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ABSTRACT

Energy piles provide sustainable energy alternative to transfer the heat for bridge anti-icing,
which support the structural loads and exchange heat with surrounding soils using closed-
loop ground source heat pump (GSHP) systems. However, the application potential of energy piles
for bridge anti-icing has not been fully explored for different climate conditions. Moreover, GSHPs
connected to energy piles operates in cycles where it functions for a period of time (running time)
then stops for another period of time (stoppage time). This intermittent operation subjects the piles
and surrounding soil to changes of temperature and temperature cycles. The temperature change
and cycles result in cyclic displacement (expansion and contraction) in both axial and radial
directions of the pile and alter soil properties. Researches have investigated the effects of pile axial
expansion and contraction (considering the end-restraint) on shear stresses at the soil-pile interface
and on axial stresses in the pile. However, the effects of thermally-induced radial expansion and
contraction and their cyclic effects on the soil-foundation interaction for energy piles have not been
fully investigated. Furthermore, there is no laboratory or field method to investigate the cyclic
temperature effect on the soil-pile interface response and to simulate the radial expansion and

contraction of energy piles.

The goal of the research presented in this dissertation focuses on: (1) investigating
application of geothermal potential energy (energy piles) for bridge anti-icing using numerical
analysis of bridge heat transfer model; (2) investigating cyclic thermo-mechanical response of soil-
concrete interfaces of different roughness subjected to temperature change and cycles using a
modified direct shear tests; (3) developing Modified Thermal-Borehole Shear Tests (Modified-
TBSTs) in normally-consolidated soil to investigate the effects of temperature cycles and radial

expansion/contraction displacement cycles on the soil-energy pile interaction.
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1. INTRODUCTION
1.1 OVERVIEW

Deicing chemicals are corrosive and reduce the longevity of bridge infrastructure making
it difficult to achieve the national goal of a 100-year or more bridge service life (Koch et al. 2002;
Azizinamini et al. 2014), and the pavement or bridge temperature can be lower than the working
range of these chemicals in extreme cold weather (Lund 1999; Joerger and Martinez. 2006; Minsk
1999). The annual direct cost of corrosion for highway bridges are in the range of $5.9 to $9.7
billion (Koch et al. 2002) including the cost of replacing structurally deficient bridges and
maintenance cost of bridge structures. Shallow geothermal energy, one of the most promising
renewable energy sources, takes advantages of the nearly constant and moderate temperature of the
ground to heat and cool buildings, which can be also employed to melt the snow on the bridge deck
minimizing or eliminating the use of deicing salt (Spitler and Ramamoorthy 2000; Brandl, 2006;
Xiao et al., 2013). The application potential of energy piles for bridge deicing has not been fully
explored for different climate conditions. In this research, the geothermal potential energy (energy
piles) for bridge anti-icing was assessed using numerical analysis of bridge heat transfer model
considering different meteorological factors (e.g., air temperature, wind speed/direction,

precipitation, solar radiation, and infrared radiation).

Energy piles are used as structural members to support applied loads and to function as
heat exchanger with surrounding soil. Borehole heat exchangers (BHE) were traditionally used as
ground heat exchangers to exploit geothermal energy. To reduce the drilling cost of BHE,
geothermal deep foundations (or energy piles), which incorporate embedded closed-loop primary
pipes circulating a liquid (water or antifreeze), function as a heating and cooling system by
providing access to the steady temperature of the subsurface soil (Brandl 2006). The shallow

ground, 1 to 3 m below the ground surface, maintains a temperature ranging from ~10 to 25<C in
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different environments, which is warmer than the air during the winter and cooler in the summer

(Suleiman et al. 2007; Coccia et al. 2011; Akrouch et al. 2013).

The heat pump connected to energy pile systems operates intermittently because of the
heating and/or cooling demands variation of bridges and buildings. The heating and cooling cycles
of the energy pile result in expansion and contraction of concrete and alter the soil-pile interactions
(Amatya et al. 2012). The use of energy pile has been documented in several case histories (Brandl
2006; Hamada et al. 2007; Wood et al. 2009; Bourne-Webb et al. 2009; Amis 2011; Abdelaziz et

al. 2011; Shang et al. 2011; Akrouch et al. 2013; Murphy and McCartney 2015; Batini et al. 2015;

Loveridge et al. 2016). Researches have investigated the effects of pile axial expansion and
contraction (considering the end-restraint) on shear stresses at the soil-pile interface and on axial
stresses in the pile. However, the effects of thermally-induced radial expansion and contraction
and their cyclic effects on the soil-foundation interaction for energy piles have not been fully
investigated. Furthermore, there is no laboratory or field method to investigate the cyclic
temperature effect on the soil-pile interface response and to simulate the radial expansion and

contraction of energy piles.

The research summarized in this dissertation addresses some of these knowledge gaps
focusing on investigating the application of geothermal potential energy for bridge anti-icing using
a new numerical approach. In addition, soil-structure interaction of energy piles subjected to
temperature and radial expansion/contraction cycles was studied using a newly developed

laboratory devices.

1.2 MOTIVATION AND IMPORTANCE

The use of geothermal foundations to support buildings and to function as heat exchangers
with the surrounding ground for heating and cooling purposes has been pursued in Japan (Ooka et

al. 2007) and Europe (Brandl 2006; Laloui et al. 2006; Adam and Markiewicz 2009; Bourne-Webb
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et al. 2009; and Wood et al. 2009), with exponential growth to achieve the net zero-carbon building
requirements of the code of sustainable buildings by 2019 (Bourne-Webb et al. 2009). These
foundations are commonly referred to as thermo-active foundations, geothermal foundations, or
energy piles. Based on geothermal foundation applications in Europe, energy piles are commonly
constructed with diameters ranging from 0.3 to 1.5 m, lengths of 10 to 30 m and with heat
exchangers made of polyethylene pipe (Laloui and Di Donna 2013). The net thermal output of
energy piles ranges from 18 to 120 W per meter of the foundation length and the system typically
provides 3 to 5 energy units for each unit consumed in operation (Preene and Powrie 2009; Bourne-
Webb 2013). Geothermal deep foundations take advantages of the nearly constant and moderate
temperature of the ground to heat and cool buildings, which can be also employed to melt the snow
on the bridge deck minimizing or eliminating the use of deicing salt (Spitler and Ramamoorthy
2000; Brandl 2006; Xiao et al., 2013). The application potential of energy piles for bridge deicing

has not been fully explored for different climate conditions.

The ground source heat pump (GSHP) connected to energy piles operates in cycles where
it functions for a period of time (running time) then stops for another period of time (stoppage time).
This intermittent operation subjects thermo-active geo-structures and surrounding soil to changes
of temperature and temperature cycles (Shang et al. 2011; Xiao et al. 2017a). In practice, the daily
running and stoppage times of GSHP ranges from 30 minutes to 24 hours depending on the heating
and cooling loads (Hamada et al. 2007; Wood et al. 2009; Montagud et al. 2011; Luo et al. 2015).
If the soil temperature during stoppage time does not return to the original ground temperature, the
soil will experience a cumulative increase or decrease of temperature with number of cycles (Plum
and Esrig 1969). Temperature change and cycles also induce volume changes of soil components
and affect their interaction (Campanella and Mitchell 1968; Romero et al. 2001; Uchaipichat and

Khalili 2009). The effects of temperature change on soils have been well explored in the literature
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using triaxial and oedometer tests; however, limited investigations have been focusing on
evaluating the effects of temperature cycles.

Temperature changes and cycles also induce axial and radial expansion and contraction of
energy piles altering the interaction along the soil-pile interface (Suleiman and Xiao 2014; Saggu
and Chakraborty 2015). Researchers have investigated the effects of pile axial expansion and
contraction (considering the end-restraint) on shear stresses at the soil-pile interface and on axial
stresses in the pile (e.g., Brandl 2006; Laloui et al. 2006, Bourne-Webb et al. 2009; McCartney and
Murphy 2012; Suryatriyastuti et al. 2012, Olgun et al. 2014, Xiao et al. 2015, 2017b). However,
the effects of thermally-induced radial expansion and contraction and their cyclic effects on the

soil-foundation interaction for energy piles have not been fully investigated.

1.3 SCOPE AND ORGANIZATION

The goal of the research presented in this dissertation is to investigate the feasibility of
using geothermal pile for bridge anti-icing, and soil-energy pile interaction using a newly designed
fully-automated laboratory device. The outline of this dissertation research activities that focused

on achieving this research goal is listed below.

e Chapter Two: This chapter presents a general literature review of heat transfer model of
bridge deck and energy piles. The thermo-mechanical interaction of energy pile is also
reviewed.

o Chapter Three: A new modelling approach of heat transfer of bridge anti-icing considering

different meteorological factor were proposed.

e Chapter Four: Modified-direct shear test (Modified-DST) were utilized to investigate the
effect of temperature change and cycles on soil-concrete interface properties of energy

piles.
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e Chapter Five: Modified-Thermal Borehole Shear Test (Modified-TBST) device was
developed to investigate the soil-structure interaction of energy piles. The testing procedure
and control system were described in detail.

o Chapter Six: Modified-TBST device was utilized to investigate the soil-structure
interaction of energy piles subjected to radial deformation cycles coupled with temperature
cycles

e Chapter Seven: This chapter provides general conclusions and offers recommendations for

future studies.
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2. LITERATURE REVIEW
2.1 BACKGROUND

The use of energy piles to support buildings and also to function as heat exchangers
with the surrounding ground for heating and cooling purposes has been pursued in China (Gao
et al. 2008), Japan (Ooka et al. 2007; Hamada et al. 2007), and Europe (Brandl 2006; Laloui et
al. 2006; Adam and Markiewicz 2009; Bourne-Webb et al. 2009; and Wood et al. 2009), with
exponential growth to achieve the net zero-carbon building requirements of the code of
sustainable buildings by 2019 (Bourne-Webb et al. 2009). Energy pile, where the heat exchange
pipes are embedded in concrete, is a form of closed-loop systems combined with ground source
heat pump. These piles are commonly referred to as thermo-active foundations, geothermal
foundations, or energy piles.

Energy piles are commonly constructed as drilled shafts or precast piles, with diameters
ranging from 0.3 to 1.5 m, lengths of 10 to 30 m and with heat exchangers made of polyethylene
pipe (Laloui and Di Donna 2013). The net thermal output of energy piles ranges from 18 to 120
W per meter of the foundation length and the system typically provides 3 to 5 energy units for
each unit consumed in operation (Preene and Powrie 2009; Bourne-Webb 2013).

Currently, polyethylene pipes are commonly used as heat exchange loops in the energy
piles, however PVC pipes were also utilized in the past (Gao et al 2008; Tarnawski et al. 2009;
Morino 1994). Prior to drilling the hole, the heat exchange loops are attached to the steel
reinforcement cage. Polyethylene pipe joints are installed using heat fused method to produce
a 100% leak proof joints that are as strong, or stronger, than the pipe itself. The pipe diameters
range from 20 to 40 mm (0.8 to 1.6 inch) and their length depends on several factors including
pile length and performance requirements (ASHRAE 2011). The common shapes of heat
exchange loops in energy piles include single, double, and triple U-shaped pipes and W-shaped
piles as shown in Figure 2 (Gao et al. 2008; Florides and Kalogirou 2007). Single U-shaped
were reported as the most economic choice due to the low initial cost and high workability
(Hamada et al. 2007). According to experiments and analytical studies by Gao et al. (2008),
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the W-shaped loops had higher efficiency than U-shaped loops, however they also have higher
cost. In cooling-dominant regions, where the fluid temperature in the pipe is higher than the
freezing temperature, water may be used as a heat exchange fluid. In colder regions, antifreeze
solutions are commonly used including saline solutions, water and glycol mixture, brine, and
potassium acetate (Brandl 1998; Brandl 2006; Tarnawski et al. 2009; Cane et al. 1998; Ozgener

and Hepbasli 2005).

2.2 Bridge or Pavement Deicing Using Geothermal Energy

Energy pile, takes advantages of the nearly constant and moderate temperature of the
ground to heat and cool buildings, which can be also employed to melt the snow on the bridge
deck minimizing or eliminating the use of deicing salt (Spitler and Ramamoorthy 2000; Brandl
2006; Xiao et al. 2013). The feasibility of energy piles for bridge deicing has not been fully
explored for different climate conditions.

The geothermal deicing system circulates heat exchange fluid through a pipe network
embedded in the bridge deck or pavement to melt snow and ice on the surface. Figure 2.1
presents the configuration of bridge deicing system using geothermal energy pile. In addition
to supporting structural loads, geothermal energy piles, which include embedded closed-loop
primary pipes circulating a liquid (water or antifreeze), function as a heat exchange system with
the surrounding soil (see Figure 2.1). Heat exchange pipes can be also embedded in the
embankments. A secondary pipe system is installed in the bridge deck in order to heat it by
exchanging energy with the fluid in the primary pipes connected to a heat pump.

Geothermal bridge/pavement heating system will result in reduction of carbon dioxide
emissions compared to conventional electric snow-melting equipment (Miyamoto and
Takeuchi 2008). The geothermal energy source can be hot spring water directly used for
pavement such as the case at Sapporo in Japan, which services 10,405 m? pavement (Sato and
Sekioka 1979). In Klamath Falls Project of Oregon, ground water cooperated with heat pump
is used for bridge and pavement snow melting system covering 2,044 m? (Lund 1999). The
bridge embedded with heat exchangers also enable to collect solar radiation and store it in the

8
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ground. In Switzerland, a solar energy pilot project (SERSO) has been installed on a bridge in
highway network (Schlup and Schatzmann 1998; Rauber 1995). SERSO was used to collect
the solar radiation in the summer and heat the bridge surface during frost periods in winter. The
heat sink consists of 91 vertical borehole exchangers reaching a depth of 65 m (Lund 1999).
All the energy for bridge deck heating was from geothermal or stored solar energy in the ground.
Electricity is only used for circulation pumps. The alternative approach using geothermal
energy piles for preventing icing was utilized in a bridge in Fukui, Japan (Miyamoto and
Takeuchi 2008). Bridge deck deicing using energy piles has been investigated by Bowers and
Olgun (2015) with experimental tests. The results indicated that the energy piles were able to
keep a model bridge deck (1.2 m x 3.0 m) snow-free when the air temperature was above -5 C
and the precipitation rate was less than 2 mm/hour (water equivalent); however, the energy
piles could not melt the snow in extremely cold weather. In the U.S., there is no practical

application of bridge deicing using energy piles.
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Figure 2.1 Geothermal bridge heating system (a) 3D bridge schematic, and (b) deep
foundation
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2.3 Heat Transfer Mechanisms of Bridge with Geothermal Deicing Systems

The pavement heat transfer mechanisms have been studied by a number of researchers
that contributed to the design guidelines of deicing systems (e.g., Chapman 1952; Leal and
Miller 1972; Schnurr and Falk 1973; Ramsey et al. 1999; Chiasson et al. 2000; Rees et al. 2002;
Qin and Hiller 2013). Based on these studies, a conventional bridge (i.e., with no geothermal
system) subjected to weather changes transfers heat through four major mechanisms, which
include: (1) conduction within the bridge slab due to temperature gradients; (2) convection (or
sensible heat exchange) between the ambient air and the bridge; (3) radiation to the bridge (i.e.,
solar or short radiation, and incoming longwave radiation) and from the bridge (i.e., outgoing
longwave radiation to ambient air, water, and ground, etc.); and (4) precipitation which includes
both sensible (associated with rainfall and snowfall on the bridge deck) and latent heat due to

evaporation and melting (heat of fusion).

Q (o] o (o} Q o . O Q
. Pipes circulating
Conduction Conductionrelated to heat heating fluid

exchange pipe

Convection in the
thermal pipe

Figure 2.2 Heat transfer mechanics for conventional and geothermal bridge systems

For the case of a bridge slab with geothermal system (see Figure 2.2), two other heat
transfer processes need to be considered: (1) conduction between the heating pipe (i.e., heating

source) and the bridge slab; and (2) convection between the heat transfer fluid and the heating
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pipe. However, the bridge deicing capacity using energy piles has not been evaluated in the

United States or in different climate conditions.

2.4 Thermo-Mechanical Behavior of Energy Pile

The ground source heat pump (GSHP) connected to thermo-active geo-structures (such
as energy piles) operates in cycles where it functions for a period of time (running time) then
stops for another period of time (stoppage time). This intermittent operation subjects thermo-
active geo-structures and surrounding soil to changes of temperature and temperature cycles
(Shang et al. 2011; Xiao et al. 2017a). In practice, the daily running and stoppage times of
GSHP ranges from 30 minutes to 24 hours depending on the heating and cooling loads (Hamada
et al. 2007; Wood et al. 2009; Montagud et al. 2011; Luo et al. 2015).

The temperature of energy piles used at various locations was investigated by
researchers using field monitoring and numerical analyses, and the temperature at the pile
surface was found to range from 0 to 33<C (Brandl 2006; Hamada et al. 2007; Bourne-Webb et
al. 2009; Abdelaziz et al. 2011; Rouissi et al. 2012; Akrouch et al. 2013; Wang et al. 2015;
Mimouni and Laloui 2015). The pile temperature can rise over 40T in cooling-dominated
environments, extreme climate condition, or when energy piles function as solar energy storage
sinks (Gabrielsson et al. 2000).

The thermo-mechanical response of energy pile brings challenges to the design of the
buildings and bridges due to the temperature-induced soil-pile interaction. Temperature change
and cycles lead to expansion and contraction of the pile in the axial and radial directions, both
of which affect the soil-pile interaction of axially loaded energy piles. When an energy pile is
heated, it expands in both axial and radial directions, and the pile contracts when it is cooled
affecting the shear resistance at the soil-pile interface. The thermal-induced expansion and
contraction (or deformation) depends on the load and restraint on the top, toe resistance, and
surrounding soil properties.

The research on the thermo-mechanical behavior of energy pile is summarized in Table
2.1-Table 2.3. Researchers have been focusing on temperature induced expansion/contraction,
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axial stress, shaft resistance, and end-restraint effects (Brandl 2006; Laloui et al. 2006, Bourne-
Webb et al. 2009; McCartney and Murphy 2012; Suryatriyastuti et al. 2012, etc.). The
monitored results of temperature and strain in the energy pile for a pilot research project in
Austria, reported by Brandl (2006) with full operation system for two years, indicate that
temperature changes alter the stress distribution along the pile shaft. The decrease of
temperature generated tension stress at the upper part of the energy pile and compressive stress
increased at the lower part. Field tests were also performed in London, UK (Amis et al., 2008;
Bourne-Webb et al., 2009), Lausanne, Switzerland (Laloui et al. 2006; Mimouni and Laloui
2015), Denver, US (McCartney and Murphy, 2012), Melbourne, Australia (Wang et al. 2015)
to investigate the thermo-mechanical response of full-scale energy piles.

When an energy pile is heated, it expands in both axial and radial directions. The axial
deformation (axial expansion) is opposed by a shear resistance at the soil-pile interface. When
the pile is cooled, the pile contracts and the thermally-induced shear resistance at the soil-pile
interface is reversed. The axial deformation effects were well described by Bourne-Webb et al.
(2009) and Amatya et al. (2012) for thermal and mechanical loading conditions. Wang et al.
(2011) conducted laboratory scale tests of energy piles in silica sand and the shaft resistance of
model energy pile showed a significant reduction (20%-50%) in the maximum value when the
pile was tested after subjected to heating followed by cooling. Field test results of London and
Lausanne cases demonstrate that the absolute change of thermal-induced shaft friction (restraint)
increased approximately linearly with temperature (Amatya 2012).

