. 