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ABSTRACT

This  paper  presents  the  details  of  a  new  modified  borehole  shear  device  that  has  the

capability of measuring the impact of temperature on the in-situ shear stress-displacement curves

for soil-concrete interfaces. The thermal borehole shear device incorporates concrete shoes with

embedded heaters, a pneumatic loading device for application of horizontal normal stresses, and

an automated loading system with local vertical displacement and load measurement systems

that permits either displacement-control or load-control testing. A methodology for measurement

of the soil-concrete shear stress-displacement curves and for evaluation of the drained interface

shear  strength  failure  envelopes  at  different  temperatures  is  presented  in  this  study.  Typical

results from proof-of-concept tests performed in a clay layer compacted in a laboratory tank in a

borehole in a silty sand deposit in the field are presented in this paper. The results are synthesized

to  show how the  impacts  of  temperature  and  normal  stress  on  the  normalized  shear  stress-

displacement  curves  can  be evaluated.  These normalized  curves  can  be measured  on a site-

specific basis for the calibration of thermo-mechanical load transfer analyses or finite element

analyses, which are often used to design and evaluate soil-structure interaction in drilled shaft

foundations with geothermal heat exchangers (energy foundations).      

Keywords:  Modified  borehole  shear  test;  load  transfer;  energy  foundations,  soil-concrete

interface; temperature effects
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INTRODUCTION

An  emerging  field  of  study  within  geotechnical  engineering  is  the  use  of  geotechnical

infrastructure like deep foundations as geothermal heat exchangers to transfer thermal energy

from the subsurface for heating and cooling of buildings (Brandl 2006). A side effect of the heat

transfer  process  is  the  potential  for  foundation  movements  due  to  thermal  expansion  and

contraction of the foundation element or surrounding soil. Further, soil-structure interaction may

restrain foundation movements, leading to generation of thermally induced stresses within the

reinforced concrete. The mechanisms of thermo-mechanical soil-structure interaction in energy

foundations have been documented in several full-scale case histories in the field (Laloui et al.

2006;  Bourne-Webb  et  al.  2009;  Laloui  2011;  Bouazza  et  al.  2011;  Amatya  et  al.  2012;

McCartney and Murphy 2012; Murphy et al. 2014) and in centrifuge-scale experimental studies

(McCartney  and  Rosenberg  2011;  Stewart  and  McCartney  2013).  Although  these  studies

generally indicated that adverse conditions to foundation performance will not be encountered

during heat exchange processes, they indicated that it is important to consider the role of thermo-

mechanical soil-structure interaction in the design of energy foundations. This is especially the

case  when  the  energy  foundations  are  being  installed  in  challenging  stratigraphy,  such  as

expansive soils, unsaturated soils, soft, normally-consolidated soils, or layered soil deposits. 

Thermo-mechanical soil-structure interaction phenomena have been predicted using modified

load transfer  analyses  (McCartney and Rosenberg 2011;  Knellwolf  et  al.  2011)  and thermo-

elastic finite element analyses (Laloui et al. 2006; Regueiro et al. 2012). Although these analyses

are capable of predicting changes in axial displacement, strain, and stress in energy foundations

during  heating  and  cooling,  they  rely  upon  the  accurate  characterization  of  the  effects  of

temperature  and  stress  state  on  the  shear  stress-displacement  behavior  of  the  soil-concrete
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interface. At the moment, most load-transfer analyses assume that temperature does not have a

significant  impact  on  the  shear  stress-displacement  response  of  the  soil-concrete  interface

(McCartney and Rosenberg 2011; Knellwolf et al. 2011). Although one approach to characterize

the  soil-concrete  interface  behavior  is  to  perform  nonisothermal  direct  shear  tests  in  the

laboratory (Xiao et al. 2014), the role of in-situ boundary conditions and soil structure cannot be

completely considered in these tests. Accordingly, the objective of this study is to develop a new

field  test  to  characterize  the  soil-concrete  interface  shear  stress-displacement  curves  under

different temperatures and normal stresses so that they may be used to define relationships that

can be used to analyze soil-structure interaction phenomena in energy foundations. Specifically,

a  modified  borehole  shear  device  was  developed  with  concrete  shearing  plates  (shoes)  to

simulate the interface between soil and a cast-in-place reinforced concrete deep foundation. The

approach to use a modified borehole shear device has been used by Audibert  and Aggarwal

(1982) to define the isothermal shear-stress displacement curves for drilled shafts with concrete

shoes and by AbdelSalam et al. (2012) to define curves for steel friction piles using steel shoes.

Different  from  the  concrete  shoes  developed  by  Audibert  and  Aggarwal  (1982),  the  shoes

developed in this study incorporate embedded copper tubing heat exchangers that can be used to

control the temperature of the interface. This paper presents the results and analyses of a series of

borehole shear tests  conducted in soil  layers at  different  temperatures and normal stresses in

laboratory and field settings. 

BACKGROUND

Soil-Structure Interaction

Soil-structure interaction phenomena are expected during axial loading of deep foundations

due to the differences in stiffness between the soil and foundation and mobilization of interface
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shear stresses. Coyle and Reese (1966) recognized the need for an analytical method to predict

the  load  carrying  capacity  and load-settlement  response  for  axially-loaded deep foundations.