The restraints provided at the soil-pile interface and pile tips produce thermally-
induced axial stress, which is compressive when the pile is heated. The thermal axial stresses
of two full-scale energy piles (end bearing boundary) were estimated by McCartney and
Murphy (2012) using the measured temperature along the shafts. The results showed that
thermal induced tensile stresses ranged from 500 to 1100 kPa as the average temperature of pile
decreased by 5<C. When the temperature increased by 3<C, compressive stresses of 200-1000

kPa were estimated.
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Thermal axial displacements of energy piles also strongly depend on thermal loading
and the restraint from the surrounding soil and superstructures. In the field test in London, the
loading frame at the surface ensures that the pile head can move freely, but with a constant load
being maintained (Bourne-Webb et al., 2009). The pile head moved downward 2.4 mm after
the imposed cooling of 19<C (from ~20 to 1<C) of the pile. When the thermal loading was
switched to heating, the pile head moved upward by 2 mm (Amis et al. 2008). However, only
0.003 mm upward movement of pile head was observed for maximum change in temperature
of 3 <T due to the strong restraint from the slab in the Denver case (McCartney and Murphy,
2012). The research discussed above mainly focus on temperature induced axial
expansion/contraction, axial stress, shaft resistance, and end-restraint effects. However, radial
expansion and contraction of geothermal foundations alter the normal (horizontal) pressure at
the soil-pile interface and affect the axial thermo-mechanical responses of the piles (Suleiman
and Xiao 2014; Minouni and Laloui 2015). Those effects on the soil-pile interaction have not

been fully investigated or directly measured.
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Table 2.1 Summary of Thermo-mechanical Responses of Energy Piles, (a) Pile and Ground Informations-1

Ground or
No. of Pile temperature range | lab Temperature
Reference Test types/loads | Soil types Pile information | tested - emp g P
. during the test (<C) temperature | cycles
piles
()
0-12 m: soft clay;
12-21.6 m: soft sandy .
. . Drilled shaft
Laloui et al. Field test /~1300 | gravelly clay; . ) )
2006 kN 21.6 - 25.8 m: stiff length: 25.8 m, | 1 10-31 10 !
. Diameter: 0.88 m
sandy gravelly clay;
Bottom: week sandstone
0-5 m: loam;
5-10 m: silty sand to Drilled shaft,
Brandl, 2006 Field test clayed silt; length: 9 m, 1 ~2-20 ~15 NA
10-15 m: clayey to diameter: 1.2 m
sandy silt
. 0-4 m: granular fill and | Drilled shaft
Amis 2008; , . : ’
Bourne-Webp | Fi€ld test/1200 | sand an.d gravel; length: 2.3 m, 1 0.3-27 18-20 2
kN 4-23 m: stiff, fissured diameter: 0.55 m
et al. 2009 . .
silty clay (main shaft)
Wana et al Laboratory Steel model pile,
g ' model test/40, Fine sand and flour diameter: 25.4 1 23-32 ~22 NA
2011
50, 90 N mm
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Table 2.2 Summary of Thermo-mechanical Responses of Energy Piles, (a) Pile and Ground Informations-2

Ground or
No. of Pile temperature range | lab Temperature
Reference Test types/loads | Soil types Pile information tested - temp g P
. during the test (<C) temperature | cycles
piles
()
0- 3 m: fill; tl)Der:rlli(;)s hlzfr:g(fhn'd
McCartney and | rie1q test 3-7.6 m: sand and 148mand134 |2 10-20 ~15 NA
Murphy 2012 gravel; m. diameter: 0.91
7.6-14.9 m: Claystone m, T
Aluminum model
Tang et al. Laboratory pile, length: 0.8
2013 model test Sand m, diameter:0.14 . 2555 NA 2
m
Stewart and Centrifuge fg:”t‘;‘_’ Zggle mm
McCartney model / (24 g), Bonny silt dia?netler' 5'0 3 11 21-40 ~21 4
2013 443 kN T
mm
0-1.5 m: fill; .
. o . Drilled shaft,
Wang et al. Flel_d test, O-cell | 1.5-2.5 m: .sand clay; length: 16.1 m 1 17-40 17-18 9
2015 testing 2.5-18.6 m: very dense . )
diameter: 0.6 m
sand
0-7.7 m: very soft
alluvial clay;
Mimouni and Field test/ 0, 7.7-15.7 m: Loose sandy | Drilled shaft,
Laloui (2015) 800, 2200, and gravelly moraine; length: 28 m 4 15-25 ~15 1
2100 kN 15.7-19.2 m: Stiff diameter: 0.9 m

bottom moraine;
19.2-28 m: Sandstone
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Table 2.3 Summary of Thermo-Mechanical Responses of Energy Piles, (b) Thermo-Mechanical Responses

Reference ges“’.‘g Thermal axial displacements* Additional thermal-induced load or Shaft resistance
uration stress
Wang et al. 2011 22 hrs NA NA 20-50% reduction
Tang et al. 2013 ~190 hrs 0.5 mm settlement after two heating | \, o Shaft resistance inverted in some
cycles parts of the pile
Cooling: 5 <C decrease causes a
tensile force of 500-1100 kPa
mi(riahrtn%la; d dO;/eSr 100 -0.003 mm at 3 <C change Heating: 3 <C increase causes a NA
Phy y compressive force of 200-1000 kPa
(calculated results)
Decrease ~50 kPa in the top soft
Laloui et al. 2006 28 days ~-4mm 1.3-2.1 MPa clay (0-12 m), little change in the
rest
More than Cooling: upper part generated tension
Brandl 2006 10 years NA stress, compressive stress increased at | NA

lower part

Amis et al., 2008;
Bourne-Webb et al. | NA
2009

~ 2.8 mm at the end of cooling
~ -2 mm during heating

Cooling: 200-500 kN tensile force or 2
MPa stress

Heating with 10 C increase: ~700 kN
compressive force

The mobilized shaft resistances
increase about 60 kPa in the upper
shaft and reduce or reverse in the
lower shaft during cooling. Reverse
effect occurs during heating.

Stewart and

-1.4 mm at first temperature cycle, -

Heating:1200 kN compressive force

McCartney 2013 24000 s 1.26 mm after four temperature (Prototype-scale) NA
cycles
Wang et al. 2015 130 days 0.05-0.08 mm of radial expansion NA E;iffj& resistance increase at
Mlmo_unl and 6 and 24 -0.36 10 -0.84 mm Heating: 100-1500 KN compressive NA
Laloui 2015 days force

* Negative: uplift; positive: settlement
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2.5 Load Transfer Analysis of Vertically-loaded Piles

For conventional piles, a simplified load-transfer analysis (also called t-z method) is
commonly used to analyze the soil-pile interaction for vertically loaded deep foundations. The one-
dimensional t-z method models the soil-pile interaction using nonlinear springs simulating the soil-
pile interface along the shaft (t-z curves) and one spring modeling the end bearing at the pile tip (g-
w curve) (Misra and Chen 2004; and Alawneh 2006). As shown in Figure 2.3a, the t-z curves
represent the relationship between shear stress and displacement of the soil-pile interface at a
specific depth along the shaft, while the g-w curve defines a relationship between the normal stress
and displacement at the pile tip. The pile can be divided into small elements as illustrated in Figure
2.3b. Examples of the nonlinear spring relationships of the t-z and g-w curves are shown in Figure
2.3d and e. As shown in Figure 2.3c, the t-z curve for an element i depend on the horizontal (or
normal) stress (on) at the soil-pile interface. This normal stress (on) changes with installation
method, depth below ground surface, and soil properties. The normal stress and soil properties are
also altered by temperature change and cycles and due to pile expansion and contraction in the case
of energy piles (Tang et al. 2013; Suryatriyastuti et al. 2012). However, limited direct
measurements of the heat exchange effect on soil-pile interface properties were conducted, and the
long-term effects of temperature cycles on soil-pile interface properties have not been investigated.
The proposed testing methods (Modified-DST and Modified-TBST) and procedures will address
these two knowledge gaps by directly measuring the soil-concrete interface response at different

temperatures and after subjected to different temperature cycles.
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Figure 2.3 Details of the t—z model: (a) idealized pile, (b) pile discretization, (c) nonlinear
springs with Kshaft representing the shaft resistance at soil-pile interface for element i with
normal stress equals to oh , (d) t—z curve for element i, and (e) g—w curve at the pile tip.

2.6 Direct Measurement of Soil-pile Interaction

To directly measure the shear stress-displacement response (t-z curves) at the soil-pile
interface for conventional steel vertically loaded piles, the Borehole Shear Test (BST) equipment
and testing procedure were modified by Suleiman et al. (2011) and AbdelSalam et al. (2012) to
produce the modified Borehole Shear Test (mBST). The conventional BST was designed by Handy
and Fox (1967) to provide a direct field measurement for the drained soil shear strength parameters.
The BST equipment consists of the dynamometer and the shear head (Figure 2.4a). Lutenegger et
al. (1978) and AbdelSalam et al. (2012) describe the procedure of conducting the BST test using
the grooved plates (Figure 2.4b) as follow: (1) the shear head is lowered into an open drilled
borehole (or through a hollow stemmed auger) to reach the desired depth, (2) a constant stress

normal to the surface of the borehole is applied (P, in Figure 2.4a), and (3) the soil is sheared by
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manually applying an upward pulling force (T in Figure 2.4a). The dynamometer gauge measures
the shear stress. When conducting the BST, only the maximum shear stress is recorded AbdelSalam
et al. (2012). The BST can be conducted three to six times at approximately the same depth using

different P, values to produce a Mohr-Column envelop (Handy and Fox, 1967; and Handy, 1986).

=~ Pulling rod

Shear head

@ 4

Shear stress

Displacement
Figure 2.4 (a) BST components (modified after Handy (2008), courtesy of Handy
Geotechnical Instruments, Inc.), (b) grooved shear plates used in conventional BST, (c) new

smooth plates, and (d) sample t—z curve measured using modified device. (modified after
AbdelSalam et al., 2012)

The modification by Suleiman et al. (2011) and AbdelSalam et al. (2012) are as follows:
(1) a dial gauge was added to the apparatus base plate to measure the vertical displacement of the
shear head during shearing; (2) the grooved shear plates used in the conventional BST (see Figure
2.4b) were replaced with steel plates to better represent the surface of the steel piles (see Figure
2.4¢), hence more accurately modeling the soil-pile interface; and (3) the data collection procedures

were modified to record the shear stress as a function of the measured vertical displacement, which
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essentially yields a measured t-z curve (see Figure 2.4d). The applied shear stress and the

displacement were recorded manually, which required more than one operator in the field.

2.7 Temperature Effects on Volume Change and Shear Strength of Soils

The temperature change of the pile also alters the temperature of the surrounding soil and
its mechanical properties. Temperature effects on soil properties depend on its thermal history,
stress history, and hydraulic conductivity (Graham et al 2001; Burghignoli et al. 2000; Hueckel et
al. 2009). Temperature changes induce volumetric strain (volume change) in normally consolidated
and overconsolidated saturated soils (Campanella and Mitchell 1968; Demars and Charles 1982;
Cekerevac and Laloui 2004; Uchaipichat and Khalili 2009; Tawati 2010). Normally consolidated
and slightly overconsolidated saturated clays contract when subjected to drained heating and
experience significant irreversible (plastic) volumetric strain when returning to the initial
temperature leading to an increased shear strength (e.g., Cekerevac and Laloui 2004). When
subjected to undrained heating, expansion of soil components and thermally-induced excess pore
water pressure lead to a reduction in shear strength (Campanella and Mitchell 1968; Mitchell and
Soga 2005). Highly overconsolidated saturated clays subjected to drained heating; however,
experience irreversible volumetric expansion that decreases with overconsolidation ratio (OCR)
(Plum and Esrig 1969; Sultan et al. 2002). If heated beyond a threshold temperature, saturated
overconsolidated clays may contract (Hueckel and Baldi 1990; Cekerevac and Laloui 2004).
Cekerevac and Laloui (2004) and Abuel-Naga, et al. (2007) reported an increase of shear strength
for overconsolidated soils when subjected to drained heating. For unsaturated soils, Uchaipichat
and Khalili (2009) reported responses similar to those described above for normally and
overconsolidated saturated soils. It is worth noting; however, that the critical state shear envelope
is independent of temperature change (hot cycles) for both saturated and unsaturated soils
(Cekerevac and Laloui 2004; Uchaipichat and Khalili 2009; Alsherif and McCartney 2016). When

subjected to cycles of heating and/or cooling, soils experience an accumulated permanent
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volumetric contraction regardless of stress history due to thermal creep (Campanella and Mitchell

1968; Burghignoli et al. 1992; Vega and McCartney 2015; Xiao et al. 2017a).
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3. ANEW MODELLING APPROACH OF HEAT TRANSFER OF BRIDGES
CONSIDERING VEHICLE-INDUCED THERMAL EFFECTS

3.1 INTRODUCTION

Road infrastructure systems support safe, rapid, and reliable transportation of people,
goods, and services in a wide range of weather conditions including ice and snow conditions. The
most common method for pavement deicing utilizes chemical salts that lower the freezing point of
water on the pavement or bridge deck surfaces. However, deicing chemicals are corrosive and
reduce the longevity of bridge infrastructure making it difficult to achieve the national goal of a
100-year or more bridge service life (Koch et al. 2002; Azizinamini et al. 2014), and the pavement
or bridge temperature can be lower than the working range of these chemicals in extreme cold
weather (Lund 1999; Joerger and Martinez. 2006; Minsk, L. D. 1999). Alternative approaches to
mitigate the corrosion damage caused by the deicing chemicals have been attempted since 1950s.
For instance, pavement or bridge deck surface can be heated by electric cables, conductive concrete,
or thermal pipes circulating a heated fluid instead of using deicing chemicals for snow melting (Xie,
et al. 1996; Zenewitz 1977; Lee et al. 1984; Cress et al. 1995; New Item 1998). However, the
designs and applications of the bridge deicing methods require an understanding of heat transfer
mechanisms of the bridge and accurate prediction of bridge deck temperature. The electric or
thermal energy demand also need to be estimated for different locations and weather conditions to
design the bridge heating systems.

The bridge temperature depends on local weathers (i.e. air temperature, wind speed,
precipitation, longwave or infrared radiation, and shortwave radiation). One of the important
factors that balances the bridge surface temperature is longwave radiation including incoming and
outgoing. However, incoming longwave radiation is considered to be the most poorly quantified
from observations (Trenberth and Fasullo 2012; Trenberth et al. 2009). There are two common

methods of representing incoming longwave radiation from atmosphere based the Stefan-
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Boltzmann law. The first method treats the atmosphere as a black body with a uniform temperature
Tsy- Another method treats the atmosphere as an isothermal grey body at the same temperature of
the air, and an effective emissivity is employed (Ramsey et al. 1982). The first method was used
in Ramsey et al. (1999), Chiasson (2000), Liuetal. (2007), ASHRAE (2011), and Xiao et al. (2013)
for the heat transfer simulation of pavement or bridge, and the calculated Tgy is 10 to 40 <T lower
than air temperature (Ramsey et al. 1982). However, extensive studies showed that the longwave
radiation received by the ground surface corresponds essentially to radiation emitted by the lowest
hundred meters of the atmosphere, where the temperature is close to air temperature (Zhao et al.
1994; Brown 1998; Trigo et al. 2010; Moene and van Dam 2014). Therefore, the second method
was employed in our model, where the air temperature was considered as the radiant temperature,
and the effective emissivity of atmosphere was used. The results from those two methods are
compared in this study.

The passage of the vehicle also influences the temperature of the pavement and bridge
surfaces (Parmenter and Thornes 1986). The temperature of pavement surface decreases with
increasing vehicle speed and increases with vehicle body temperature and traffic volume (Ishikawa
et al. 1999). Limited numerical modelling simulated vehicles effects on the bridge surface
temperature (Fujimoto et al. 2008). Moreover, there is no model combining the effects of natural
wind and vehicle-induced wind on the convection boundary on the bridge deck surface.

The main objective of this study is to propose a new approach to accurately predict the
temperature of the bridge deck, and assess the effects of radiation and convection. The vehicle-

induced effects were also considered in the analysis.
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3.2 BACKGROUND

3.2.1 Natural Factors

The pavement heat transfer mechanisms have been studied by a number of researchers that
contributed to the design guidelines of deicing systems (e.g., Chapman 1952; Leal and Miller 1972;
Schnurr and Falk 1973; Ramsey et al. 1999; Chiasson et al. 2000; Rees et al. 2002; Qin and Hiller
2013). Based on these studies, the heat fluxes due to natural factors are summarized in Figure 3.1a,
which include: (1) conduction within the bridge slab due to temperature gradients; (2) convection
(or sensible heat exchange) between the ambient air and the bridge; (3) radiation to the bridge (i.e.,
solar or short radiation, and incoming longwave radiation) and from the bridge (i.e., outgoing
longwave radiation to ambient air, water, and ground, etc.); and (4) precipitation which includes
both sensible (associated with rainfall and snowfall on the bridge deck) and latent heat due to

evaporation and melting (heat of fusion).

3.2.2  Vehicle Effects

The model shown in Figure 3.1a considers the natural factors in the prediction of the bridge
surface temperature. However, the passing vehicle also alters the heat transfer boundary at the
pavement surface for different traffic conditions. Using the thermal mapping technique, a heavy
traffic flow was found to affect the temperature of the pavement surface by approximately 1.5 C
(Gustavsson and Bogren 1991). Chapman and Thournes (2005) reported 1.5<C temperature
difference of the road surface due to different traffic conditions on a multi-lane highway.

Numerical modeling of traffic effects on the road surface temperature (RST) evaluated by
limited investigations (Fujimoto et al. 2008). The numerical results of Parmenter and Thornes
(1986) indicated that the increased volume of vehicles at low speed produced increased RST of up
to 2 <C. Ishikawa et al. (1999) conducted a boundary simulation of road surface with snow cover
to evaluate the contribution of infrared radiation from the vehicles under different traffic volumes.

The total incoming long-wave radiation of the road surface with traffic increased by 50% in
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comparison with no traffic for 30 minutes. Chapman et al. (2001) assumed an increase of 2 m/s of
wind speed induced by vehicles in the theoretical simulation to simplify the vehicle effect on the
convection. Fujimoto et al. (2008, 2012) conducted numerical simulations considering the vehicle
effect in the dry pavement condition and presented the relationship between the vehicle speed and
vehicle-induced wind; the simulation showed that the RST at the vehicle-passage area is ~3 C
lower than nonvehicle-passage area during the daytime. However, the work by Fujimoto (2008
and 2012) did not consider the interaction between natural wind and vehicle-induced wind, which
is addressed in this paper.

As shown in Figure 3.1b, the effects of vehicles on the heat transfer of bridge deck surface
include: (1) longwave radiation from the bottom of the vehicle; (2) convection heat induced by the
vehicle; (3) frictional heat from tires; and (4) the effect of the presence of vehicles on the incoming
longwave from the atmosphere and incoming shortwave radiation. It is noted that radiative and
convective heat can play typically significant roles in the heat exchange between the vehicle and
road surface (Prusa 2002; Fujimoto 2006).

To estimate the bridge surface temperature, an improved boundary modelling of the bridge
deck surface is utilized. The model is based on models proposed by ASHRAE (2011), Ramsey et
al. (1999), Chiasson (2000), and Xiao et al. (2013). Initially, a two-dimensional (2D) simulation
was validated using results of measured temperature of Jamestown Verrazzano Bridge in Rhode
Island that were reported by Tsiatas et al (2002). Using the 2D model with a series of meteorological
data (e.g., air temperature, solar radiation, and hourly average wind speed, etc.) from the local
weather station, the bridge temperature was calculated and compared with measured temperatures.
Once validated, the model was extended to incorporate the effects of vehicles. The effective wind
velocity is introduced using the concept of the effective pollutant advection velocity proposed by
Rao et al. (2002) to combine the natural wind and vehicle-induced wind. The daily and seasonal
vehicle effects were also investigated. Furthermore, the heat flux contribution of the vehicles on
the bridge surface is also presented in clear and snowing weather conditions, separately.
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3.3 NUMERICAL MODEL

3.3.1 Governing Equations

In our model, the finite element method has been used to solve the heat conduction equation
that describes the temperature distribution of the bridge slab. The governing transient 2D heat
conduction equation can be expressed in Eq. 1. « is the thermal diffusivity (m?%s) of the bridge
slab material which is calculated by Eq. 2. All the equations shown in this paper were tabulated in

Table 3.1.

3.3.2 Natural Boundaries
The heat fluxes at the top surface of the bridge deck 0", (W/m?) due to the natural factors

shown in Figure 3.1a can be represented by Eq. 3, which include net radiation (longwave and

shortwave radiation, g, , and g"_ . ), convective heat flux (g" ), sensible heat flux due to

Iw_t sw_t conv_t

falling rain (", ), latent heat flux due to snow melting (q",,,) and evaporation heat flux of water
or melted snow (g™, )- As will be discussed in the following sections, each term in Eq. 3 can be

obtained using equations 4 through 20 except evaporation heat flux. Determining the evaporation
heat flux is based on the method suggested by ASHRAE (2011).

The bottom surface of the bridge slab is subjected to long radiation (g, ,) and

convection (q",,, ,) Wwhichisgiven by Eq. 4.

3.3.2.1 Net Radiation (q",,,)

The net radiation heat flux at the top surface (q" ) of the bridge includes shortwave

rad _t

radiation (or solar radiation, " ) and longwave radiation (", ) as expressed in Eq. 5. Each

sw_t Iw_t

term in the Eg. 5 can be calculated using Eqg. 6 to 9.
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Table 3.1 Equations
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Shortwave radiation (q",,, ,)

The shortwave radiation absorbed by the top surface of the bridge can be estimated by Eq.
6. a is albedo (reflection coefficient) of the bridge surface ranging from 0.25 to 0.3 for weathered
concrete, an average value of 0.275 was used in the model when the surface is dry (Bretz et al.,
1998). The albedo of the deck is 0.45 during snow and 0.14 during raining (Dingman,1994;

Levinson and Akbari, 2002).

Longwave Radiation (g, ,)

Incoming longwave radiation (q", ,,) is defined as the total irradiance within the infrared

part of the electromagnetic spectrum (4-100 um). Within this range, atmospheric scattering may

be neglected and ", ,, received by the bridge surface corresponds essentially to radiation

emitted by the lower hundred meters of the atmosphere (Zhao et al., 1994; Brown, 1998; Trigo et
al., 2010; Moene and van Dam, 2014). In our model, the air temperature measured by weather
stations at 2 m above the ground level was used as the radiant temperature of the atmosphere.
Following the procedures of Brock and Arnold (2000) and Brown (1998), the longwave radiation

at top bridge surface q“,  Wwas computed using Eqg. 7 to 9. The incoming longwave radiation

" is estimated by Eq. 8, where ¢ is the effective emissivity of the atmosphere, which ranges

from 0.6 to 1 according to Unsworth and Monteith (1975), Prata (1996), and Herrero and Polo
(2012) depending on the cloud cover and air temperature (Brock and Arnold 2000), and o is

Stefan-Boltzmann constant (5.67>10% Wm?K™). According to Ryu et al (2008), the outgoing

longwave radiation g", . can be estimated by Eq. 9, where &, is the deck surface emissivity, which

is equal to 0.9 according to Bergman et al. (2011) and Levinson and Akbari (2008).

Net radiation at the bottom surface g only includes the longwave radiation, which is

rad _b

estimated using Eq. 10. The incoming longwave at the bottom originates from ambient
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environment (ground or water surface). &, is the emissivity of ambient environment beneath the

bridge, which equals to 0.96 according to Bergman et al. (2011). Air temperature is assumed to be

equal to the ambient environment temperature (Chiasson et al. 2000).
Other Formulas for Longwave Radiation

The net longwave radiation at top surface ", , can also be estimated using different

w_t
procedures including those suggested by Chiasson et al. (2000), Ramsey et al. (1999), ASHRAE
(2011), and Qin and Hiller (2013). In those models, the atmosphere was treated as a black body
with a uniform sky temperature (mean radiant temperature) Tsy. For example, the longwave
radiation in ASHRAE (2011) and Qin and Hiller (2013) is expressed as Eq 11.

The emissivity of the atmosphere is assumed the same as the pavement material in Eq. 11.
Chiasson et al. (2000) and Qin and Hiller (2013) defined the sky temperature Tsy as the longwave
radiant temperature which can be over 20 <T lower than the air temperature. The mean radiant
temperature T, used in Ramsey et al. (1999) and ASHRAE (2011) is 15-30 <C lower than the air
temperature. The temperature ranges of Tsy, were carefully calculated by the authors. Larger
emissivity of atmosphere (same as the pavement material) was used in those models, and yet the
longwave radiation from the atmosphere may still be underestimated. Both Eq. 7 and Eq. 11 were

used in the calculation for longwave radiation (qg",, ,), and the results of two methods were

Iw_t

compared in this study.

3.3.2.2 Convection (9",,,)

The convective heat flux at bridge top surface (g ) and bottom surface (q"wnv_b ) was

conv_t
calculated using Eq. 12 and 13, and the convective heat transfer coefficient (CHTC) h at the bridge

surface for the forced convection is defined as Eq. 14. Nusselt number Nu and Reynolds number

Re, were calculated using Eq. 15 and Eq. 16 according to ASHRAE (2011). ASHRAE (2011)

31

www.manaraa.com



recommends using the width of the bridge slab as the characteristic length Lc for the calculation of
hin Eq. 14 and 16. The CHTC for natural convection coefficient was estimated as Eq. 17 and 18
(Walton 1981; Xiao 2000). For the top bridge surface, Eq. 17 was used when the heat flow is
upward (the surface temperature is higher than the air temperature), and Eq. 18 was used when the
heat flow is down (the surface temperature is lower than the air temperature). For the bottom surface,
conversely, Eq. 17 is for the case that the heat flow is downward, and Eq. 18 is for the case of

upward heat flow.

3.3.2.3 Precipitation (q"; +0";, + 9" qap)

The method of estimating the sensible heat and latent heat due to the precipitation
recommended by ASHRAE (2011) was used in this study. The maximum depth of liquid water
that accumulates on the bridge was assumed as 0.76 mm, which is the average depth of mean texture
profile of the concrete pavements in 13 states as reported by Hall et al. (2009). Therefore, the
maximal residual liquid water on the bridge surface for evaporation after snowfall and rainfall was
set to 0.76 mm. For the heated bridge deck, the snow accumulation was neglected. The sensible

heat flux due to falling rain (qg" ;) was computed using Eq. 19, and latent heat flux due to snow

melting (9", ) was calculated using Eq. 20.

The snow melting model in ASHRAE (2011) referred to as “ASHRAE model” was used
in the simulation and compared with the present “Improved model” without the vehicle effects.
The model proposed in ASHRAE (2011) considered only snow periods neglecting the effects of
solar radiation. However, the ASHRAE model used in this paper does account for the effects of
solar radiation to make it more applicable for the whole year's simulation. In other words, the
difference between the ASHRAE model and the present improved model are the contributions of

longwave radiation and natural convection as described earlier in this paper.
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3.3.3 Vehicle Boundaries

As shown in Figure 3.1b, the vehicle effects include convective heat flux (g"

conv_t )
combining natural wind and vehicle-induced wind, longwave radiation from vehicle bottom (", ),

and corrected longwave and shortwave radiation (" and g" ) blocked by the vehicles.

clw_t csw_t

Tire frictional heat was neglected in the model.
3.3.3.1 Vehicle-induced Wind

The vehicle-induced wind speed (VIWS) was calculated following the method proposed
by Fujimoto et al. (2008). Figure 3.2 describes the VIWS when a vehicle passing a point (point O
in the figure). The VIWS increases linearly to a peak speed at time of tyma, and decrease
exponentially after the peak velocity until time of tyw. The tyiw is the lifetime of vehicle-induced

wind which alters the convection boundary of the bridge deck surface. During the passing time (tp)

of the vehicle, both the sensible heat (g ) and longwave radiation (q", ) induced by the

conv_t
vehicle will influence the temperature of the bridge deck top surface. In the post-passing time (typ),

only the sensible heat (g" ) is affected by the vehicle. The equations proposed by Fujimoto et

conv_t

al. (2008, 2012) was used to calculate tymax, tviw, and toy.

Fujimoto et al. (2008, 2012) presented the relationship of vehicle speed ( |V,

\

) and induced

wind speed under calm conditions, however, the model does not combine the effects of the natural
wind in various direction and vehicle-induced wind. Therefore, the concept of the effective wind
velocity was introduced, which uses the concept of the effective pollutant advection velocity
proposed by Rao et al. (2002). The effective pollutant advection velocity components can be
calculated by adding the natural wind velocity and the total wake velocity deficit components

induced by vehicle in x and y directions of the horizontal plane. The wake velocity deficit is a

function of the relative velocity (\7rd ) of the vehicle and natural wind in the driving direction which
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was studied by many researchers using turbulent dispersion modeling to estimate the carbon
monoxide concentration in the vehicle wake of the highways (Eskridge and Hunt 1979; Eskridge
and Thompson 1982; Hider et al. 1997). For the heat transfer of the bridge, the related region only
includes the turbulent wake of the vehicle close or above the traffic lane. The wake region in the
pollutant dispersion models is much larger than the road or pavement area. Therefore, the concept

considering the wind direction in the pollutant dispersion model was combined with the vehicle-

induced wind model proposed by Fujimoto et al (2008, 2012). The relative velocity (\7rd) of the
vehicle and natural wind in the driving direction calculated using Eq. 21 will be used to obtain the

VIWS in the driving direction which is different from the model proposed by Fujimoto et al (2008).

Figure 3.2 Vehicle-induced wind (after Fujimoto et al., 2008)

The following assumptions were made to simplify the model with vehicle-induced effects:
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e The VIWS is integrated and equalized to uniform VIWS (\m) in the period of tviw as
represented by the dotted line in Figure 3.2.

e All the vehicle are the automobiles with a normal size (length of vehicles, L,=4.7 m)

o The effect of traffic from other lanes is neglected, and the traffic flow rate is uniform per

unit time (one hour).

e The average temperature at the vehicle bottom (Tu) is assumed as 26.2 <C higher than the

air temperature (T,, =T, + 26.2) based on recommendation of Fujimoto et al. (2008).

v

eviw

Once the

by one vehicle is computed, the hourly traffic volume (vehicle/hr) is used

to calculate the hourly average vehicle-induced wind speed (|V,i|) using Eq. 22. The VIWS is

Viw

combined with the natural wind velocity using Eq. 23 to obtain the effective wind velocity \E

v

shown in Figure 3.3. In addition, was replaced by \E to calculate Reynolds number in Eq.

nw

16.

Figure 3.3 Natural wind and vehicle-induced wind
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3.3.3.2 Vehicle-induced radiation effect

The temperature of the vehicle undercarriage is 4 to 44 <C higher than the ambient air
depending the part position of vehicle and the running time (Ishikawa et al.1999; Fujimoto et al.,

2008). The temperature of the bottom of the vehicle (Ty,) was assumed as 26.2 <C higher than the

air temperature as discussed in the previous section. The vehicle-induced infrared radiation (q",)

is given by Eq. 24, where &, is emissivity of the vehicle bottom (0.95), and OV is the occupancy
of vehicle (i.e. percent of time for a point on the road to be occupied by vehicles) evaluated by Eq.
25. 'V, is vehicle speed which was assumed as 17.9 m/s in the model. Considering the pavement

screened by running vehicles, the incoming shortwave and longwave radiations were corrected by

Eg. 26 and Eq. 27.

3.4 MODEL VALIDATION

3.4.1 Description of the Bridge

The Jamestown Verrazzano Bridge spans West Passage of Narragansett Bay and links
North Kingstown and Jamestown, Rhode Island. The bridge with a width of 22.5 m has four travel
lanes separated by a concrete Jersey barrier. The total length of the bridge is 2,240 m with a main
center span of 183 m and two side spans of 83 m. The bridge is a double-cell, post tensioned
concrete box Girder Bridge. The thicknesses of the top slab and the bottom slab are 0.3 m and 0.2
m separately in main span closure segment. Tsiatas et al. (2002) monitored the strain and
temperature of the bridge between 9/17/1997 and 9/23/1998 (approximately one year) in a research
report of Rhode Island Department of Transportation. The temperatures of the bridge top slab were

monitored at depth increments of 50.8 mm (i.e., 50.8, 101.6, 152.4, and 203.2 mm). Temperatures
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of the bottom slab were measured at depth 25.4, 50.8, 101.6, 152.4, 177.6 mm from the bottom

surface.

The monitored data summarized by Tsiatas et al. (2002) was compared with the computed
results. Tsiatas et al. (2002) presented data over a period of ten days for different weather conditions
during the monitoring period for five periods in separate figures. The weather conditions of these
10 days are described in Table 3.2. Both the whole year's data and 10 days data were used for the

validation of the model.

Table 3.2 Weather conditions of 10 specific days

Time Weather Condition

12 pm, 1/13/98 - 12 pm, 1/15/98 Cloudy-rain-clear-cloudy

12 pm, 1/25/98 - 12 pm, 1/27/98 Cloudy (just after snow)-clear-cloudy-clear
12 pm, 5/21/98 - 12 pm, 5/23/98 Clear-cloudy-clear-cloudy-clear

12 pm, 7/21/98 - 11 am, 7/23/98 Clear-light rain-haze-clear

12 pm, 9/5/98 - 12 pm, 9/7/98 Clear-haze-light rain

3.4.2 Finite Element Model
A cross-section of the bridge slab was modeled using a two-dimensional model in ANSY'S
to simulate the heat transfer of the bridge (ANSYS, Inc., 2014). PLANE55 2-D thermal solid four-

node rectangular element was used with heat flux of solar radiation (q",, ,), infrared radiation

(q"Iw_t)’ sensible and latent heat fluxes of precipitation (g, d",, and g",,.,) applied on the

evap

top surface nodes. However, as shown in Figure 3.1, the bridge surface transfers heat through both

heat flux and convection boundaries which can override each other on the surface nodes. To model
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the heat convection, the SURF151 element was used at the bridge-air interface on which the
convection between ambient air and concrete was applied. Because of the complicated boundaries
at the bridge surface, the finite element mesh of the model was refined near the bridge slab surface

resulting in approximately 0.05 m x 0.05 m elements to yield accurate results (see Figure 3.4).

Air in the
box girder

Figure 3.4 Finite element mesh for half of the bridge cross section for the Jamestown
Verrazzano Bridge

3.4.3 Material Properties

The thermal properties of concrete and air used in the model are summarized in Table 3.3.
Thermal and physical properties of materials. Since the heat transfer of the bridge slab was modeled
for a full year, the thermal properties of air at average temperature of 10 <C were used based on the

properties reported by Bergman et al. (2011) and were used in the model.

Table 3.3. Thermal and physical properties of materials

Kinematic Thermal
Temperat | Density SHpEg;If(I:C CO%Z%;T/?:}/ K V'SC\(I)S'ty’ Diffusivity, pr
ure(T) | KaMF | qangi) | =02 (wikm?) | »a0° a
(m?/s) (>10°° m?/s)
Air 10 1.241 1.007 2.494 14.39 20.26 0'570
Rg'”force‘j 10 2500 0.907 198 NA NA NA
oncrete
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3.4.4 Input Weather Data

The input weather data were downloaded from Weather Underground (2013) except the
cloud cover and solar radiation, which were available at the National Solar Radiation Database
(NSRDB, 2012). In order to evaluate the difference between the input weather data and local
weather at the Jamestown Verrazzano Bridge, the weather data from two local weather stations
were compared. One is a weather station in Newport, Rl which is around 8 miles from the bridge.
The other one is in Wickford of North Kingstown, Rl which is 4 miles from the bridge. The bridge
is located between those two weather stations. The recent weather data from of Wickford weather
station can be retrieved, but the weather data during the whole simulation period is not available.
Therefore, the weather data from Newport were used in the simulation. The weather data difference
between those two weather stations are: (1) air temperature and dew point are less than 2 <C; (2)
humidity differences are less than 10%; and (3) wind speed differences are less than 25%. Therefore,
the input weather data may have ~1 <C air temperature, less than 5% humidity, and less than 15%
wind speed differences between the local weather of the bridge and the input weather data. The
sensitivity analysis of wind speed was conducted that 15% wind speed difference can lead to

~0.5 <C temperature difference of the bridge deck.

The wind speed obtained from weather station is measured at 10 m above ground surface,
therefore, the wind speed at the bridge surface was corrected using the Eq. 28 (Petersen et al. 1998a
and 1998b) because the bridge is at elevation of 53.3 m above the sea level. Assuming the wind
speed at sea level below the bridge is the same as that at the ground surface of the weather station.

The input wind speed is obtained as 1.3 times of the local weather station after the correction.

In the validation case, since the Jamestown Verrazzano Bridge is separated by the Jersey
barriers, the characteristic length of the top slab is 11.4 m which is half of the top slab width. The
characteristic length for the bottom surface is the width of the bottom slab 12 m. The character

length for the free convection can be obtained using the ratio of deck surface area and perimeter
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considering the Jersey barriers. During the period of simulation of Jamestown Verrazzano Bridge,
the maximum snow precipitation at the site was 2 mm/hour (0.08 in./hour) and the deicing salt was
usually used during the snowfall, therefore, the snow accumulation effect on heat transfer was

neglected in the validation analysis.

3.4.5 Results and Discussion

Validation of Models

The temperature of the Jamestown Verrazzano Bridge was calculated using both
the ASHRAE model and the Improved model. Figure 3.5 shows the comparison between the
measured and calculated temperatures at 51 mm below the top surface of the bridge slab (point P1)
and 51 mm from the bottom of the bridge (point P2). These results show that the Improved model
yields a good estimation of the bridge temperatures especially during the winter time. Results
calculated using the ASHRAE model and the Improved model are shown in Figure 3.6 and
compared to the measured temperature for ten days. Figure 3.6a shows the comparison at location
P1; with the improved model has a root mean square deviation (RMSD) of 1.6 <C compared to
2.6 <C for the ASHRAE model. The predicted temperatures at bottom of the bridge for the two
models are almost the same; thus, only the results from the improved model are shown in Figure
3.6 which have the root-mean-square deviation (RMSD) of 1.8 <C. Although, a one
degree Celcius difference looks like a minor improvement in the model, however, this temperature
difference could result in considerable thermal stresses if the thermal deformation of the bridge
components is restrained in the longitudinal direction (Zhou and Yi 2013). Additionally, a one
degree Celcius difference temperature can affect phase change of the water on the bridge surface
when the temperature of the bridge is close to the freezing point of the water. Thus, it is better to
consider the recommendations made in the present improved model that include the effect of

longwave radiation and natural convection to predict the bridge temperature.
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Figure 3.5 Comparison of the measured data and computed results from the ASHRAE
model and improved model in whole year period (a): top slab, (b): bottom slab.

41

www.manaraa.com



50

40 - LY
fanl A3
é;)/ V o, C;;wo&
S 30 o
2 8o
o
3] \
£
s 20
|_
el
2
810
>
o
<
@)
0 B
o ASHRAE model, RMSD=2.6
v Improved model, RMSD=1.6
-10 . . . . :
-10 0 10 20 30 40 50
Measured Temperature (°C)
(@)
50
O 401
Q,
g
3 30
8
]
o
E 20
()
|_
32
T 10 -
3
o
]
O 0+
v Improved model, RMSD=1.8
'10 T T T T T
-10 0 10 20 30 40 50

Measured Temperature (°C)

(b)

Figure 3.6 Comparison of the measured data and computed results from the ASHRAE
model and improved model in 10 days (a): top slab, (b): bottom slab.
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Discussion for the Convection

Figure 3.5 and Figure 3.6 indicate that the calculated results match the measured results
very well during the winter time, however, the deviation of temperatures during the summer time
is over 3 C. Some of the deviations may be due to differences of the weather between the location
of the bridge and the weather station. Another reason may be that the model underestimates the
convective heat transfer coefficient (CHTC) at the lower wind speeds that reduce the convective
heat flux contribution in the heat transfer of the bridge based on Eq. 14. Figure 3.7 shows the
relation between CHTC and wind speed with different models. Qin and Hiller (2013) investigated
the influences of wind speed and CHTC on the pavement temperature prediction. The calculated
results from different models for CHTC are compared with one day's measured pavement
temperature. Based on the comparisons of Qin and Hiller (2013), the CHTC from Priestley and
Thurston (1979) and Bentz (2000) would be overestimated, while the modified Blasius model (Qin
and Hiller, 2013) and the model proposed by Sharples and Charlesworth (1993) have a better match
with other models. The CHTC obtained from the Eq.14 to 16 (ASHRAE, 2011) is also plotted in
Figure 3.7, which increases almost linearly with wind speed. However, the CHTC is smaller than
that of other models when the wind speed is lower than 8 m/s and may be underestimated by the

equations that were used in the simulation.

The effect of underestimation for CHTC on temperature prediction will be significant when
the temperature difference between the air and bridge deck surface is large based on Eq. 12. As
shown in the Figure 3.8, the solar radiation and deck-air temperature differences (T+Ta) show the
similar seasonal variations. The daily average solar radiation during summer time (from June to
August) is over twice of the winter time (from December to February). Meanwhile, the temperature
of bridge deck surface is higher than surrounding air temperature in most of the summer time, if
CHTC is underestimated in the model, the thermal energy stored in the bridge deck is unable to be

transferred to the air through the convection which leads to larger predicted temperature of the
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bridge deck. Additionally, the wind speed may influence the pavement surface temperature
predication in a more pronounced manner if the solar radiation is higher (Qin and Hiller, 2013). As
shown in Figure 3.8, the daily average wind speed measured by the weather station during the
summer and winter time are 3.4 and 4.4 m/s, respectively, and the instantaneous wind speed is less
than 8 m/s during most of the summer time. For this wind speed range, the CHTC may be
underestimated using the method in ASHRAE (2011) shown in Figure 3.7. Therefore, the variation
of CHTC has a significant influence on convective heat flux during the summer time based on Eq.
12. In other words, if the CHTC is underestimated the predicted deck surface temperature could
be larger than the measured data during summer as shown in Figure 3.5. This may be one of the
main reasons that the improved model produces the predicted temperature with larger deviation
during summer. However, of interest here is that the model produces very good results during the

winter time.

80
———— Priestley and Thurston (1979)
Sharples and Charlesworth (1998)
Bentz (2000)
60 4 — — — Modified Blasius (Qin and Hiller,2013)

— — —  ASHRAE (2011)
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N
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\
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Figure 3.7 Comparisons of CHTC of different models
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Figure 3.8 Wind speed, solar radiation, and temperature difference between the air and
predicted deck surface temperature

3.5 VEHICLE EFFECTS

After validating the 2D improved model for heat transfer analysis, the analysis was
extended to evaluate vehicle effects on the bridge temperature. As discussed above, the vehicle
effects considered in the model includes the convective heat due to air flow induced by the passage
of the vehicle, longwave radiation from vehicle bottom, and longwave/shortwave radiation blocked

by the vehicles.

In order to investigate the effects of different traffic flow rates on the energy balance of the
bridge, both the low and high traffic rates were simulated with the same local weather conditions
of Jamestown Verrazzano Bridge. The average daily traffic (ADT) of the Jamestown Verrazzano
Bridge is 30,000 vehicle/day with truck traffic accounting for 10% in 2008 (City-Data 2016). City-
Data (2016) also estimated that the ADT would be 36,333 vehicle/day in 2030. Assuming the annul
traffic volume increases linearly, the ADT from September, 1997 to September, 1998 can be

estimated as 26,977 vehicle/day which is defined as low traffic rate condition. For the analysis, the
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traffic condition similar to the Brooklyn Bridge in 2010 was used an example of high traffic rate

input in the model.

The model also accounts for the commuting time effect. Laffont et al. (1999) presents six
typical daily traffic patterns for a weekday. The traffic volume between 10 pm to the 6 am is usually
less than 10% of the total daily traffic. The hourly traffic flow rate in the commuting hour is 1~2
times of the normal time. During the commuting time with heavy traffic flow, the vehicle speed is
much lower than the low traffic flow or free flow condition. The Highway Capacity Manual
(National Research Council, 2010) classifies the basic freeway speed-flow relationship as a model
with three zones: free flow, under-saturated flow with declining speed, and oversaturated flow
larger than 2000 passenger vehicles/hour/lane (pv/hr/In). The congestion is very common during
the commuting with heavy traffic such as the Brooklyn Bridge which can be considered as under-

saturated flow with declining speed. Therefore, the following assumptions were made:

e The traffic flow during the commuting time (6 to 9am and 4 to 7pm) is twice of the
normal traffic time (9am to 4pm and 7 to 10pm).

e The vehicle speed is 17.9 m/s when the traffic flow is low, and 8.9 m/s during the
commuting time with heavy traffic.

e There is no traffic in the period from 10 pm to 6 am.

The traffic flow rate and average vehicle speed are shown in the Figure 3.9 during the
heavy and light traffic conditions. During heavy traffic period (commuting time), the traffic flow
rate is 1800 pv/hr/In and 900 pv/hr/In in the period of normal traffic time. The total daily traffic is
198,000 vehicles/lane which is close to 206,000 vehicles/lane of Brooklyn Bridge (NYC DOT,
2010). The total daily traffic of Jamestown Verrazzano Bridge is 6,744 pv/hr/In (City-Data, 2016),
the traffic rate is 614 and 307 pv/hr/In during the commuting and normal traffic hours. The vehicle

speed is assumed to be 17.9 m/s (40 mph).
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Figure 3.9 Hourly traffic rate and vehicle speed at light and heavy traffic conditions

3.5.1 Results with Local/Light Traffic

Heat transfer of the bridge was conducted for the Jamestown Verrazano Bridge under light
traffic conditions. Measured and predicted temperatures at location P1 were compared in Figure
3.10. The RMSD for the temperature comparisons are 1.4 <C for base case compared to 1.6 <C of
RMSD for the improved model without vehicle effects. The results of the two models are nearly
the same. Though the results of the two models are not that different, it is more appropriate to
include the effects of vehicles in these calculations to present a more complete model. It is noted
that without including the features of the modified model and conducting a comparison as done
here, it would have been difficult to estimate the vehicle-induced effects which are now seen to be

small.

The predicted temperature differences of the bridge surface between the Improved model
with and without considering vehicle effects are compared in Figure 3.11 in polar coordinates. Tsy
is the bridge surface temperature obtained by the improved model that includes vehicle effects, and

Ts is the bridge surface temperature obtained by the improved model without vehicle effects and
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Figure 3.11 depicts the difference (Ts - Ts). The figure shows the traffic effects in 24 hours of a
day which presents that the vehicle plays a larger role in the heat transfer of the bridge when the
solar radiation is high during the day time between am and pm. The largest temperature differences
up to 3 <C of those two models mainly occur around the noon time. This is because the vehicle-
induced wind enhances the convection between the bridge deck and air in the vicinity. While 3 <C
may not be a large difference, it determines the bridge temperature being below or above the ice

point.
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Figure 3.10 Comparison of the measured data and computed temperature at
P1 (top slab) from the improved model with vehicle effects in 10 days

48

www.manaraa.com



x  Temperature differences (°C) vs. 24 hours a day

Figure 3.11 Bridge surface temperature differences (Ts - Ts) predicted by improved
model with and without vehicle effects in one year’s simulation.

3.5.2 Effects of Heavy Traffic

To estimate the effects of heavy traffic, after considering the local traffic conditions, heavy
traffic data similar to the Brooklyn Bridge was used as traffic input in the model coupled with the
weather data of Jamestown Verrazzano Bridge for the heat transfer analysis. Figure 3.12 represents
the results of the top surface temperature difference between the models with and without vehicle
effects. Figure 3.12a is the results of the analysis based on the light traffic condition, and Figure

12b is the results for the heavy traffic condition.

As shown Figure 3.12a, the predicted surface temperature differences between the models
with and without vehicle effects is less than 1 <C during most of the wintertime, however, the
temperature difference can be over 2 <T during the summer. The vehicle plays a more important
role during the summer time since the bridge deck receives more solar radiation which leads to a

higher temperature difference between the deck surface and ambient air (see Figure 3.8). With the
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same CHTC, the heat loss or gain on the bridge surface changes more significantly at larger

temperature difference between the deck surface and ambient air.

Surface temperature difference (°C)
Surface temperature difference (°C)

-6 T T T T T T -6 T T T T T T
10/1/1997 12/1/1997 2/1/1998 4/1/1998 6/1/1998 8/1/1998 10/1/1997 12/1/1997 2/1/1998 4/1/1998 6/1/1998 8/1/1998

Time Time
(a) Light Traffic (b) Heavy Traffic

Figure 3.12 Surface temperature differences (Ts - Ts) between models with and without
vehicle effects

Vehicles can warm up or cool down the bridge surface depending on the weather conditions.
Figure 3.12b shows the predicted surface temperature differences between the models with and
without vehicle effects with heavy (similar to the Brooklyn Bridge) traffic. During the wintertime,
the traffic mainly warms up the bridge by 0 to 4 <C. The temperature differences have a larger

variation amplitude of -5 to 5<C during the summertime.

Separate simulations were conducted for two specific days with different weather
conditions in January, 1998. The air temperature at 12 am of each day was set as the initial
temperature of the whole cross section of the bridge. Figure 3.13 is the results of the bridge surface
temperature in the following two days. Figure 3.13a is the bridge surface temperature of different
traffic conditions on a clear day, and Figure 3.13b are the results for a day with precipitation. With

the comparison of the results in those two days, the bridge surface can be around 1.5 T warmer in
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heavy traffic conditions than that for light traffic during the commuting time and these results are
similar those of Chapman (2005). Thus heavier traffic could lead to more significant effects under
different weather conditions (see Figure 3.12). Under lighter traffic conditions, (shown in Figure

3.13) surface temperature differences with and without traffic are small for the analyzed weather

conditions.
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Figure 3.13 Surface temperature of two days under different weather condition.

The heat fluxes at two times in the day are presented in Figure 3.14 based on the simulations
discussed in Figure 3.13 for two days with different weather conditions. In early afternoon (~ 1pm),

the heat fluxes due to the natural factors (e.g., g" and q"Iw_t) are changed by less

comv_t* Aew_t7
than 30 W/m? by the vehicle effects (see Figure 3.14). However, when it is snowing during the
morning commute (~ 7am), heavy traffic makes much more of a difference in the total heat fluxes
(see Figure 3.14b). The heat flux of infrared radiation received from vehicle could reach 100 W/m?

at heavy traffic condition. At the same time, the heat loss through longwave radiation also increases

around 60 W/mZ.
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Figure 3.14 The hourly average heat flux of each component

3.6 SUMMARY AND CONCLUSIONS

The development of heat transfer models to predict bridge deck surface temperature and
heat flux has been described considering both natural and artificial factors. The model proposed by
2011 ASHRAE Handbook is modified by replacing the longwave radiation formula by Brock and
Arnold (2000) and Brown (1998) and adding the effects of solar radiation and natural convection.
The effective emissivity of the atmosphere was used in the longwave radiation model considering
the cloud cover effect. The improved model with the effects of natural factors represents the heat
transfer mechanism of the bridge well and was validated by the comparison of one year's measured
results. The comparisons indicate that the used model may underestimate the convective heat
transfer coefficient (CHTC) yet produces very good results during the winter time, which is the
focus of this paper.

The wind speed influences the bridge deck temperature predication in a more pronounced
manner during the noon time of a day and during summer when the solar radiation is higher,
because the increase of available solar radiation magnifies the differences between ambient air

temperature and the deck surface temperature.
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After the validation of improved model with natural factors for heat transfer simulation of
the bridge, the analysis was modified to include vehicle effects. The effective wind velocity was
used in the model to investigate the vehicle-induced sensible heat on the bridge surface. The
predicted temperature of the bridge with vehicle effects has a lower root-mean-square deviation
comparing to the measured data.

When the bridge has light traffic rate, the predicted surface temperature differences
between the models with and without vehicle effects is approximately 1 <C during most of the
winter time. The vehicle movement can cool down the bridge surface. Under the heavy traffic
condition, the bridge surface is mostly warmed up by the vehicular traffic during the winter time
thus providing an advantage. The cooling down approximately 1 <C of the bridge deck due to
vehicular traffic could be used as a recommendation for the design of bridge decks during snowfall

periods.
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4. INVESTIGATION OF EFFECTS OF TEMPERATURE CYCLES ON
SOIL-CONCRETE INTERFACE BEHAVIOR USING DIRECT SHEAR
TESTSINTRODUCTION

Thermo-active geo-structures (e.g., energy piles) provide sustainable energy alternative for
heating and cooling of buildings and bridge deicing. Energy piles transfer structural loads and
exchange heat with surrounding soils using closed-loop ground source heat pump (GSHP) systems
(Brandl 2006; Laloui et al. 2006; Xiao 2013). However, the GSHP operates in cycles where it
functions for a period of time (running time) then stops for another period of time (stoppage time).
The operation (running and stoppage) periods of the GSHP range from 30 minutes to 24 hours
(Wood 2009; Montagud et al. 2011; Luo et al. 2015). For energy piles, the temperature at the soil-
concrete interface vary between 1<C to 33<C (Brandl 2006; Hamada et al. 2007; Wood et al. 2009;
Abdelaziz et al. 2011; Shang et al. 2011; Rouissi et al. 2012; and Akrouch et al. 2013), and could
be higher than 40 <C for cooling dominated environment or when energy piles function as solar
energy storage sinks (Gabrielsson et al. 2000). The intermittent operation of the GSHP system
subjects the piles to expansion and contraction and soils to temperature change and cycles, which
affect soil properties (e.g. volume, pore pressure, shear strength) and shaft resistance of the pile.
Triaxial and oedometer tests have been developed by different researchers to investigate the
behaviors of soil subjected to temperature changes (e.g., Laguros 1969; Noble and Demirel 1969;
Houston et al. 1985; Kuntiwattanakul et al. 1995; Cekerevac and Laloui 2004); however, limited
investigations have been focusing on evaluating the effects of temperature cycles.

In this paper, the results obtained from the modified direct shear tests (Modified DSTSs)
were presented to explore the effects of temperature cycles on soil-concrete interface properties.
In the Modified DST, two concrete plates with different roughness were used to simulate the pile
surface with temperature change and cycles. From the tests, the relationship between shear
resistance and vertical displacement (t-z curves) can be directly measured at different temperature

cycles.
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4.1 BACKGROUND

4.1.1 Temperature Effects on Volume Change and Shear Strength of Soils

Temperature effects on soil properties depend on thermal history, stress history, and
hydraulic conductivity of the soil (Graham et al 2001; Burghignoli et al. 2000; Hueckel et al. 2009).
Temperature changes induce volumetric strain (volume change) in normally consolidated and
overconsolidated saturated soils (Campanella and Mitchell 1968; Demars and Charles 1982;
Uchaipichat and Khalili 2009; Tawati 2010). Normally consolidated and slightly overconsolidated
saturated clays contract when subjected to drained heating and experience significant irreversible
(plastic) volumetric strain when returning to the initial temperature leading to an increased shear
strength. When subjected to undrained heating, expansion and thermally-induced excess pore water
pressure lead to a reduction in shear strength (Campanella and Mitchell 1968; Mitchell and Soga
2005). Highly overconsolidated clays subjected to drained heating; however, experience
irreversible volumetric expansion with the volumetric strain decreasing with overconsolidation
ratio (OCR) (Plum and Esrig 1969; Sultan et al. 2002). If heated beyond a threshold temperature,
clays may contract (Hueckel and Baldi 1990; Cekerevac and Laloui 2004). Cekerevac and Laloui
(2004) and Abuel-Naga, et al. (2007) reported an increase of shear strength for overconsolidated
soils when subjected to drained heating. For unsaturated soils, Uchaipichat and Khalili (2009)
observed responses similar to those described above for normally and overconsolidated saturated
soils. It is worth noting; however, that the critical state shear envelope is independent of
temperature change for both saturated and unsaturated soils (Cekerevac and Laloui 2004;
Uchaipichat and Khalili 2009; Alsherif and McCartney 2016). When subjected to cyclic heating
and cooling, soils experience an accumulated permanent volumetric contraction regardless of stress
history due to thermal creep (Campanella and Mitchell 1968; Burghignoli et al. 1992; Vega and

McCartney 2015).
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For the consolidation behavior, temperature change has minor effect on the compression
index of saturated soils (Campanella and Mitchell 1968; Eriksson 1989; Graham et al. 2001) and
unsaturated soils (Saix et al. 2000; Uchaipichat and Khalili 2009) which was summarized by
Alsherif and McCartney (2016). The preconsolidation pressure increases with decreasing
temperature (Eriksson 1989; Tidfors and Sallfors 1989; Uchaipichat and Khalili 2009). The
secondary consolidation of soil subjected to temperature change has been investigated by several
researchers (Campanella and Mitchell 1968; Plum and 1969; Fox and Edil 1996). Acceleration of
the second consolidation due to heating was observed by Plum and Esrig (1969) and Fox and Edil
(1996) which could be due to the rearrangement of soil particles (Tsutsumi and Tanaka 2012).
Cooling has slight effect on the secondary consolidation rate (Fox and Edil 1996; Burghignoli

2000).

4.1.2 Temperature Effects on Water Migration in Soils

Water migration could be induced due to pore pressure gradient and/or due to temperature
gradient. In pores of unsaturated soil, water vapor migrates from higher temperature to lower
temperature leading to a reduction of suction at areas of lower temperature and increases at higher
temperature. This difference drives the liquid water to migrate from lower temperature to higher
temperature. Therefore, water vapor and liquid water could migrate in reverse directions and may
theoretically become balanced when equilibrium is reached (Cary 1966; Sakai et al. 2009; Wang
and Su 2010). However, temperature gradient is dominant and initial driving force for the moisture
migration when the soil is subjected to temperature change. Experimental investigation on effects
of temperature gradient on water content has been performed by several researchers (e.g., Romero
et al. 2001; Villar and Lloret 2004; Tang and Cui 2005; Gao and Shao 2015) who concluded that
moisture content decreases with temperature at constant suction, while suction decrease with

temperature at constant moisture content, which could be attributed to the reduction of surface
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tension of water and thermal-induced changes in the contact angle at the water-soil particle

interface (Bachmann and van der Ploeg 2002; Tang and Cui 2005).

4.1.3 Temperature Effects on Soil-structure Interface

The effects of temperature changes (no temperature cycles) on soil-structure interface
properties were investigated by several researchers including Xiao et al. (2014 and 2017b); Murphy
and McCartney (2014); Xiao and Suleiman (2015); Di Donna et al. (2015); and Yavari et al. (2016).
Xiao and Suleiman (2015) and Xiao et al. (2017b) conducted modified-thermal borehole shear tests
for the soil-concrete interface, which combined the effects of radial displacement (due to expansion
and contraction of the pile) and temperature change. Preliminary results by Suleiman and Xiao
(2015) showed an increase of the shear strength with heating and radial expansion, and significant
reduction after the cooling and contraction; however, the effects of temperature cycles were not
evaluated. The thermal-borehole shear tests performed in clay and silty sand soils by Murphy and
McCartney (2014), which is capable of evaluating the effects of temperature changes only, showed
that heating and cooling have negligible effects (< 2%) on the normalized shear stress vs.
displacement relationships (t-z curves) of the interface. Xiao et al. (2014), Di Donna et al. (2015),
and Yavari et al. (2016) performed direct shear tests to explore the temperature effects on soil-
concrete interface properties. For saturated clay-concrete interface, the work of Di Donna et al.
(2015) showed an increasing shear strength at soil-concrete interface subjected to heating which
may be attributed to thermal consolidation. Yavari et al. (2016) showed that the temperature effects
on the friction angle and adhesion are minor for clay/sand-concrete interface. The results of Xiao
et al. (2014) showed a slight decrease of the adhesion of the soil-concrete interface when subjected
to cooling, and negligible effects on the friction angle for unsaturated soil condition.

Although, the effects of monotonic temperature change (half or one temperature cycle) on
the soil-concrete interface properties were investigated in the aforementioned shearing tests, the

effects of temperature cycles on the soil-structure interface behavior has very limited data available
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in the literatures. In this paper, a modified direct shear test (Modified-DST) device was utilized to

evaluate the effects of temperature change and cycles on soil-concrete interface properties.

4.2 TESTING APPARATUS

To evaluate the thermal-mechanical responses of soil-concrete interface subjected to
temperature change and cycles, a convectional direct shear device was modified (Figure 4.1). The
lower shear box was replaced by a concrete plate with embedded aluminum tubes of 6.4 mm outer
diameter to allow for heating and cooling the surface of the concrete (Figure 4.1 and Figure 4.2).
The top shear box incorporates a soil specimen with thickness of 13 mm and diameter of 64 mm.
Linear variable differential transformers (LVDTSs) were used to measure the horizontal deformation
of the interface and vertical deformation of the soil sample. Shear force at interface was measured
by a load cell.

The dimension of the concrete plate was 127 mm (length) by 102 mm (width) by 21 mm
(thickness). Two smooth steel plates with dimension of 102 mm by 16 mm by 1.5 mm were
embedded on the sides of the top surface of the concrete plate to minimize friction between the
adjustment screws of the top shear box and the concrete plate (Figure 4.1 and Figure 4.2).

Two concrete plates were fabricated; one with a smooth surface and one with rough surface.
To make the smooth surface, a glass plate was placed on the top of the cement mortar. For the
rough surface, Ottawa 50-70 sand was scattered on the surface of the concrete during casting to
create a rougher surface. The two plates are shown in Figure 4.2c and Figure 4.2d.

Aluminum tubes embedded in the concrete plate were connected to two heat pumps to
control the cooling and heating that simulate the intermittent field operation of energy pile heat
pump systems. Thermocouples (No. 1to 7 in Figure 4.2) were placed at the soil-concrete interface
as well as in the soil to measure the temperature change. Temperature sensor No. 1 is located at

the center of the soil-concrete interface, and sensors No. 2-5 were placed at the edge of the interface.
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Temperature sensor No. 6 and No. 7 measured the temperature in the middle and at top of the soil

specimen, respectively (Figure 4.2a and Figure 4.2b).

Concrete plate

Thermocouple

Figure 4.2 Layouts of the heating/cooling tubes in the concrete plate and thermocouples at
soil-concrete interface: (a) profile of top shear box and concrete plate; (b) concrete plate
with heat pumps; (c) concrete plate with smooth surface; (d) concrete plate with rough
surface

59

www.manaraa.com



4.3 MATERIALS AND PREPARATION

The soil obtained from a construction site in the Lehigh Valley, Pennsylvania was sieved
through sieve No. 10 to use in the Modified-DSTs. Using the Unified Soil Classification System
(USCYS), the soil was classified as sandy silty clay (CL-ML) with 17.9% sand, 55.6% silt, and 26.4%
clay. The liquid and plastic limits of the soil were 28% and 22%, respectively. The solid specific
gravity was 2.67. Standard Proctor tests were performed and the maximum dry unit weight and
optimum moisture content were 17.4 KN/m3 and 14%, respectively.

To prepare the soil samples, oven dried soil was mixed with distilled water to produce the
moisture content of 18.9%. To allow moisture equalization throughout the mass, the soil was sealed
in a container with a standing time of 24 hours according to ASTM D3080. The soil was compacted
in two layers to achieve a target dry unit weight of 13.7 kN/m3. The average soil moisture content
after the consolidation stage (12 hours) was ~18.5%. To avoid or minimize water being absorb by
concrete plates, the concrete plates were placed in the water for more than 24 hours. The visible
water at the concrete surface was dried using cloth prior to placing the soil on top of the concrete

plate.

4.4 TEST PROCEDURES

Test consists of three stages, consolidation, temperature change and cycles, and shearing.
After the soil was compacted to the target dry unit weight (13.7 kN/m3), preloading of 6.9 kPa was
applied on the soil sample. A 0.6 mm gap between the top shear box and concrete plates was
generated by adjusting the screws. The target normal stress was applied after 15 minutes of
preloading to start the consolidation stage. The duration of the consolidation was 12 hours. The
Modified-DSTs were performed under normal stresses of 27.6, 41.4, and 100 kPa.

After the consolidation stage, two heat pumps were utilized for heating and cooling of the

concrete plate. The Modified-DSTs were conducted in a lab that has a room temperature of
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approximately 22.5 <C. The duration of one temperature cycle was 60 minutes. Figure 4.3 shows
the average temperature at soil-concrete interface of tests with 10.5 cooling and heating cycles.
The average temperature amplitudes at the interface were 20 <C and 18 <C for heating and cooling
cycles, respectively. In the heating cycles, the temperature at the soil-concrete interface were
heated from the initial room temperature to the target temperature of 42.5 <C. Once the target
temperature of soil-concrete interface was achieved with 30 minutes (i.e., reaching 0.5 heating
cycle or TC = +0.5 as shown in Figure 4.3a), the heat pump stopped functioning, and the other heat
pump started to cool the plates down to room temperature with another 30 minutes (i.e. reaching 1
heating cycle or TC = +1.0). For the tests with cooling cycles, the temperature at the soil-concrete
interface was cooled from the initial room temperature to the target temperature of 4.5 <. The
temperature was decreased by 18 <C instead of 20 <C to avoid the potential freezing at the interface.
Once the target temperature of soil-concrete interface was achieved with 30 minutes (i.e., reaching
0.5 cooling cycle, TC = -0.5), the heat pump stopped functioning, and the other heat pump started
to warm up the plates back to room temperature with another 30 minutes (i.e. 1 cooling cycle, TC

=-1.0). The heating or cooling were repeated to apply temperature cycles.
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Figure 4.3 Average temperature at soil-concrete interface during heating and cooling cycles
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After applying the target temperature cycles, the soil-concrete interface was sheared at a
shearing rate of 3mm/min. After finishing the shearing stage, the moisture contents at top and
bottom (soil-concrete interface) of the soil were measured by collecting two soil samples from each

position.

4.5 RESULTS AND DISCUSSION

4.5.1 Smooth Interface Analysis

Figure 4.4a-f show the shear stress ratio (shear stress/normal stress) — horizontal
displacement curves as well as vertical deformation — horizontal displacement curves for smooth
interface at different temperature cycles. The shear stress ratio curve of the test with no temperature
cycle is the reference line. The effects of temperature cycles on shear strength of smooth interface
is negligible at lower normal stresses (< 41.4 kPa), and the shear stress ratio changed less than 6%
(Figure 4.4a and 4.4c). At normal stress of 100 kPa, 0.5 heating and cooling cycle had no effect on
the shear strength, however, the shear strength increased by 12% and 20% after 10.5 cooling and
10.5 heating cycles, respectively (Figure 4.4e). Temperature change and cycles may affect the soil
properties as discussed in the background. However, the soil particle-interface interlocking at
smooth interface is small at lower normal stress, and the shear zone thickness is negligible, which
may induce pure interfacial sliding failure (Nam et al. 2006; DeJong and Westgate 2009), therefore,
the temperature effects on the soil may not pronounced in the shearing test of smooth interface at
low normal stress. The rearrangement or ratcheting of soil particles under cyclic loading may only
occurs at high stress (Pasten and Santamarina 2014) which may also explain that why the
temperature effects mainly happen at 100 kPa for the smooth interface.

As shown in Figure 4.4b, 4.4d, and 4.4f, the dilation at normal stresses of 41.4 and 100 kPa
was negligible during shearing which was less than 0.01 mm regardless temperature cycles. With

this sign convention, dilation is negative and contraction is positive. At normal stress of 27.4 kPa,
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slight dilation only presented after larger temperature cycles, which was 0.013 mm and 0.034 mm

after 10.5 cooling and 10.5 heating cycles separately.

4.5.2 Rough Interface Analysis

Figure 4.5a-f show the shear stress ratio — horizontal displacement as well as vertical
deformation — horizontal deformation curves for the rough interface at different temperature cycles.
Subjecting the interface to 0.5 heating cycle resulted in 6% to 11% reduction of the shear strength
when compared to the reference tests, which is consistent to the results of thermal borehole shear
tests performed by Murphy and McCartney (2014) and Xiao et al. (2017a). The reduction of the
shear strength may be attributed to the decreases of suction caused by differential expansion
between soil particles and water during undrained heating. The 0.5 cooling cycle caused minimal
increase (< 3%) of the interface shear strength which could be due to the increase of suction during
the undrained cooling. The interface shear strength increased by 10% to 12% after 10.5 cooling
cycles and increased by 14% to 23% after 10.5 heating cycles, which may be attributed to the
reduction of moisture contents (increase of suction) and the soil particle rearrangement during the
temperature cycles as discussed later in the paper. For rough interface, the interfacial sliding failure
plane is located in the soil adjacent to the concrete surface (Nam et al. 2006), the temperature effects
on the shear strength of soils may be represented more on the soil-concrete interface with high

roughness.
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Figure 4.4 Shear stress vs. displacement and volume change with smooth concrete surface
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Figure 4.5 Shear stress vs. displacement and volume change of rough concrete surface

The soil dilation at the interface subjected to no temperature cycle and 0.5 temperature

cycle was minor at rough interface (Figure 4.5-b, d, f). Dilation of 0.056 and 0.081 mm were

observed after 10.5 cooling and 10.5 heating cycles at normal stress of 27.6 kPa (Figure 4.5b),
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where the dilation occurred at beginning of shearing stage and then the soil sample contracted.
Dilation of 0.031 mm was observed after 10.5 heating cycles at normal stress of 41.4 kPa (Figure
4.5d). The dilation was less than 0.01 mm at the normal stress of 100 kPa regardless of temperature
cycles (Figure 4.5f). Therefore, the dilation is decreasing as the normal stress is increasing which
was also observed by DeJong and Westgate (2009). The dilation behavior was also consistent to
the results of Hossain and Yin (2013) showing that higher interface-dilation was observed at higher
suction (smaller moisture content) with lower normal stress. When compared the dilation of tests
with smooth and rough interfaces, the dilative behavior was more significant in the tests with rough
interface which is consistent to Pra-ai (2013).

Figure 4.6a shows the total stress failure envelopes of the smooth interface after different
temperature cycles. The failure envelop without temperature cycle is the reference line which has
fiction angle of 25<°and adhesion of 8.1 kPa. The results show that 0.5 temperature cycle had no
effect on the friction angle and adhesion. Subjecting to the interface to 10.5 cooling temperature
cycles, the frictional angle was 29<and adhesion is 5 kPa, and the frictional angle was 32<and
adhesion is 3.5 kPa after 10.5 cooling cycles.

Figure 4.6b shows failure envelopes of the rough interface subjected to different
temperature cycles. The reference line (no temperature cycles) has fiction angle of 28<and
adhesion of 8.3 kPa. 0.5 temperature cycles had minor effect on the friction angle (~ 1°change) of
the rough interface, which is consistent to temperature effect on the unsaturated soil (Alsherif and
McCartney 2016). However, for 10.5 temperature cycles (both heating and cooling), the friction
angle increased by 3 to 4 < The 0.5 temperature cycle and 10.5 cooling cycles had no effect on the
adhesion, while the adhesion increased by 2.8 kPa after 10.5 heating cycles. The effects of
temperature change on the adhesion of the soil-concrete interface was negligible in both smooth
and rough interfaces, however, the effect of larger temperature cycles on the adhesion of the soil-

concrete interface did not show a consistent trend.
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Figure 4.6 Failure envelopes for soil-concrete interface subjected to different temperature
cycles, (a) smooth interface; (b) rough interface

45.3 Vertical Deformation
Figure 4.7a illustrates the vertical deformation vs. time at constant normal stress during

consolidation stage and heating/cooling cycles. During the heating/cooling cycles, only the
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readings of vertical deformation when the interface temperature returned to room temperature were
plotted. The deformation rate of the soil specimen in one hour before temperature cycles were
around 0.001 mm/hour at normal stresses of 27.6, 41.4, and 100 kPa. Therefore, the primary
consolidation had been accomplished in the consolidation stage of 12 hours, and the heating and
cooling cycles were applied during the secondary consolidation stage. During the cooling cycles,
the average vertical deformation rate is 0.003, 0.003, 0.004 mm/hour at normal stress of 27.6, 41.4,
and 100 kPa, respectively. During the heating cycles, the average vertical deformation rate is 0.006,
0.007, 0.007 mm/hour at normal stress of 27.6, 41.4, and 100 kPa, respectively.

Based on the vertical deformation and moisture content changes of the soil specimens, the
voids ratios during the consolidation and after temperature cycles were calculated and presented in
Figure 4.7b. During the temperature cycles, only the voids ratio at 10 heating and 10 cooling cycles
were plotted, although the results of the moisture contents were from the tests with 10.5 temperature
cycles. In the calculation, the changing rate of soil moisture contents during the consolidation was
assumed to be constant, and the moisture content changes from 10 to 10.5 temperature cycles were
neglected. Asshown in Figure 4.7b, the initial voids ratio of the soil specimen was 0.91. The voids
ratio decreased by 0.03, 0.05, 0.22 after the primary consolidation stage at normal stress of 27.6,
41.4, and 100 kPa, respectively. At three different normal stresses, the void ratio changes were
almost the same after 10 temperature cycles, which decreased by 0.01 for cooling and decreased
by 0.04 for heating. Therefore, the effects of temperature cycles on the soil volume change is
independent of the stress level which is consistent to the triaxial tests performed by Demars and
Charles (1981) and to the consolidation test performed by Towhata et al. (1993). The irreversible
soil volume may be attributed to the decrease of the moisture content or increase of matric suction
(Uchaipichat and Khalili 2009), and soil particles arrangement during the temperature cycles (Ng

et al. 2016).
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Figure 4.7 Vertical deformation and voids ratio of the soil specimen during temperature
cycles at different normal stresses: (a) vertical deformation; (b) voids ratio

4.5.4 Moisture Contents after Temperature Cycles

Figure 4.8 shows the moisture contents at soil-concrete interface as well as the average

moisture contents of the soil specimens during the temperature cycles. For smooth interface, the
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moisture content at interface without temperature cycle was 18.5%, the moisture contents were
18.7%, 18.2%, 18.1%, and 16.7% after 0.5 cooling cycle, 10.5 cooling cycles, 0.5 heating cycle,
and 10.5 heating cycles, respectively (Figure 4.8a). For rough interface, the moisture content at
interface without temperature cycle was 18.6%, and the moisture contents were 18.7%, 18.2%,
17.8%, and 16.4% after 0.5 cooling cycle, 10.5 cooling cycles, 0.5 heating cycle, and 10.5 heating
cycles, respectively. The two concrete plates may have different porosity that held different water
content in the concrete, which could affect the moisture changes during the temperature cycles. In
the 10.5 cooling cycles, the moisture content was expected to be larger than the initial moisture
content. However, having a soil sample of 13 mm thick, limit water moves toward the interface
during cooling. The lower moisture content after 10.5 cooling cycles could be attributed to
evaporation to the surrounding air.

Figure 4.8b is the average moisture contents of the soil specimens which was calculated
using the moisture contents at the top and bottom (soil-concrete interface) of the specimens. The
largest moisture difference between the soil-concrete interface and soil is 0.26%, which occurred
in the test with 10.5 heating cycles for the rough interface. The moisture contents changed 1.75%
after 10.5 heating cycles which is ~4 times of the tests after 10.5 cooling cycles. It is interesting to
notice that the void ratio change during 10.5 heating cycles was also 4 times that of 10.5 cooling

cycles as shown in Figure 4.7b.

455 Effects of Moisture Contents

As shown in Figure 4.8, the moisture contents changed during the temperature cycles,
which could affect the shear behavior of the soil-concrete interface (Hossain and Yin (2013).
Furthermore, soil particles rearrangement caused by temperature cycles near the soil-concrete
interface may also affect the interface shear strength (Karademir 2011, and Ng et al. 2016).

To separate effects of the moisture content changes from other parameters (e.g., soil

particle rearrangement) caused by temperature cycles, tests at different moisture contents were
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performed (no temperature cycles) using both smooth and rough interfaces with the same
preparation procedure. The tests were conducted with normal stresses of 13.7, 27.6, 41.4, and 100
kPa. Figure 4.9 shows relationships between shear strength and normal stresses or the failure
envelopes of the smooth and rough interfaces at different moisture contents including the results of

the tests subjected to 10.5 temperature cycles.
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Figure 4.8 Moisture contents changes during temperature cycles: (a) moisture at interface;
(b) average moisture in the soil specimen
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For smooth interface, the tests were performed at moisture contents of 15.5%, 16.5%, and
18.3% separately as shown in Figure 4.9a. The results of the smooth interface were presented using
symbols in Figure 4.9a to show the difference between the results at lower normal stress (< 41.4
kPa) and at 100 kPa. The effects of moisture contents in a range of 15.5% to 18.3% on the interface
strength was negligible at lower normal stress (< 41.4 kPa); however, the strength increased as the
moisture decreased at normal stress of 100 kPa. For example, the shear strength of the smooth
interface increased by 21% when the moisture content decreased from 18.3% to 15.5% at normal
stress of 100 kPa.

For rough interface, the tests were performed at moisture contents of 15.7%, 16.6%, 18.0%,
and 18.6%, and the corresponding friction angles were 34< 33< 30< and 28<(Figure 4.9b). The
friction angle and shear strength increased with decreasing moisture contents. The shear strength
increased by 17% to 32% when the moisture content decreased from 18.6% to 15.7%. The moisture
effects on adhesion of the rough interface was negligible with moisture changes between 15.7%
and 18.6%.

During temperature cycles, both moisture contents and other factors (e.g. particle
rearrangement) may affect the soil-concrete interface behaviors. The strength of the interface
subjected to 10.5 heating cycles was almost same as the strength of the interface without
temperature cycle at the same moisture content for both smooth and rough interface as shown in
Figure 4.9. Therefore, the effects of the moisture changes during large heating cycles was dominant

to the interface properties.
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Figure 4.9 Effects of moisture content and temperature on failure envelope of soil-concrete
interface: (a) smooth interface; (b) rough interface)

For the smooth interface at normal stress of 100 kPa, the shear strength is 61.4 kPa after
10.5 cooling cycles, and the moisture content is 18.2%. When the interface was shear at the 18.3%,

the strength is 54.7 kPa, which is 11% lower than the tests after 10.5 cooling cycles. The rough
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interface showed similar results in Figure 4.9b. The shear strength of the interface after 10.5 cooling
cycles is 71.9 kPa, and moisture content is 18.2%. When the interface was shear at 18.0 %, the
strength is which is 67.5 which is 6% lower than the tests after 10.5 cooling cycles. Therefore,
other parameters could contribute to the increase of the shear strength during the cooling cycles at
normal stress of 100 kPa.

For the rough interface at lower normal stresses, the strength of interface was 26.6 kPa and
32.2 kPa at normal stress of 27.6 kPa and 41.4 kPa after 10.5 cooling cycles, which is almost same
as the results of the tests without temperature cycles at similar moisture contents. Therefore, the
strength increased after 10.5 cooling cycle at lower normal stresses may be mainly attributed to the

moisture content changes.

4.6 SUMMARY AND CONCLUSIONS

The ground source heat pumps connected to thermo-active geo-structures (e.g., energy
piles) operate intermittently to meet varying heating and cooling loads, which lead to temperature
change and cycles and introduces new challenges in the design of geo-structures. For energy piles,
the cyclic temperature changes affect soil-structure interface properties, which was investigated by
conducting Modified-DSTs in the normally consolidated clay. The shear stress-displacement
responses at the soil-concrete interface of different roughness, subjected to cyclic temperature
changes were directly measured. Based on the results, the following conclusions were concluded.

For smooth interface, the effects of and temperature cycles are negligible at lower normal
stresses (less than 41.4 kPa). The shear strength of smooth interface at normal stress of 100 kPa
decreased by increased by up to 20% after 10.5 temperature cycles.

For rough interface, the shear strength decreased by up to 11% after 0.5 heating cycle and
slightly increased after 0.5 cooling cycle. The interface shear strength of rough interface increased

by up to 23% after 10.5 heating cycles and 10.5 cooling cycles.
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The effects of the moisture content changes on soil-concrete interface only happened at
smooth interface with normal stress of 100 kPa and rough interface, where the shear strength
increased with decreasing moisture contents. The moisture content change is the main reason for
the interface strength change in tests of 10.5 temperature cycles. However, for interface subjected
to 10.5 cooling cycles at higher normal stress (100 kPa), the increase of the shear strength may also
arise from other reasons.

The increase of the shear strength of the soil-concrete interface after large temperature
cycles which may be attributed to the reduction of moisture contents and the soil particle
rearrangement. The temperature and moisture contents effects on the shear strength of the soil-
concrete interface increased with the interface roughness.

The void ratio changes of soil subjected to temperature cycles was independent of stress
level and void ratio after the primary consolidation stage. The secondary consolidation rate
increased during heating cycles which is around four time of the cooling cycles. For the volume
change during shearing, dilation occurred at low normal stresses with larger temperature cycles at

beginning of shearing stage and then the soil sample contracted.

75

www.manaraa.com



5. MODIFIED-THERMAL BOREHOLE SHEAR TEST DEVICE AND
TESTING PROCEDURE TO INVESTIGATE THE SOIL-STRUCTURE
INTERACTION OF ENERGY PILES

5.1 INTRODUCTION

The use of geothermal deep foundations (energy piles) has been rapidly increasing in
Europe, Japan, and China to reduce greenhouse gas emissions (Brandl 2006; Laloui et al. 2006;
Ooka et al. 2007; and Gao et al. 2008). When compared to conventional geothermal boreholes,
energy piles (with embedded polyethylene pipe heat exchangers connected to a ground source heat
pump) are part of the structure and require no additional drilling cost. However, the intermittent
operation of the heat pump, which depends on heating and cooling loads of the building, introduces
new challenges to the foundation design due to subjecting it and the surrounding soil to daily and

seasonal temperature changes and cycles.

Temperature change and cycles alter soil properties and lead to expansion and contraction
of the pile in the axial and radial directions, both of which affect the soil-pile interaction of axially
loaded foundations (Amatya et al. 2012; Bourne-Webb et al., 2009). Extensive experimental tests
have been performed by researchers to investigate the behaviors of soils subjected to temperature
changes (e.g., Campanella and Mitchell 1968; Laguros 1969; Noble and Demirel 1969; Houston et
al. 1985; Kuntiwattanakul et al. 1995; Cekerevac and Laloui 2004); however, limited investigations
focused on evaluating the effects of temperature cycles (TC) on soil properties (e.g., Burghignoli
et al. 2000; Masin and Khalili 2012). Temperature changes and cycles also induce axial and radial
expansion and contraction of the pile altering the interaction along the soil-pile interface (Saggu
and Chakraborty 2015). Researches have investigated the effects of pile axial expansion and
contraction (considering the end-restraint) on shear stresses at the soil-pile interface and on axial
stresses in the pile (e.g., Brandl 2006; Laloui et al. 2006, Bourne-Webb et al. 2009; McCartney and
Murphy 2012; Suryatriyastuti et al. 2012, Olgun et al. 2014, etc.). However, the effects of
thermally-induced radial expansion and contraction on the soil-foundation interaction for energy
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piles have not been fully investigated. Attempts to measure the effects of the operation of energy
pile systems on the soil-pile interaction and interface properties have been focusing on the effects
of temperature changes only. Examples of these investigations include performing modified direct
shear tests by Xiao et al. (2014 and 2017a); Di Donna et al. (2015); and Yavari et al. (2016). A
modified Borehole Shear Test (m-BST) device was also used to examine this effect by Suleiman
and Xiao (2014) and Murphy and McCartney (2014). The thermal-BST (TBST) performed by
Murphy and McCartney (2014) only considered temperature changes. Suleiman and Xiao (2014)
presented preliminary design and results of a manually-controlled TBST which simulated
temperature change and radial expansion, but not accurately simulating the effects of temperature
and radial displacement cycles (RDC). In this present paper, a new fully-automated modified-
thermal BST (Modified-TBST) device that is capable of simulating temperature changes and cycles
as well as radial expansion and contraction displacements and cycles, is described. This paper
focuses on detailed description of the device, its capabilities and limitations, and a recommended
testing control and procedure. Furthermore, preliminary results of shear stress vs. displacement

relationships (t-z curves) are presented.

5.2 BACKGROUND

5.2.1 Operation of Energy Piles

The thermal and mechanical responses of energy piles used as structural support members
and heat exchangers have been documented in several case histories (e.g., Laloui et al. 2006; Ooka
et al. 2007; Hamada et al. 2007; Adam and Markiewicz 2009; Bourne-Webb et al. 2009; Wood et
al. 2009; Amatya et al. 2012; Murphy and McCartney 2015). Energy piles are commonly
constructed with diameters ranging from 0.3 to 1.5 m, lengths of 10 to 30 m and with heat
exchangers made of polyethylene pipe (Laloui and Di Donna 2013). The net thermal output of

energy piles ranges from 18 to 120 W per meter of the foundation length and the system typically
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provides 3 to 5 energy units for each unit consumed in operation (Preene and Powrie 2009; Bourne-
Webb 2013).

The heat pump connected to energy piles operates in cycles (intermittent operation), in
which it functions for a period of time (running time) then stops for another period (stoppage time).
The data reported by Amis (2011) indicates that in the U.K., the running time during summer and
winter ranges from 8 to 16 hours followed by a stoppage time ranging from 1 to 3 hours. During
the month of March, Wood et al. (2009) reported that the typical daily cycle of a heat pump in the
U.K. consists of 1.5 hours running time and 30 minutes stoppage time. Similarly, Brandl (2006)
reported a running time in the range of 8 to 20 hours during summer in Austria. In Spain, Montagud
et al. (2011) reported a running time of 35 minutes for a typical cooling day (summer) and 30
minutes for a typical heating day (winter). These heat pump running and stoppage times
(intermittent operation) can be critical for the response of axially loaded energy piles. These
running and stoppage times of the heat pump result in heating and cooling cycles of the pile and
surrounding soil altering soil properties, effective stresses, and soil-pile interaction, which have not

been fully investigated.

The temperature distributions within energy piles and surrounding soils have been
investigated by several researchers in different countries (e.g., U.S., Europe, Japan, and China)
(Brandl 2006; Hamada et al. 2007; Wood et al. 2009; Bourne-Webb et al. 2009; Amis 2011,
Abdelaziz et al. 2011; Shang et al. 2011; Akrouch et al. 2013; Murphy and McCartney 2015; Batini
etal. 2015; Loveridge et al. 2016). The temperature change of the pile depends on the heating or
cooling loads. Based on the data presented in these references, the following is concluded: (1) the
common in-operation temperature of energy piles range from -1 to 35<C; (2) the temperature
difference between the pile and the soil is approximately 1 to 2<C, which means that the soil
temperature ranges from 1 to 33<C and may rise up to 40<C in cooling-dominated environments,

extreme climate conditions, or when the energy piles function as solar energy storage sinks
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according to Gabrielsson et al. (2000); (3) the daily temperature changes of energy piles range from
4 to 8 T (Amis 2011; Batini et al. 2015); (4) the temperature changes throughout a whole year
(maximum difference between lowest and highest pile temperature) was approximately 20 <C
(Murphy and McCartney 2015; Loveridge et al. 2016); and (5) energy piles alter the soil
temperature along most of the total length of the pile. If the intermittent operation (temperature
change and cycles) of energy piles affect the soil properties and lead to expansion and contraction
of the pile, soil-pile interaction along the interface will be affected. This has been confirmed by
field tests and monitoring of energy piles. For example, Amatya et al. (2012) reported that the
mobilized shear resistance (per degree change of temperature), which is calculated using axial
strain gauge readings under constant mechanical loading, during heating is 1.9 times of that during
cooling. In addition, Wang et al. (2015) reported 14% increase in shaft resistance during heating
compared to the case with no temperature change; however, Wang et al (2015) did not evaluate the
effects of cooling on shaft resistance. Furthermore, analytical study performed by Suryatriyastuti
et al. (2012) showed that a temperature change of 15 <C in energy piles result in 21% increase of
the normal force on the soil-pile interface during heating and 14% to 65% reduction of the normal

force during cooling.

5.2.2  Soil-structure Interaction of Axially Loaded Energy Piles

When an energy pile is heated, it expands in both axial and radial directions, and the pile
contracts when it is cooled affecting the shear resistance at the soil-pile interface. The thermal-
induced expansion and contraction (or deformation) depends on the load and restraint on the top,
toe resistance, and surrounding soil properties. The axial deformation effects were well described
by Bourne-Webb et al. (2009) and Amatya et al. (2012) for thermal and mechanical loading
conditions. For the effects of radial expansion and contraction, Figure 5.1a shows a pile with soil
horizontal (radial) stress distribution normal to the soil-pile interface along the pile with no

temperature effects. When subjected to heating, the pile expands radially (horizontally) and the soil
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reaction (horizontal stress normal to the soil-pile interface) increases, generating larger shear
resistance (Figure 5.1b). When subjected to cooling; however, the pile contracts and the soil
reaction decreases leading to a reduction of the shear resistance of the soil-pile interface (Figure
5.1c). With the heat pump running and stoppage cycles described above (intermittent operation),
the soil and the pile are subjected to cycles of temperature change and expansion and contraction,
the effects of which on soil-pile interface properties have not been directly measured, which are

explored using the Modified-TBST in this paper.

Figure 5.1 Pile subjected to vertical loading showing horizontal stresses normal to the soil-
pile interface, (a) Conventional pile; (b) radial expansion of energy pile during heating; and
(c) radial contraction of energy pile during cooling
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Using modified direct shear and modified borehole shear tests, the effects of temperature
changes on soil-pile interface properties have been investigated by several researchers including
Xiao et al. (2014); Suleiman and Xiao (2014); Murphy and McCartney (2014); Di Donna et al.
(2015); and Yavari et al. (2016). Direct shear test results reported by Di Donna et al. (2015) showed
an increase of the shear resistance of the soil-concrete interface (for saturated clay) when subjected
to heating (temperature change only), which may be attributed to water migration away from the
interface (thermal consolidation). The results reported by Xiao et al. (2014) and Yavari et al. (2016)
showed small temperature effects (for both heating and cooling temperature changes but no cycles)
on the friction angle and cohesion of the soil-concrete interface for both saturated clay and
unsaturated silt soil conditions. Using a thermal borehole shear test (TBST), Murphy and
McCartney (2014) also reported very small effects of temperature (heating and cooling with no
temperature cycles) on the friction angle, cohesion and shear resistance of unsaturated soil-concrete
interface. Suleiman and Xiao (2014), who conducted preliminary tests using manually-controlled
TBST combining the effects of radial displacement and temperature change (with no cycles),
showed an increase of the soil-concrete interface shear resistance during heating and expansion,
and significant reduction after cooling and contraction. The design of this TBST device described
by Suleiman and Xiao (2014) did not allow for easy control and application of temperature changes
and cycles combined with simulated thermally-induced radial expansion and contraction and the
device described by Murphy and McCartney (2014) did not allow for the application and control

of thermally-induced expansion and contraction.

5.2.3 Borehole Shear Test Devices

Conventional Borehole Shear Test (BST)

The conventional borehole shear device (BST) developed by Handy and Fox (1967) was
used to measure shear strength properties of soils by performing a direct shear test in situ. The

BST consists of a bi-lateral expandable shear head with grooved steel plates. The shear head is
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lowered into an open borehole, such as the one created by a hollow stem auger. A constant pressure
normal to the surface of the borehole is applied by the shear head for typically 5 to 20 minutes to
allow for dissipation of any excess pore water pressure after the application of the normal pressure
(Lutenegger et al. 1978, Lutenegger and Tierney 1986). When sufficient consolidation time has
elapsed, the soil is sheared typically at a displacement rate of 0.05 mm/s by manually applying an
upward pulling force, and the shear stress is measured by a dynamometer gauge. In the
conventional BST, only the maximum shear stress is recorded (AbdelSalam et al., 2012). The BST
is usually conducted three to four times at approximately the same depth using different normal

pressures to produce a Mohr-Coulomb failure envelope (Handy and Fox 1967; Handy 1986).

Several modifications have been introduced to enhance the capability and accuracy of the
conventional BST and to overcome certain difficulties during soil testing (Lutenegger et al. 1978;
Demartinecourt and Bauer, 1983; Lutenegger and Tierney 1986; Lutenegger and Powell 2008,).

These modifications include adding pore water pressure sensors and /or load transducer.

Modifications of BST to Measure Interface Properties

BST equipment was also modified to directly measure the shear stress-displacement
response (t-z curves) at the soil-pile interface for vertically loaded conventional steel piles
(Suleiman et al. 2011; AbdelSalam et al. 2012). The grooved steel plates were replaced by smooth
steel plates in a modified-BST device developed by Suleiman et al. (2011) and AbdelSalam et al.
(2012) to measure the t-z curves of the interface between a steel pile and surrounding soil. To
simulate the soil-pile interaction of energy piles, Suleiman and Xiao (2014) introduced preliminary
modifications of BST with manual displacement control to measure the combined effects of
temperature and radial displacement on soil-pile interface at temperatures of 2 to 40 <C in the
laboratory, and the equipment was called Thermal-BST (TBST). Murphy and McCartney (2014)
developed a similar device that can only measure the effects of temperature, and performed tests in

Boulder clay and silty sand considering temperature effects ranging from 10 to 45 <C. In the paper
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described herein, a Modified-Thermal Borehole Shear Test (Modified-TBST) device that is fully-
automated and capable of simulating both temperature change and cycles as well as radial
expansion/contraction displacements and cycles of energy piles, is described to directly measure
the t-z curves at the soil-pile interface. This paper focuses on detailed description of the device, its

capabilities and limitations, testing procedure, and presenting preliminary results.

5.3 DESIGN AND SETUP OF MODIFIED-TBST

5.3.1 Overview

As shown in Figure 5.2, the Modified-Thermal Borehole Shear Test (Modified-TBST)
system includes a loading frame to apply pulling vertical force on the shear head using a stepper
motor. The shear head, which is connected with the loading frame using steel rods, consists of two
concrete plates with embedded aluminum tubes for heating and cooling (Figure 5.3). Two linear
potentiometers (displacement gauges) were mounted between the shear plates to measure and
control the horizontal displacement simulating the radial expansion and contraction of energy piles.

A data acquisition system was used to record the readings of pulling force, vertical
displacement of the shear head, and air pressure of the pneumatic piston applying horizontal
pressure normal to the soil-concrete interface (on). The system also includes a unit to control the
normal pressure on soil-concrete interface. Two refrigerated/heated circulating baths, connected
to the aluminum tubes embedded in the concrete plates, were used to apply temperature change and
cycles (heating and cooling) simulating the field intermittent operation of heat pumps connected to
energy piles. Inaddition, thermocouples were installed in the soil and on the surface of the concrete
shear plates to measure temperature. In total, eighteen thermocouples were used in the soil at three
different depths as shown in Figure 5.2. A tensiometer was also installed in the soil (~5 mm from

the interface) to monitor changes of pore pressure.
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Figure 5.2. Configuration of the Modified-TBST system

Modified-TBSTs were performed in a soil tank filled with compacted soil. The tank was
covered by a lid functioning as reaction to apply overburden pressure (p) on the top surface of the
soil. An open hole at the center of the lid allows placing the shear head into the borehole. To reduce
frictional forces, the inside surface of the tank was covered with a friction-reducing tarp comprised
of two thin layers of graphite grease, sandwiched within three layers of thin polyethylene films.
Furthermore, tactilus pressure sensors were installed on the inside surface of the tank to evaluate

boundary conditions.
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Figure 5.3 Configuration of concrete plates and shear head: (a) side view of the shear head;
(b) cross section of concrete plate; (c) left plate and heat exchange pipe; (d) right plate and
heat exchange pipe; (e) photo of the shear head with concrete plates.

5.3.2 Design of the Shear Head

The shear head of the Modified-TBST includes two concrete shearing plates with a
pneumatic piston in between as shown in Figure 5.2 and 5.3a. Increasing the air pressure of the
piston pushes the shear plates toward the soil applying different normal pressures (ch) on the soil-
concrete interface. Two displacement sensors with resolution of 1 um were fixed between the two
shearing plates to measure and control the horizontal displacement (radial displacement). The
contact area between a concrete plate and surrounding soil is 52 cm2. The concrete plates were
casted on high strength stainless steel plates with thickness of 1.2 mm, and U-shaped aluminum
heat exchange pipes, with a diameter of 6 mm, were glued on the steel plates as shown in Figure
5.3b, c and d. The heat exchange pipes were connected with circulating pipes outside of the concrete
shearing plates and to the two circulating paths to control the temperature. Insulation was used
around the circulating pipes to reduce heat loss and minimize condensation and temperature effects

on the soil above the concrete plates (Figure 5.3¢).
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5.3.3 Loading System

An electric worm-gear pulling system, previously used in the manually operated BST
device, was coupled with a stepper motor to pull the shear head upward. However, the friction of
the worm gear requires a motor with a higher power and also influences the shearing rate. Therefore,
a new loading frame was built using four aluminum T-slotted framings and two steel plates (see
Figure 5.2). The T-slotted framings are standing on a 305 by 356 mm aluminum plate with thickness
of 19 mm. The stepper motor was placed on a 305 by 305 mm steel plate, the elevation of which
is adjustable along the T-slotted framing using end-feed fasteners. The stepper motor, which has a
pulling capacity of 2200 N, was connected to the control system to target a vertical displacement
rate (shearing rating) of 0.05 mm/s during the shearing stage (applying pulling force on the shear
head), which is similar to the rate used in the conventional BST. An S-beam load cell with 2200
N capacity was used to measure the pulling force. Three LVDTs were mounted on the pulling rod
to measure the vertical displacement of the shear head during shearing to minimize any tilting effect

on measured displacements.

5.3.4 Heating and Cooling System

Two refrigerated/heated circulating baths were used to simulate temperature changes. One
circulating bath was used for heating the soil-concrete interface to the target temperature, while the
other was used for cooling. The heating and cooling baths had liquid reservoirs of 8 and 28 liters,
respectively, and a mixture of 50% distilled water and 50% glycol was used. The working

temperature of the liquid ranges from -30<C to +200<C.

5.3.5 Control System

The shear head radial expansion and contraction displacement and cycles were controlled
by a National Instruments PXI series real-time controller using a LabView-based graphical user
interface, INERTIA, developed by Wineman Technology Inc. During preliminary tests, a

Proportional-Integral-Derivative (PID) closed-loop control method was used to conduct the tests.
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As shown in Figure 5.4, the total target displacement (radial expansion or contraction of
the pneumatic piston) and the displacement increment (ys,) were specified and sent to the PID
controller. Then, a voltage command was sent to the piston to adjust the pressure targeting to
achieve the first displacement increment and the actual displacement was measured. The error,
which is defined as the difference between the command (target displacement increment) and
feedback (measured displacement) was calculated and used by the controller to send a new voltage
command. Once the error is very small (less than 1 um), a new displacement increment was
targeted and the same process was repeated until the total target displacement was achieved. This

is a continuous running closed-loop application (loop rate is 1000 scans a second).

Figure 5.4 Block diagram of PID control system

After performing few preliminary tests, it was observed that the PID system with closed-
loop displacement control to simulate expansion and contraction does not function accurately at
very small target displacements. To achieve a specific displacement increment, the system tends
to set a larger piston pressure, which caused overshooting of the displacement followed by a
reduction of the pressure to adjust the displacement. This process occurred several times for each
displacement increment resulting in frequent oscillation of the pressure and applying cyclic loading

on the soil, which may result in changes of the soil stiffness leading to larger pressure needed to
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achieve the total target displacement and plastic soil displacement when achieving the total target

displacement. This issue will be discussed later in the paper.

In order to avoid this issue of the PID control system after performing the first few tests,
loading control with displacement tracking (LCDT) method was followed to apply expansion and
contraction displacements. LCDT was achieved by programing the loading procedure in INERTIA
to perform the expansion and contraction displacements and cycles, which will be described later

in the experimental procedure.

5.4 CALIBRATION OF MODIFIED-TBST

The heating or cooling of the fluid circuiting through the aluminum tubes embedded in the
concrete plates alters the temperatures of the plates and the pneumatic piston, which changes the
readings of the radial displacement sensors between the two shearing plates and the pressure normal
to the soil-concrete interface. To account for all these changes, a calibration of the device was

performed at temperatures ranging from 2 to 40 <C.

5.4.1 Effect of Temperature on Displacement Reading

The heating and cooling effects on the reading of the sensors measuring the radial
expansion and contraction of the shear head were evaluated by subjecting the shear head to
temperature changes. The results of the calibration tests are shown in Figure 5.5. It was observed
that the readings of the radial displacement sensors, used to control and measure the expansion and
contraction of the shear head, change due to temperature change only, which is attributed to the
expansion and contraction of different parts and materials of the shear head. The total change of
the displacement reading divided by the temperature change at the surface of the shearing plate
provides a displacement correction factor of the shear head per unit temperature change. Based on
six temperature calibration tests, the average displacement correction factor of the shear head was

-1.1um/<C.
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Figure 5.5 Calibration of the change of radial displacement sensor readings due to
temperature effects on the shear head

5.4.2 Temperature Effects on Horizontal Force

The horizontal (normal) force applied on the soil-concrete interface is controlled by the air
pressure in the pneumatic piston. The relationship between the horizontal force and the air pressure
in the pneumatic piston was calibrated using a compression machine at different temperatures as
shown in Figure 5.6. Comparing the results at different temperatures, Figure 5.6 shows that the
temperature effect on the measured horizontal force is minimal. It is also worth noting that the air
pressure has a linear relation with the horizontal force, except for air pressures smaller than 20 kPa,
which correspond to a normal force of 12 N. A coefficient (slope) of 0.81 N/kPa was used to
calculate the normal pressure on the soil-concrete interface when the air pressure was larger than

20 kPa. When the air pressure was smaller than 20 kPa, a coefficient of 0.5 N/kPa was utilized.
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Figure 5.6 Relationship between the horizontal (normal) force of pneumatic piston and air
pressure at different temperatures

5.5 MATERIALS AND PREPARATION

5.5.1 Soil Properties

Soil obtained from a construction site in the Lehigh Valley, Pennsylvania was used to
conduct the Modified-TBSTSs. Using the Unified Soil Classification System (USCS), the soil was
classified as sandy silty clay (CL-ML) with 17.5% sand, 54.3% silt, and 25.8% clay. The liquid
and plastic limits of the soil were 28% and 22%, respectively, and the solids specific gravity was
2.67. Standard Proctor tests were performed and the maximum dry unit weight and optimum
moisture content were 17.4 kN/m? and 14%, respectively. To perform the Modified-TBSTs inside
the soil tank, the soil was compacted in layers to achieve target moisture content of 18% and dry
unit weight of 13.8 kN/m®. The measured thermal conductivity of the soil was ~1.1 W/mK and the

volumetric heat capacity was ~ 2100 kJ/m3K.
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5.5.2 Soil Preparation

The soil was mixed at the target moisture content in a concrete mixer. During preliminary
tests, it was observed that the average moisture loss during preparation and waiting times was less
than 0.5%, which was compensated for during soil preparation. As shown in Figure 5.2, thin
polyethylene films placed on the inside surface of the tank were used to reduce the friction between
the soil and the tank. Tactilus pressure sheet sensors were also used on the inside surface of the
tank to check for boundary effects (Figure 5.2). The soil was filled in the tank in 7 layers and
compacted using a tamper with targeted compaction energy per unit volume of ~54 kN-m/m®. This
consistent procedure was utilized in all experiments and resulted in soil dry unit weight of 13.7
kKN/m®. During compaction, an aluminum pipe with a diameter of 95 mm was installed in the
middle of the tank to create the borehole needed to perform the Thermal-TBSTs. Thermocouples
were installed at different locations in the soil as the tank was being filled and the locations of these

sensors are shown in Figure 5.2.

After filling the soil in the tank, an overburden pressure (p) of 68.9 kPa was applied on the
top surface of the soil for two days to consolidate it (see Figure 5.2). Then the overburden pressure
was released, the aluminum pipe was pulled out of the soil, and the overburden pressure (p) of 68.9
kPa was applied again for another two days. The top lid of soil tank was covered by plastic film to

avoid or minimize the loss of the soil moisture during the test.

5.6 TESTING PROCEDURE

After preparing the soil and consolidating it under vertical overburden pressure (p), the test
proceeded using three major stages; the consolidation stage, the temperature and/or displacement

stage, and the shearing stage. The details of each of these stages are discussed below.
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5.6.1 Consolidation Stage

After the soil preparation, the shear head was lowered in the borehole and a constant
horizontal (or normal) pressure (on) was applied normal to the soil-concrete interface. The
horizontal pressure was increased from 0 kPa to the target pressure value at a rate of 1.55 kPa/s.
This constant pressure is called the initial radial consolidation pressure. Initially, the constant
pressure was applied for different time intervals to determine the time required for the radial
consolidation stage. When subjected to this consolidation pressure, the soil consolidates laterally
and the displacement of the shear plates was measured with time. The horizontal pressure vs. radial
displacement of the plates of the shear head during the increase of horizontal pressure is presented
in Figure 5.7a, which shows a displacement of 0.71 mm and 0.94 mm for tests with target horizontal
pressures of 41.4 and 69.0 kPa, respectively. During the consolidation stage, the radial
displacement of the plates increased to 0.98 mm and 1.27 mm for consolidation pressure of 41.4
and 69.0 kPa, respectively. Figure 5.7b presents the radial displacement rates of the shear plates
for 24 hours at applied horizontal consolidation pressure (on) of 41.4 and 69.0 kPa. Based on the
results from different consolidation time intervals and consolidation pressures, it was noticed that
after 12 hours of consolidation, the rate of radial displacement is very small (< 2 um/hour), which
reduces the creep effect of soil during temperature and displacement change stages. Therefore, the
initial constant radial consolidation pressure was applied for 12 hours during this stage for other
tests. Modified-TBST tests were conducted at radial consolidation pressures of 13.8, 27.6, and
41.4 kPa. It is worth noting that the pressure at the inside wall of the soil tank, which was measured
using a Tactilus pressure sheet, showed pressure increase smaller than 0.5 kPa (i.e. ~1% of the

pressure applied at borehole) during the tests confirming the minimal effects of the boundary.
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5.6.2 Applying Temperature Change and Cycles

For tests with temperature change and/or cycles, the shear plates were heated or cooled by
circulating a fluid with different temperatures. For heating cycles, one circulating bath was used
and the fluid temperature was set to ~8 <C higher than the target temperature of the soil-concrete
interface (to account the heat loss) measured using a thermocouple on the shearing plate surface.
The soil-concrete interface was heated to the target temperature (i.e., reaching 0.5 temperature cycle
or TC = 0.5 as shown in Figure 5.8). Then, the circulating bath was stopped, and the other bath
started to cool the plates down to room temperature (i.e. reaching 1 heating cycle or TC = 1 as
shown in Figure 5.8). For cooling cycles, the fluid temperature was set to ~12 <C below the target
temperature. The soil-concrete interface was cooled to the target temperature (i.e., reaching 0.5
cooling cycle or TC = —0.5 as shown in Figure 5.8). Then, the circulating bath was stopped and
the other bath started to warm up the plates back to the room temperature (i.e. 1 cooling cycle or
TC =—1). This process could be repeated to apply the target number of heating or cooling cycles.
This process was used to better control the interface temperature and to allow for applying several

cycles within one testing/working day.

Based on the discussion provided in the background section related to the daily running
and stoppage times of heat pumps installed in different environments and to allow for applying
several cycles within one testing/working day, heating or cooling cycles of 1 hour was targeted in
our investigation. Temperature change (AT) of 20 °C was used for heating and temperature change
of -18 <C was used for cooling. It is worth noting that the target temperature change of 20 <C or
18 <T is higher than the practical case for the daily operation of energy piles which may alter pore
pressure of surrounding soil. However, the pore pressure change was measured during tests with
temperature cycles (tests with 10 cycles). For the test conditions presented in this paper (silty clay

with 17.5% sand, unsaturated condition), the change of pore pressure within 30 min (0.5 cycle) and
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20 <C temperature change was ~4%. The details of the pore pressure measurements will be

discussed in a future paper that focuses on effects of temperature and displacement cycles.

Heating cycles

%{ 0.5 cycle
A
1\

A A A A A

Radial Displacement
Plate Surface Temperature

H lcycle — —--- Displacement

Cooling cycles Temperature

Figure 5.8 Temperature and displacement cycles of the test device

5.6.3 Applying Radial Displacement Change and Cycles

As previously discussed and will be discussed later, a LCDT displacement control
approach was used to address oscillation under PID control. Using the LCDT displacement control
approach, the control system adjusts the air pressure of the pneumatic piston to change the normal
pressure applied on the soil-concrete interface. The adjusted piston pressure changed the position
of the shear plates relative to the surrounding soil [i.e., pushed forward into the soil (simulating pile
expansion) or pulled backward (simulating pile contraction)]. As shown in Figure 5.8, the
expansion to a target displacement is defined as 0.5 expansion cycle (radial displacement cycle or

95

www.manaraa.com



RDC = 0.5) and returning the plates to the original position completes a displacement cycle (1
expansion cycle or RDC = 1). Similarly, for contraction cycles the plates contract to a target
displacement from the original position (0.5 contraction cycle or RDC = —0.5) followed by

returning the plates to their original position, which completes 1 contraction cycle (RDC = —1).

To calculate the target radial expansion and contraction of energy piles, the pile diameter,
temperature difference, and coefficient of thermal expansion (a) of concrete are needed. For
example, an energy pile with 0.6 m diameter, a. = 10 u&/ <T subjected to 20 <T temperature changes
is expected to expand and contract by 120 wm, which was used in our tests. This target displacement
can be achieved using the PID control or the LCDT control systems. The performance of the device
using both of these systems will be compared in the results section. It is worth noting that

confinement from surrounding soil may affect the radial strain of energy piles. For example,

Mimouni and Laloui (2015), based on results of field test, concluded that radial strain was partially
restrained, while Wang et al. (2015), who performed an O-cell test on an energy pile, reported that
the pile expanded freely in the radial direction. During the tests presented in this paper, a free radial

expansion was assumed.

5.6.4 Shearing Stage

After temperature and/or radial displacement change/cycles were applied, the shear head
was pulled upward shearing the soil-concrete interface and the applied pull out force and the
vertical displacement were measured (i.e., producing shear stress vs. vertical displacement curves
or t-z curves). Shearing was applied at a constant rate of 0.05 mm/s. During the shearing stage,
control in the radial direction can use displacement control (DC) or load control (LC). If
displacement control is used, the radial displacement of the concrete plates is maintained constant
by adjusting the horizontal pressure. If load control is used, the horizontal pressure at the soil-
concrete interface is maintained constant. The difference between the two control procedures

during the shearing stage will be discussed later. It is important to note that the tests without
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temperature change were conducted first to avoid any temperature effects on surrounding soil.

Furthermore, the shear head was rotated between tests so each position was only sheared once.

5.7 PRELIMINARY RESULTS AND ANALYSIS

571 PIDvs. LCDT Control

To evaluate the performance of the PID control, the radial displacement and the
corresponding horizontal pressure at the interface for trail tests with 10.5 expansion cycles (RDC
=10.5, TC = 0) are presented in Figure 5.9a. The tests were performed at room temperature using
both PID closed-loop control and LCDT methods. At the beginning of the expansion cycles (Point
A in Figure 5.9a), the initial radial consolidation pressure was 41.4 kPa. At the end of first half
expansion cycle (RDC = 0.5, Points B and B’ in Figure 5.9a) with target expansion of 120 um, the
horizontal pressure increased from 41.4 kPa to 49.7 kPa for the LCDT method and to 63.0 kPa for
the PID control method. When the plates returned to the initial position at 1 expansion cycle (RDC
=1, Points C and C’ in Figure 5.9a), the horizontal pressure was 16.0 kPa for LCDT and 8.5 kPa
for PID control. The horizontal pressure-displacement response of these two control methods also
have a significant difference during the following expansion cycles (Figure 5.9a). Usingthe LCDT
method, the horizontal pressure at 10 and 10.5 expansion cycles (Points D and E in Figure 5.9a)
were 11.4 and 40.4 kPa, respectively. However, using the PID control, the horizontal pressure at
10 and 10.5 expansion cycles (Points D’ and E’ in Figure 5.9a) were 4.4 and 54.3 kPa, respectively.
As discussed before, the differences between the two systems could be attributed to the frequent
oscillation of pressure (applying cyclic loading on the soil), which resulted in changes of the soil
stiffness leading to larger pressures and plastic soil deformations. This pressure oscillation of the
PID control is clearly shown in Figure 5.9b, which focus on the collected data for the first 60
seconds of the control systems. While the pressure with LCDT method was stable compared to

that with PID control. The horizontal pressure increased from 41.4 to 44.4 kPa in 60 seconds. The
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corresponding expansion of the plates increased around 6um in the first 60 second using LCDT

method compared to 4um in the test with PID closed-loop displacement control.

5.7.2  Effect of Radial Consolidation Time Interval

The effect of radial consolidation time on the shear stress-vertical displacement response
of the soil-concrete interface (i.e., t-z curves) was investigated. Figure 5.10 shows the t-z curves
of the soil-concrete interface with radial consolidation times of 15 minutes, 1 hour and 12 hours for
an initial consolidation pressure of 41.4 kPa. Peak strengths of 26.9, 27.6, and 26.7 kPa were
measured at consolidation times of 15 minutes, 1 hour and 12 hours, respectively. Figure 5.10
shows that the effect of consolidation time on interface shear strength was not significant (only 3.3%
maximum difference). However, the values of the stiffness of the soil-concrete interface at 50% of
the peak shear strength (Gso) were also compared. The stiffness (Gso) was calculated using by

Equation 1

T
Gy = = (1)

where 75, is 50% of the shear strength, and dso is the vertical displacement of the shear plates

corresponding to Tz .

The Gso of soil-concrete interface with consolidation time of 15 min, 1 hour, and 12 hours
were 182.2, 194.3, and 212.2 kPa/mm, which shows a maximum difference of ~16%. Based on
these results, and those shown in Figure 5.7, a radial consolidation time of 12 hours was used in all

other tests.
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5.7.3 Load Control vs. Displacement Control during Shearing Stage

Figure 5.11 shows the measured t-z curves of tests subjected to initial consolidation
pressures of 13.8, 27.6, and 41.4 kPa without temperature or displacement cycles. After finishing
the radial consolidation stage, the control in the radial direction was changed to a displacement
control (DC) keeping the plates at the same radial (horizontal) distance as that at the end of radial
consolidation, while the other set of tests was performed by keeping the horizontal pressure
constant using load control (LC). In both sets of tests, the shearing was performed using a constant
rate of displacement of 0.05 mm/s. Figure 5.11 illustrates that the measured t-z curves with DC
show a softening response after achieving the peak strength. Furthermore, the peak and ultimate
shear strength of the soil-concrete interface for tests performed with LC was higher than those
performed with DC. This difference could be attributed to the reduction of the horizontal pressure
when the system was trying to keep the same radial distance between the two plates in DC. For
example, for the tests with initial radial consolidation pressure of 27.6 kPa, the horizontal pressure

decreased significantly from 27.6 kPa to 14.7 kPa during shearing when the radial distance between
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the plates was kept constant during shearing. During shearing, the plates could rotate very slightly
when subjected to pull out force changing the radial displacement readings triggering a change of
the horizontal pressure. This very small rotation of the plates may cause the tilt of a horizontal
displacement sensor or the tip of the displacement sensor to slide of the back of the shearing plate.
Because of the issues and to allow for comparing the responses of tests at different conditions, the

LC is recommended and was used for future tests.
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Figure 5.11 Comparison of t-z curves with load control and displacement control in radial
direction during shearing

5.7.4 Preliminary Test Results

After finalizing the testing procedure and calibration based on the tests discussed before, a
series of Modified-TBSTs were performed with radial consolidation pressure of 41.4 kPa. A
reference test was conducted without temperature or displacement cycles (RDC =0, TC =0). The
strength of the shear stress-vertical displacement (t-z curve) for this reference test was 35.8 kPa.
Figure 5.12 shows the t-z curves after 0.5 heating cycle (RDC =0, TC = 0.5), 0.5 expansion cycle

(RDC = 0.5, TC =0), and the combination of 0.5 expansion and 0.5 heating cycles (RDC = 0.5 and
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TC =0.5). When compared to the reference test, the interface strength decreased by 9% for the
test with RDC = 0 and TC = 0.5. According to Murphy and McCartney (2014), this difference
could be attributed to undrained heating which may increase thermally-induced pore pressures
resulting in thermal softening. However, for the test conditions presented in this paper (silty clay
with 17.5% sand, unsaturated condition), the change of pore pressure within 30 min (0.5 cycle) and
20 <C temperature change was ~4%. For the test with half cycle heating and expansion (RDC =
0.5, TC = 0.5), the interface strength was 40.6 kPa (13.4% increase) and it was 43.6 kPa (21.8%
increase) for the test with half cycle expansion (RDC = 0.5, TC = 0). During expansion, the
concrete plates expand toward the soil and the horizontal pressure at the interface increases. For
the test with half expansion cycle, the horizontal pressure increased from 41.4 kPa to 49.5 kPa. For
the test with half heating and expansion cycle, the horizontal pressure increased to 46.7 kPa. The
difference between the two radial pressures during these two tests could be attributed to the effects
of temperature on soil properties (stiffness), which could be as high as 30% according to the stress
relaxation tests performed by Murayama (1969) for a saturated clay subjected to temperature
change. The decrease of stiffness with increasing temperature was also observed by Zhou and Ng

(2015) for unsaturated fine soils.

Figure 5.12 also show the t-z curves after 0.5 cooling cycle (RDC =0, TC = -0.5), 0.5
contraction cycle (RDC = -0.5, TC = 0), and the combination of 0.5 contraction and 0.5 cooling
cycles (RDC =-0.5and TC =-0.5). For the test with RDC =0 and TC = -0.5, the interface strength
was 38.4 kPa (increased by 7% compared to the reference test). The interface shear strength was
9.2 kPa for the test with half cycle contraction (RDC = -0.5, TC = 0), which decreased by 74%
when compared to the reference tests due to the reduction of horizontal pressure at the interface.
For the test with RDC = -0.5 and TC = -0.5, the shear strength was 8.8 kPa. Based on the results
for the test conditions (unsaturated cohesive soil), the effect of expansion and contraction on the

interface shear strength is significantly larger than that of temperature change only.
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Figure 5.12 t-z curves at initial consolidation pressure of 41.4 kPa

5.8 SUMMARY AND CONCLUSIONS

This paper presents a detailed description of a new fully-automated Modified-TBST device.
To simulate the effects of intermittent operation of the heat pump on soil-foundation interaction of
energy piles, this device is capable of combining the effects of temperature change and cycles with
radial expansion/contraction (displacement) cycles, or separating those effects. Based on the
preliminary tests and calibration, LCDT method was proposed for simulating the expansion and
contraction displacements and cycles of energy piles. The LCDT method is based on the load
control with stable output and it eliminates the oscillation of horizontal pressure, which was
observed with the PID closed-loop displacement control. The tests performed at different radial
consolidation time intervals showed small difference in interface strength. However, adequate

radial consolidation time is required to minimize the soil creep effect on simulated expansion and
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contraction cycles. Therefore, a radial consolidation time of 12 hours is recommended to perform
the Modified-TBST. During the shearing stage, both displacement control (DC) and load control
(LC) methods were used to control the system in the radial direction. The LC method showed
better results allowing for comparing different tests and evaluating the effects of temperature and
displacement changes and cycles. Based on the preliminary results of t-z curves, thermal softening
was observed in the test with 0.5 temperature cycle. Although the temperature change (20 <C) does
not reflect the daily temperature change in energy piles, the maximum effect of temperature only
(with no cycles) on the interface shear strength was 9% for the tested soil conditions. However, the
effects of expansion and contraction were significant (up to 74%). Compared to the reference test,
the test with half cycle of heating and expansion (RDC = 0.5, TC = 0.5) showed a 13.4% increase,
while for the test with half cycle expansion (RDC = 0.5, TC = 0), the strength increased by 21.8%.
The difference between these two tests could be attributed to the effect of temperature on soil
properties. For the tests with half contraction cycle (RDC = -0.5, TC = 0) and the test with half
cycle of cooling and contraction (RDC = -0.5, TC = -0.5), the interface shear strength experienced
more than 70% reduction due to the decrease of horizontal pressure. The measured changes
presented in this paper are consistent with those reported by Wang et al. (2015) and Suryatriyastuti
et al. (2012). Future tests will focus on evaluating the effects of temperature cycles simulating the

intermittent operation of heat pumps connected to energy piles.
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6. EFFECTS OF TEMPERATURE AND RADIAL DISPLACEMENT
CYCLES ON SOIL-CONCRETE INTERFACE PROPERTIES USING
MODIFIED THERMAL BOREHOLE SHEAR TEST

6.1 INTRODUCTION

The ground source heat pump (GSHP) connected to thermo-active geo-structures (such as
energy piles) operates in cycles where it functions for a period of time (running time) then stops
for another period of time (stoppage time) as shown in Figure 6.1. This intermittent operation
subjects thermo-active geo-structures and surrounding soil to changes of temperature and
temperature cycles (Shang et al. 2011; Xiao et al. 2017a). In practice, the daily running and
stoppage times of GSHP ranges from 30 minutes to 24 hours depending on the heating and cooling
loads (Hamada et al. 2007; Wood et al. 2009; Montagud et al. 2011; Luo et al. 2015). As shown
in the schematic diagram of Figure 6.1, if the soil temperature during stoppage time does not return
to the original ground temperature, the soil will experience a cumulative increase of temperature
with number of cycles (Plum and Esrig 1969). Temperature change and cycles also induce volume
changes of soil components and affect their interaction (Campanella and Mitchell 1968; Romero et
al. 2001; Uchaipichat and Khalili 2009). The effects of temperature change on soils have been well
explored in the literature using triaxial and oedometer tests; however, limited investigations have
been focusing on evaluating the effects of temperature cycles.

For energy piles, temperature changes and cycles also induce axial and radial expansion
and contraction of the pile altering the interaction along the soil-pile interface (Saggu and
Chakraborty 2015). Researches have investigated the effects of pile axial expansion and
contraction (considering the end-restraint) on shear stresses at the soil-pile interface and on axial
stresses in the pile (e.g., Brandl 2006; Laloui et al. 2006, Bourne-Webb et al. 2009; McCartney and
Murphy 2012; Suryatriyastuti et al. 2012, Olgun et al. 2014, Xiao et al. 2015, 2017b). However,
the effects of thermally-induced radial expansion and contraction and their cyclic effects on the

soil-foundation interaction for energy piles have not been fully investigated.
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In this paper, Modified Thermal Borehole Shear Tests (Modified-TBSTs) were performed

to explore the effects of temperature and radial expansion/contraction cycles on soil-concrete

interface properties (shear stress vs. vertical displacement responses or t-z curves). In the

Modified-TBSTSs, two concrete plates, which were used to simulate the pile surface, were subjected

to temperature and expansion/contraction cycles. Utilizing the Modified-TBSTSs, t-z curves were

directly measured at different radial displacement and temperature cycles.
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Figure 6.1 Schematic diagram of the daily operation of ground source heat pumps and the
changes of surrounding soil temperature

6.2 BACKGROUND

6.2.1 Temperature Effects on Volume Change and Shear Strength of Soils

Temperature effects on soil properties depend on its thermal history, stress history, and

hydraulic conductivity (Graham et al 2001; Burghignoli et al. 2000; Hueckel et al. 2009).

Temperature changes induce volumetric strain (volume change) in normally consolidated and

overconsolidated saturated soils (Campanella and Mitchell 1968; Demars and Charles 1982;
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Cekerevac and Laloui 2004; Uchaipichat and Khalili 2009; Tawati 2010). Normally consolidated
and slightly overconsolidated saturated clays contract when subjected to drained heating and
experience significant irreversible (plastic) volumetric strain when returning to the initial
temperature leading to an increased shear strength (e.g., Cekerevac and Laloui 2004). When
subjected to undrained heating, expansion of soil components and thermally-induced excess pore
water pressure lead to a reduction in shear strength (Campanella and Mitchell 1968; Mitchell and
Soga 2005). Highly overconsolidated saturated clays subjected to drained heating; however,
experience irreversible volumetric expansion that decreases with overconsolidation ratio (OCR)
(Plum and Esrig 1969; Sultan et al. 2002). If heated beyond a threshold temperature, saturated
overconsolidated clays may contract (Hueckel and Baldi 1990; Cekerevac and Laloui 2004).
Cekerevac and Laloui (2004) and Abuel-Naga, et al. (2007) reported an increase of shear strength
for overconsolidated soils when subjected to drained heating. For unsaturated soils, Uchaipichat
and Khalili (2009) reported responses similar to those described above for normally and
overconsolidated saturated soils. It is worth noting; however, that the critical state shear envelope
is independent of temperature change (not cycles) for both saturated and unsaturated soils
(Cekerevac and Laloui 2004; Uchaipichat and Khalili 2009; Alsherif and McCartney 2016). When
subjected to cycles of heating and/or cooling, soils experience an accumulated permanent
volumetric contraction regardless of stress history due to thermal creep (Campanella and Mitchell

1968; Burghignoli et al. 1992; Vega and McCartney 2015; Xiao et al. 2017a).

6.2.2 Temperature Effects on Water Migration in Soils

Water migration could be induced due to pore pressure difference and/or temperature
gradient. When soils are subjected to temperature gradient water migrates from high temperature
to low temperature (Sakai et al. 2009; and Cary 1966). Experimental investigation on effects of
temperature gradient on water content has been performed by several researchers (e.g., Romero et

al. 2001; Villar and Lloret 2004; Tang and Cui 2005; Gao and Shao 2015). These researchers
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concluded that moisture content decreases with temperature at constant suction, while suction
decrease with temperature at constant moisture content, which could be attributed to the reduction
of surface tension of water and thermal-induced changes in the contact angle at the water-soil
particle interface (Bachmann and van der Ploeg 2002; Tang and Cui 2005). These factors could
lead to volume change where soils with low density contract (collapse) when wetted (referred to as
wetting collapse) due to the reduction of suction whereas dense soils expand when subjected to

temperature change at a constant mechanical load (Remero et al. 2003; Fredlund and Gan 1995).

6.2.3 Temperature Effects on Soil-Pile Interaction and Interface

Temperature change and cycles lead to expansion and contraction of the pile in the axial
and radial directions, both of which affect the soil-pile interaction of axially loaded energy piles.
The axial deformation effects were well described by Bourne-Webb et al. (2009) and Amatya et al.
(2012) for thermal and mechanical loading conditions.

In addition to temperature effects on the surrounding soils, the radial expansion and
contraction of geothermal foundations alter the normal (horizontal) pressure (o) at the soil-pile
interface and affect the axial thermo-mechanical responses of the piles (Suleiman and Xiao 2014;
Minouni and Laloui 2015). During heating, radial expansion of the pile leads to an increase of
normal pressure at the soil-pile interface, generating larger shear resistance. However, when
subjected to cooling, the pile contracts and the soil reaction decreases leading to a reduction of the
shear resistance. A three-dimensional numerical investigation performed by Suryatriyastuti et al.
(2012), which considered both temperature and radial displacement, showed that a temperature
change (no cycles) of 15 <C in energy piles resulted in 21% increase of the normal force on the
soil-pile interface during heating and 14% to 65% reduction of the normal force during cooling.
Wang et al. (2015) reported 14% increase in shaft resistance during heating compared to the case
with no temperature change; however, Wang et al (2015) did not evaluate the effects of cooling on

shaft resistance.
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The effects of temperature change and cycles on soil-pile interface properties have been
investigated by Xiao et al. (2014 and 2017a), Suleiman and Xiao (2014), Murphy and McCartney
(2014), Di Donna et al. (2015), and Yavari et al. (2016) using modified direct shear tests and
modified borehole shear tests. However, the combined effects of temperature cycles and
expansion/contraction cycles on the soil-pile interface properties have been rarely investigated. In
this study, a fully-automated Modified-TBST device was used to directly measure the shear stress-
vertical displacement response (t-z curves) of the soil-concrete interface subjected to cyclic

temperature changes and to radial expansion/contraction cycles.

6.3 EXPERIMENTAL SETUP

Modified-TBSTs were performed in the laboratory inside a soil tank with dimensions of
470 mm in diameter and 610 mm height (Figure 6.2). The shear head, which is connected to the
loading frame using steel rods, consists of two concrete plates with embedded aluminum tubes for
heating and cooling. Three linear variable displacement transformers (LVDTSs) were used to
measure the vertical displacement of the shear head, and a load cell was used to measure the axial
pull out force (shear force at the interface). Two linear potentiometers (displacement gauges) were
also mounted between the two shear plates to measure and control the horizontal displacement
simulating the radial expansion and contraction of energy piles. The system also includes a unit to
control the normal pressure on soil-concrete interface by adjusting the air pressure in the pneumatic
piston shown in Figure 6.2. Two refrigerated/heated circulating baths, connected to the aluminum
tubes, were used to apply temperature change and cycles (heating and cooling) simulating the
intermittent operation of heat pumps connected to energy piles. In addition, thermocouple sensors
were installed in the soil and on the surface of the concrete shear plates to measure and monitor
temperatures. As shown in Figure 6.2, temperature sensors were located at distances of 2, 10, 25,
50, 75, 126, and 188 mm from the interface. The pore pressure was measured using a tensiometer

installed at ~10 mm from the interface. As shown in Figure 6.2, thin polyethylene films placed on
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the inside surface of the tank were used to reduce the friction between the soil and the tank. Tactilus

pressure sheet sensors were also used on the inside surface of the tank to evaluate boundary effects,

if any. All the readings were recorded using a data acquisition system. More details of the device

design and control, and experimental setup can be found in Xiao et al. (2017D).
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Figure 6.2 Configuration of the Modified-TBST system
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6.4 TEST SOIL AND TESTING PROCEDURE

To perform the Modified-TBSTs, soil obtained from a construction site in the Lehigh
Valley, Pennsylvania was compacted in 7 layers to achieve a dry unit weight of 13.8 kN/m* and a
target moisture content of 18% (degree of saturation of 52%). Standard Proctor tests were
performed and the maximum dry unit weight and optimum moisture content of the soil were 17.4
kN/m?* and 14%, respectively. The particle size distribution curve of the used soil is shown in
Figure 6.3. Using the Unified Soil Classification System (USCS), the soil was classified as sandy

silty clay with fines content of 80% and 17% sand.
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Figure 6.3 Grain size distribution curve of the test soil

The soil was mixed at the target moisture content in a concrete mixer. During preliminary
tests, it was observed that the average moisture loss during preparation and waiting times was less
than 0.5%, which was compensated for during soil preparation. The soil was filled in the tank in 7
layers and compacted using a tamper with targeted compaction energy per unit volume of ~54 kN-

m/m®. This consistent procedure was utilized in all experiments and resulted in an average soil dry
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unit weight of 13.7 kN/m*. During compaction, an aluminum pipe with a diameter of 95 mm was
installed in the middle of the tank to create the borehole needed to perform the Modified-TBSTs.
After preparation, the soil was consolidated under vertical overburden pressure (P) of 68.9 kPa for
~48 hours. Then the test started where three major stages were utilized: (1) the horizontal
consolidation stage; (2) the temperature and/or displacement stage; and (3) the shearing stage.

During the horizontal consolidation stage, the shear head was lowered in the borehole and
a constant horizontal (or normal) pressure (o) was applied normal to the soil-concrete interface for
12 hours.

For the temperature or thermal loading stage, circulating baths were used for heating or
cooling the soil-concrete interface to the target temperature change and cycles. Temperature
change (AT) of 20 T was used for heating and AT of -18 <T was used for cooling with a room
temperature of ~21 <C. For heating cycles, one circulating bath was used and the fluid temperature
was set to ~8 <C higher than the target temperature of the soil-concrete interface (to account the
heat loss) measured using a thermocouple on the shearing plate surface. The soil-concrete interface
was heated to the target temperature (i.e., reaching 0.5 temperature cycle or TC = 0.5). Then, the
circulating bath was stopped, and another bath started to cool the plates down to the room
temperature (i.e. reaching 1 heating cycle or TC = 1). For cooling cycles, the fluid temperature
was set to ~12 <T below the target temperature. The soil-concrete interface was cooled to the target
temperature (i.e., reaching 0.5 cooling cycle or TC = —0.5). Then, the circulating bath was stopped
and the other bath started to warm up the plates back to the room temperature (i.e. 1 cooling cycle
or TC =—1). This process was repeated to apply the target number of heating or cooling cycles.
Utilizing two circulating baths provide better control of the interface temperature. The time for 1
cycle (e.g. 30 min heating and 30 min cooling) was selected to represent practical cases (as
discussed in the introduction) and to allow for applying several cycles within one testing/working

day.
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To apply radial displacement change and cycles, the horizontal pressure applied on the soil-
concrete interface was adjusted to achieve the target displacement. A radial displacement
magnitude of 120 um was used. After temperature and/or radial displacement change/cycles were
applied, the shear head was pulled upward shearing the soil-concrete interface and the applied pull
out force and the vertical displacement were measured (i.e., producing directly measured shear
stress vs. vertical displacement curves or t-z curves). Shearing was applied at a constant rate of
0.05 mm/s. The results of the tests with initial radial consolidation pressure of 27.6 kPa are
presented in this paper. More details about the testing device, control and testing procedure were

described by Xiao et al. (2017b).

6.5 TESTING PLAN

To better describe the testing plan, a sign convention system was adopted. The number of
radial displacement cycle (RDC) is positive for expansion cycles and negative for contraction
cycles. The number of temperature cycles (TC) is positive for heating and negative for cooling. A
non-integer RDC (e.g., RDC = 0.5, 1.5, -2.5) means that the plates were expanded or contracted to
the target displacement and shearing was applied at that condition. Similarly, a non-integer TC
(e.g., TC = 0.5, 1.5, -2.5) means the plates were heated or cooled to the target temperature and
shearing was applied at that condition. When RDC and TC are integers (e.g., 1, 2, or -3), the
displacement and temperature of the plate return to the initial conditions and shearing applied at
those conditions.

As shown in Table 1, a reference test (Test No. 1) was conducted without temperature
change/cycles (TC = 0) or displacement change/cycles (RDC = 0). To investigate temperature
effects on the soil-concrete interface properties, three heating and three cooling tests were
performed with temperature change and cycles (Tests No. 2 to 7). Generally, the duration of one
temperature cycle was one hour (i.e., heating to a target temperature for 30 minutes and back to

original temperature for another 30 minutes with a total time per cycle of 1 hour) except for Tests

113

www.manaraa.com



No. 3 and 6, for which 10 hours of heating or cooling were used. For Test No. 2, 0.5 temperature

cycle was applied where the interface was heated from the room temperature to the target

temperature in 30 minutes (RDC =0, TC = 0.5, and called undrained heating). For Test No. 3;

however, 0.5 temperature cycle was applied where the interface was heated from room temperature

to the target temperature in 30 minutes and the target temperature was kept for a total of 10 hours

(RDC =0, TC = 0.5, and called drained heating). Test No. 4 is similar to Test No. 2 but with 10

heating cycles (RDC = 0 and TC = 10). Tests No. 5 and 6 are similar to Tests No. 2 and 3 but

subjected to 0.5 cooling cycle (RDC =0, TC = -0.5, Test 5 and 6 called undrained and drained

cooling, respectively) and Test No. 7 is similar to Test No. 4 but with 10 cooling cycles (RDC =0

and TC = -10).

Table 6.1 Testing plan of Modified Thermal-BSTs

Test Conditions Test e AT RDC AD
No. (T) (pm)
Reference test 1 0 0 0 0
Temperature change 2 05 |20 0 0
(AT) and cycles (TC) 3* 0.5 20 0 0
4 10 20 0 0
5 -05 [-18 |0 0
6** | -05 | -18 |0 0
7 -10 [ -18 | O 0
Radial displacement 8 0 0 0.5 120
(AD ) and cycles (RDC) [ g 0 0 1 120
10 0 0 10 120
11 0 0 105 | 120
12 0 0 -0.5 -120
13 0 0 -1 -120
14 0 0 -10 -120
15 0 0 -10.5 | -120
Temperature and 16 0.5 20 0.5 120
displacement cycles 17 05 | -18 | -05 -120
18 10 20 10 -120
19 -10 | -18 | -10 -120

*10 hours drained heating, **10 hours drained cooling

Tests No. 8 to 15 evaluate the effects of radial displacement (with no temperature change

or cycles) where expansion cycles of 0.5, 1, 10, and 10.5 (RDC = 0.5, 1, 10, or 10.5 with TC = 0;
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Tests No. 8 to 11) and contraction cycles of 0.5, 1, 10, and 10.5 (or RDC =-0.5, -1, -10, or -10.5
with TC = 0; Tests No. 12 to 15) were targeted. To apply one displacement cycle, the displacement
was changed from 0 to the target displacement (120 or -120 um) and returned to the initial position
in 1 hour (similar to the times of temperature cycles).

Combined radial displacement and temperature cycles were applied in Tests No. 16 to 19
where 0.5 and 10 temperature and radial displacement cycles were targeted for cooling/contraction
and heating/expansion tests. The temperature changes, radial displacement changes, and number of

TC and RDC for all tests were summarized in Table 6.1.

6.6 RESULTS AND ANALYSIS

6.6.1 Effects of Temperature Change and Cycles (Tests No. 2 to 7)

6.6.1.1 Temperature distribution

Figure 6.4 shows the temperature at the soil-concrete interface and in the surrounding soil
for Tests No. 4 and 7 (10 heating or cooling cycles). As shown in Figure 6.4, the temperature
distribution in the soil was initially uniform (before starting the tests). When the interface was
heated or cooled to 0.5 cycle and then returned to original temperature at 1 cycle, the soil close to
the interface (< 25 mm from interface) experienced a temperature change smaller than 1 <C. The
temperature- active zone surrounding the heated/cooled concrete plates (i.e., soil zone experiencing
temperature changes) extended to approximately 50 mm for TC = 0.5 and TC =1 and it increased
with number of cycles. At the end of the 10 heating/cooling cycles, the temperature-active zone

extended to approximately 75mm with temperature change of 1.8 <T at this location.
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Figure 6.4 Temperature distribution with distance during heating and cooling cycles

6.6.1.2 Pore water pressure

The negative pore pressure (soil suction) near the interface was measured utilizing a
tensiometer located at ~10 mm from the concrete interface during Tests No. 4 and 7 (10 heating or
cooling cycles). Figure 6.5a andFigure 5.5b show the measured temperatures and the soil suction
during heating and cooling cycles. As shown in Figure 6.5a, the temperature measured at 10 mm
during the heating cycles varied by ~9 <C during initial cycles; however, this temperature sensor
stopped working after the fourth cycle. Figure 6.5a illustrates that suction near the interface
increased from 50.6 to 62.7 kPa during the 10 heating cycles and decreased from 46.8 to 33.8 kPa
during the 10 cooling cycles. These changes of the soil suction could be attributed to thermally-
induced water migration during heating and cooling cycles and to the differential thermal-
expansion of water and soil particles (Philip and Vries 1957; Cary 1965). When subjected to
temperature change, water migrates from high temperature to low temperature increasing suction

(pore pressure becomes more negative) during heating and decreasing suction (pore pressure
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becomes less negative) during cooling. However, the expansion coefficient of water is ~15 times
that of soil particles (Cui et al. 2000) causing the increase of saturation (leading to a decrease of
suction) during heating and decrease of saturation (increase of suction) during cooling (Mitchell
and Soga 2005). It is worth noting that the measured values of soil suction incorporate the effects
of both thermally-induced water migration and differential expansion and contraction of soil
components.

Unlike their general trends shown in Figure 6.5a andFigure 6.5b, soil suction near the
interface decreased at 0.5 heating cycle and increased at 0.5 cooling cycles. This could be attributed
to the differential expansion/contraction between soil particles and water since small thermal-
induced water migration is expected to occur during 30 minutes (time of 0.5 cycle) of heating or
cooling. At one cycle (returning to room temperature), soil suction had very minor change when
compared to original reading (before heating/cooling). As the number of cycles increased, suction
increased with heating cycles and decreased with cooling cycles. This could be attributed
thermally-induced water migration and change of water content near the interface. Figure 6.5¢
summarizes the change of suction per temperature cycle during heating and cooling showing a
general increasing trend with number of cycles followed by a reduction. During heating, the
maximum change of suction per temperature cycle was 1.6 kPa/cycle at the 7th heating cycle and
2.8 kPa/cycle at the 9th cooling cycle. In addition to creating a temperature change, subjecting the
soil to temperature cycles creates a pore pressure difference. Therefore, the reduction of the suction
change per temperature cycle after the 7" cycle during heating could be attributed to the conflicting
effects of thermally-induced water migration (from high temperature at the interface to low
temperature away from the interface) and difference in pore pressure-induced water migration
(from high pore pressure away from the interface to low pore pressure at the interface). These
conflicting effects of the thermally-induced water migration and pore pressure-induced water
migration were discussed by Cary (1966) and Sakai et al. (2009) who concluded that thermally-
induced water migration is dominant.
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6.6.1.3 T-z curves and interface shear strength

Figure 6.6 shows that for the reference test (Test No. 1; RDC =0, TC = 0), the interface
shear strength and shear stiffness were 19.6 kPa and 86 kPa/mm, respectively. The shear stiffness
was calculated using the data at shear stress levels (t/tmax) between 10% and 50%. Figure 6.6 also
summarize the t-z curves for Tests No. 2 to 7 with different heating and cooling cycles. Figure
6.6a illustrates that Test No. 2 (TC = 0.5, undrained heating) showed ~2% increase of the interface
shear strength. For Test No. 3 (TC = 0.5, drained heating), the peak interface shear strength
increased by ~8%, and the t-z curve of the soil-concrete interface shows a strain-softening response
with the residual shear strength ~10% lower than the peak strength. This strain-softening response
could be caused by the increase of the suction due to water migration for drained heating condition,
which is similar to the observation reported by Hossain and Yin (2013). After 10 heating cycles,
the interface shear strength increased by 8% which could also be attributed to the 24% increase of
suction (see Figure 6.5a).

Figure 6.6b shows the results of Tests No. 5 to 7 (subjected to cooling cycles). When
compared to the reference test, the interface shear strength increased by 9% for Test No. 5 (TC = -
0.5, undrained cooling) which could be attributed to the increase of suction (see Figure 6.5b). For
Test No. 6 (TC = -0.5, drained cooling), the interface shear strength increased by 18% when
compared to the reference test, which is similar to results obtained for Test No. 7 (TC = -10). The
increase of interface shear strength for Tests No. 6 and 7 may be attributed to the wetting collapse
of soil aggregates due to water migration resulting in larger contact area between the soil and
concrete according to Shakir and Zhu (2009). It is worth noting that cooling affects the interface

shear strength, which is consistent with the measurements reported by Gu et al. (2014).
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Figure 6.6 Temperature effects on the measured t-z curves of soil-concrete interface; (a)
heating cycles, (b) cooling cycles
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6.6.1.4 Moisture content and interface stiffness

The interface shear stiffness and the moisture content at the end of Tests No. 2 to 7 are
summarized in Figure 6.7. For Test No. 2 (TC = 0.5, undrained heating), the moisture content
decreased from 18.0% to 17.4%, while it increased from 18.0% to 18.7% for Test No. 5. (TC = -
0.5, undrained cooling). After 10 cycles, the moisture contents of the soil at the interface were
16.2% for heating cycles (Test No. 4) and 21.4% for cooling cycles (Test No. 7). For the tests with
drained heating or cooling (Tests No. 3 and 6), the moisture contents changed by 4% (changed to
14% after 10 hours heating and 22% after 10 hours cooling).

Figure 6.7 indicates that the interface shear stiffness decreases with increasing moisture
content. The interface shear stiffness for Test No. 2 (TC = 0.5, undrained heating) was 32.6%
higher than that of the reference test. For Test No. 3 (TC = 0.5, drained heating), the interface shear
stiffness was 180 kPa/mm, which is more than twice that of the reference test. After 10 heating
cycles (Test No. 4), the shear stiffness was 161.3 kPa/mm, which is 86.8% higher than the reference
test. For tests with cooling cycles (Tests No. 5 to 7), the interface shear stiffness decreased by 13%
after 0.5 cycle (Test No. 5, undrained cooling), 45.2% (Test No. 6, TC = -0.5, drained cooling), and
28.5% after 10 cycles (Test No. 7). These results are consistent with the power law for moduli of
unsaturated soil proposed by Lu and Kaya (2014), where the Young’s and shear moduli decrease

with increasing water content.
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6.6.2 Effects of Radial Displacement Cycles (Tests No. 8 to 15)

6.6.2.1 Radial displacement vs. horizontal pressure

To apply the radial displacement simulating energy piles expansion and contraction cycles,
the horizontal (normal) pressure (on) applied on the soil-concrete interface was adjusted to achieve
the target displacement. Figure 6.8 shows the relationships between the horizontal pressure and
radial displacement in Test No. 10 (10 expansion cycles or RDC = 10) and Test No. 14 (10
contraction cycles or RDC = -10). For Test No. 10 (10 expansion cycles), the horizontal pressure
(soil reaction) increased from the initial value of 27.6 kPa (point A in Figure 6.8) to 37.9 kPa at the
first half expansion cycle (point B in Figure 6.8). When the concrete plates returned to the initial
position at 1 cycle, the horizontal pressure decreased to 7.9 kPa (point C in Figure 6.8). This
reduction in horizontal pressure when the plates returned to the initial position at 1 expansion cycle
was attributed to irreversible volume change of the normally consolidated soil when subjected to
0.5 expansion cycle (pressure increased from 27.6 kPa to 37.9 kPa), which is consistent with the

results reported by Ng. et al (2014) where significant plastic strain occurred during the first loading
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cycle. At 9.5 and 10 expansion cycles, the horizontal pressures were 30.9 kPa (point D in Figure
6.8) and 5.3 kPa (point E in Figure 6.8). Generally, the horizontal pressure slowly decreased with
number of expansion cycles after the first expansion cycle (Figure 6.8).

For contraction cycles, the horizontal pressure at the interface decreased from the initial
value of 27.6 kPa (point A) to 5.2 kPa at 0.5 contraction cycle (point F in Figure 6.8) and to 4.2
kPa at 9.5 contraction cycles (point G in Figure 6.8). The horizontal pressures were 28.4 kPa after
1 cycle and 26.9 kPa (point H in Figure 6.8) after 10 cycles, which differ by less than 3% from the
initial horizontal pressure of 27.6 kPa. These results show that the soil primarily experienced elastic
strains during contraction cycles, while plastic strains were experienced during expansion cycles

leading to the reduction of the horizontal pressure.
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Figure 6.8 Measured horizontal displacements and corresponding pressures during radial
expansion and contraction cycles
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6.6.2.2 T-z curves and interface shear strength

Figure 6.9 presents the t-z curves for Tests No. 8 to 15 with different radial displacement
cycles (RDC) of expansion and contraction (i.e., 0.5, 1, 10, and 10.5). The radial displacement used
in all cycles was 120 um. If RDC is an integer, the shearing pull out force was applied when the
concrete plates returned to the original position. If the RDC is not an integer, the shearing pull out
force was applied when the plates expanded into the soil (positive RDC) or contracted from the soil
(negative RDC). When compared to the reference test (Test No. 1), Test No. 8 (RDC = 0.5 or the
shearing pull out force is applied when the plates are expanded) shows an interface shear strength
of 29.5 kPa (51% increase). At 10.5 expansion cycles (Test No. 11) the interface shear strength was
22.4 kPa (14% increase). For Tests No. 9 and 10 (at 1 and 10 expansion cycles where the shearing
pull out force was applied when the plates returned to the original position after 1 and after 10
expansion cycles), the interface shear strength was 6.8 kPa (65% reduction) and 5.4 kPa (72%
reduction), respectively.

When compared to the reference test (Test No. 1), Test No. 12 (RDC =-0.5 or the shearing
pull out force is applied when the plates are contracted from the soil) shows an interface shear
strength of 5.1 kPa (74% reduction), while Test No. 15 has an interface shear strength of 4.2 kPa
(79% reduction) after 10.5 contraction cycles (RDC = -10.5). For Tests No. 13 and 14 (at 1 and 10
contraction cycles where the shearing pull out force was applied when the plates returned to the
original position after 1 and 10 contraction cycles), the interface shear strengths were
approximately equal (21.0 kPa).

When subjected to radial displacement only (expansion or contraction), the interface shear
strength is mainly proportional to the horizontal pressure at the soil-concrete interface; therefore,
the effects of radial expansion and contraction cycles on the interface shear strength can be
generally explained by the relationships between the horizontal pressure and radial displacement

shown in Figure 6.8.
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6.6.3 Combined Effects of Temperature and Radial Displacement Cycles

Figure 6.10, Figure 6.11, and Figure 6.12 present the combined effects of temperature
cycles and radial displacement cycles compared to the results of tests with radial displacement
cycles only (no temperature cycle). Figure 6.10 shows the t-z curves when the interface is subjected
to 0.5 radial displacement cycle combined with 0.5 temperature cycle. Test No. 16 (RDC = 0.5, TC
=0.5) showed an interface shear strength of 26.1 kPa (33% increase compared to the reference test).
When compared to Test No. 8 with 0.5 expansion cycle only (RDC = 0.5, TC = 0), the interface
shear strength for Test No. 16 (RDC = 0.5, TC = 0.5) showed an interface shear strength that is
~12% smaller. This difference could be attributed to the decrease of soil suction (i.e., increase of
pore pressure and decrease of effective stress) near the interface at 0.5 heating cycle (see Figure
6.5a) due to the differential expansion between soil particles and water. Another reason is the
smaller horizontal pressure at 0.5 cycles of displacement and temperature (Test No. 16) compared
to 0.5 displacement cycle (Test No. 8) (see Figure 6.11b at 0.5 cycle) because of the increase in
compressibility of normally consolidated soil as the temperature increase (Plum and Esrig 1969).
For Test No. 17 with 0.5 contraction cycle combined with 0.5 cooling cycle (RDC =-0.5, TC = -
0.5), the interface shear strength was 3.3 kPa (83% reduction compared to the reference test). When
compared to Test No. 12 with 0.5 contraction cycle only (RDC = -0.5, TC = 0), the interface shear
strength for Test No. 17 (RDC = -0.5, TC = -0.5) showed an interface shear strength that is ~46%
smaller. These values are similar to those reported by Suryatriyastuti et al. (2012) based on

numerical analyses of energy piles.
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Figure 6.11 shows the t-z curve when the interface is subjected to 10 radial expansion
cycles combined with 10 heating cycles (Test No. 18; RDC = 10, TC = 10) compared to Test No.
10 with 10 radial expansion cycles and no temperature cycles (RDC = 10, TC = 0) and Test No. 1
(reference test). Test No. 18 showed an interface shear strength of 2.0 kPa (~90% decrease
compared to the reference test). When compared to Test No. 10 with 10 expansion cycles only
(RDC =10, TC = 0), the interface shear strength for Test No. 18 (RDC = 10, TC = 10) showed an
interface shear strength that is ~63% smaller. These reductions could be attributed to the significant
decrease of the horizontal pressure with number of heating cycles for Test No. 18 compared to Test
No. 10 (Figure 6.11b).

Figure 6.12 shows the t-z curve when the interface is subjected to 10 radial contraction
cycles combined with 10 cooling cycles (Test No. 19; RDC =-10, TC = -10) compared to Test No.
14 with 10 radial contraction cycles and no temperature cycles (RDC = -10, TC = 0) and Test No.
1 (reference test). Test No. 19 showed an interface shear strength of 6.1 kPa (~69% decrease

compared to the reference test). When compared to Test No. 14 with 10 contraction cycles only
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(RDC =-10, TC = 0), the interface shear strength for Test No. 19 (RDC =-10, TC = 10) is ~71%

smaller.

These reductions could be attributed to the thermally-induced water migration and

reduction of horizontal pressure with number of cooling cycles (Figure 6.12b).
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Figure 6.11 Measured t-z curves and horizontal pressures with heating cycles; (a) t-z curve,

and (b) horizontal pressure
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Figure 6.12 Measured t-z curves and horizontal pressures with cooling cycles; (a) t-z curve,
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6.7 SUMMARY AND CONCLUSIONS

The intermittent operation of heat pumps connected to thermo-active geo-structures creates
temperature change and cycles, which introduce new challenges in designing of these structures.

For energy piles, the cyclic temperature changes affect soil properties and produce expansion and
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contraction in both axial and radial directions of the pile. Those thermal-induced effects alter the
shaft resistance of energy piles. In this paper, a recently developed device called the Modified
Thermal Borehole Shear Test (Modified-TBST) device was used to evaluate the effects of
temperature and displacement cycles on soil-concrete interface properties. The Modified-TBSTs
were performed in a normally consolidated compacted clay. The shear stress-vertical displacement
responses at the soil-pile interface (t-z curves), subjected to cyclic temperature changes and radial
expansion/contraction, were directly measured using the Modified-TBST device. Based on the
results, the following conclusions were drawn.

e The extent of temperature-active soil zone surrounding the heated/cooled concrete plates
(soil experiencing temperature changes) increased with number of cycles and was
approximately 75mm with temperature change of 1.8 <C at this location.

e The soil suction measured near the soil-concrete interface increased with heating cycles
and decreased with cooling cycles. The suction change per temperature cycle generally
increased with number of temperature cycles then decreased.

e The interface shear strength increased when subjected to drained heating or to larger
heating cycles. The t-z curve of the soil-concrete interface subjected to drained heating
showed strain-softening response due to thermally-induced water migration and increase
of suction. The increase of the interface strength during the cooling cycles could be
attributed to the wetting collapse of soil aggregates due to water migration resulting in
larger contact area between the soil and concrete.

e The radial expansion and contraction (with no temperature changes) have significant
effects on the measured t-z curves. For expansion cycles, the interface shear strength
increased by up to 51% at the expansion position because of the increase of horizontal
pressure at the interface. A significant reduction (~65%) of the interface shear strength

was observed due to the plastic strain (deformation) induced during the first expansion
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cycle. During contraction cycles (with no temperature cycles), the soil plastic strain was
very small; therefore, the shear strength was not affected by the contraction cycles when
the plates returned to the initial position. However, the interface shear strength decreased
by up to 79%, when the plates were sheared at contraction position due to the reduction of
the horizontal pressure at the interface.
e The interface shear strength had larger reduction when subjected to the combined effects
of temperature and radial deformation and those effects increased with number of cycles.
Based on the results of the Modified-TBST, radial expansion/contraction cycles and
temperature cycles are expected to have significant effects on the shaft resistance of energy piles

installed in normally-consolidated clays.
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7. CONCLUSIONS AND FUTURE RESEARCH

This PhD dissertation research focused on the use of geothermal energy piles for bridge
anti-icing and on the thermo-mechanical response of soil-energy pile subjected to temperature
cycles. In this final chapter, the research contributions of this dissertation are summarized, and

directions for future research are discussed.

7.1 CONTRIBUTIONS

This research advances the research on feasibility on using geothermal pile foundations for
bridge anti-icing in different weather condition and its thermo-mechanical behavior towards
practical applications based on the conclusions shown below.

A new modelling approach of heat transfer of bridges considering different meteorological
factors (e.g., air temperature, wind speed/direction, precipitation, solar radiation, and infrared
radiation) was proposed and validated using measured data. The effects of radiation and convection
on the bridge surface temperature were also assessed. The comparisons indicate that the improved
model may underestimate the convective heat transfer coefficient yet produces very good results
during the winter time.

The wind speed influences the bridge deck temperature predication in a more pronounced
manner during the noon time of a day and during summer when the solar radiation is higher,
because the increase of available solar radiation magnifies the differences between ambient air
temperature and the deck surface temperature. The vehicle-induced effects were also considered
in the analysis. The vehicle movement can cool down the bridge surface with smaller traffic rates.
Under the heavy traffic condition, the bridge surface is mostly warmed up by the vehicular traffic
during the winter time thus providing an advantage. A cooling of approximately 1 <C of the bridge
deck due to vehicular traffic could be used as a recommendation for the design of bridge decks

during snowfall periods.
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The results of the modified direct shear tests for the soil-concrete interface indicated that
the interface shear strength increased by up to 23% after 10.5 heating cycles and 10.5 cooling cycles.
The temperature and moisture contents effects on the shear strength of the soil-concrete interface
increased with the interface roughness. The changes of soil void ratio when subjected to
temperature cycles was independent of stress level and void ratio after the primary consolidation
stage. The temperature cycle-dependent consolidation rate increased during heating cycles which
is ~ 4 times that of the cooling cycles.

Fully-Automated Modified Thermal Borehole Shear Test (Modified-TBST) device was
developed to evaluate the effects of temperature and radial displacement cycles on soil-concrete
interface properties. The results show that both the temperature cycle and the radial expansion and
contraction cycles have significant effects on the measured t-z curves. For effects of temperature
cycle only, the shear strength of the soil-concrete interface increased by up to 18% after 10.5
heating cycles and 10.5 cooling cycles. For expansion cycles, the interface shear strength increased
by up to ~50% at the expansion position because of the increase of horizontal pressure at the
interface. A significant reduction of the interface shear strength was observed due to the plastic
strain (deformation) induced during the first expansion cycle. During contraction cycles (with no
temperature cycles), the soil plastic strain was very small; therefore, the shear strength was not
affected by the contraction cycles when the plates returned to the initial position. However, the
interface shear strength decreased by up to 79%, when the plates were sheared at contraction
position due to the reduction of the horizontal pressure at the interface. The interface shear strength
had larger reduction when subjected to the combined effects of temperature and radial deformation

and those effects increased with number of cycles.

7.2 FUTURE RESEARCH

The proposed heat transfer model of bridges can be used in the feasibility analysis of bridge

anti-icing using energy piles with more weather data at different locations. In the applications, the
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primary loop in the energy piles and the secondary loop in the decks could be connected by a
conventional circulating pump or a heat pump. With a heat pump, the circulating fluid in the bridge
can be kept at a much higher temperature, and electric energy can also be combined with
geothermal energy to melt the snow. The feasibility analysis can be performed in the future using
the heat pump combing geothermal and electric energy for bridge anti-icing.

When the energy piles are unable to provide enough heat during the snow events, applying
salts and heating with geothermal systems could be an alternative strategy to keep the bridge deck
snow free. More complicated snow melting processes need to be used in the model to consider the
effect of salt on the freezing point.

In this study, Modified-DST was used to investigate effects of temperature cycles on soil-
concrete interface behaviors using unsaturated clay. Different soils (sand, silt, clay) could be used
with different moisture contents, relative densities, or overconsolidated ratios (OCRs). For the
saturated soil, the test can be performed on higher number of temperature cycles with constant
moisture contents.

Similar to Modified-DST, the Modified-TBST could be performed in different soils with
different moisture contents, relative densities, or OCRs. Different expansion/contraction values can

be used to simulate different temperature changes or restraints of surrounding soils.
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