Their predictive technique, referred to as load-transfer analysis, divides a deep foundation into

several rigid elements connected by elastic  springs. A load transfer analysis  is performed by

ensuring equilibrium and compatibility of displacements between the foundation and the soil,

which is represented by soil springs with nonlinear stress-displacement curves. Specifically, the

curves representing the interface shear stress-displacement curve at different depths are referred

to as T-z curves, while the curve representing the end bearing stress-displacement curve at the

toe is referred to as a Q-z curve.  Thermo-mechanical  load transfer analyses such as the one

developed by Knellwolf et al. (2011) use the same concepts as those developed by Coyle and

Reese (1966), but they also consider soil-structure interaction in the axial direction arising from

the constrained thermal expansion and contraction of the reinforced concrete during heating or

cooling, respectively. The radial expansion and contraction of energy foundations during heating

and  cooling,  respectively,  may  change  the  normal  stress  at  the  soil-foundation  interface.

McCartney and Rosenberg (2011) proposed an empirical  equation  to  consider  the impact  of

temperature on the normal stress on the interface, and assumed that the normalized T-z curve did

not depend on temperature. However, this assumption has not been verified using experimental

results. Regardless if the foundation is heated or not, the T-z curve is a critical input that must be

defined using  either  a  database  of  normalized  curves  or  experimentally  using  nonisothermal

interface direct shear tests or in-situ tests.

Temperature Effects on the Volume Change and Shear Strength of Soils

As soil is heated under drained conditions, elastic and plastic volume changes may occur due

to the expansion and contraction of the soil particles and pore water. Campanella and Mitchell
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(1968) and Paaswell  (1967) found that the primary mechanism for plastic  volumetric  strains

during heating of saturated soils is  the differential  expansion of the water and soil  particles.

Specifically, the coefficient of thermal expansion of water is approximately seven to ten times

greater than that of most soil minerals (McKinstry 1965; Mitchell and Soga 2005). For normally

consolidated soils, the differential expansion between the soil and water during heating will lead

to  positive  excess  pore  water  pressures,  which  will  subsequently  drain  and  cause  plastic

volumetric  contraction  (Graham et  al.  2001;  Cekeravac  and  Laloui  2004).  If  the  soil  were

sheared  without  allowing  drainage  of  the  thermally-induced  excess  pore  water  pressure,  the

undrained shear strength would decrease due to the lower effective stress. However, if the soil

were  sheared  after  drainage  of  the  thermally-induced  excess  pore  water  pressure  the  shear

strength should increase due to the decrease in void ratio. The stress state also plays an important

role  in  the  thermal  volume  change  of  soils.  For  example,  in  saturated  soils  with

overconsolidation ratios (OCRs) greater than 3, elastic expansion is observed during heating and

excess pore water pressures are not as significant as in normally consolidated conditions, leading

to a negligible change in undrained shear strength (Paaswell 1967; Plum and Esrig 1969; Demars

and Charles 1982; Baldi et  al.  1988; Hueckel and Baldi 1990; Hueckel and Pellegrini 1992;

Towhata  et  al.  1993;  Delage  et  al.  2000).  Uchaipichat  and  Khalili  (2009)  observed  that

unsaturated soils  have similar  volume change behavior  to saturated soils  when heated  under

normally consolidated or overconsolidated conditions. The tests performed in this study focus on

measurement  of  the  soil-concrete  interface  shear  stress-displacement  curve  after  reaching

thermal equilibrium and do not consider the role of thermally induced volume change during

heating. However, this is a subject that could be investigated in the future with this device.
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Although the dissipation of excess pore water pressure after heating may have a considerable

impact on the volume change and undrained shear strength of soils, temperature changes are not

expected  to  have  a  major  effect  on  the  drained  frictional  properties  of  soils.  Laloui  (2001)

summarized the results from several studies on different soils and observed that the friction angle

at critical state is relatively insensitive to changes in temperature, except for a few studies on

saturated Kaolinite which showed observed a decreasing trend in friction angle with increasing

temperature. Uchaipichat and Khalili (2009) observed that temperature had an effect on the peak

shear strength of unsaturated silt, but not on the shear strength at critical state conditions or the

friction  angle  at  critical  state.  They  also  observed  that  suction  has  a  greater  effect  on  the

undrained shear strength than temperature. 

Shear Stress-Displacement Behavior of Interfaces

The behavior of interfaces between soil and concrete, metal, or geosynthetics is an important

subject in geotechnical engineering. In this study, the interface between soil and the concrete of a

drilled  shaft  foundation  is  of  interest.  If  the  interface  is  very  rough,  it  is  expected  that  the

interface friction angle will be greater than that of the soil, which will force the failure to occur

in the soil (Kulhawy and Peterson 1979). However, for the case of a relatively smooth drilled

shaft foundation, it is likely that the interface friction angle is less than that of the soil, making

the interface a plane of weakness that should be carefully characterized. Although it is expected

that the interface will only have a frictional component in drained conditions (no adhesion), it is

also possible to define a failure envelope defined over a certain normal stress range that has an

adhesion value due to nonlinear trends in the failure envelope. 

Several laboratory studies have been conducted to quantify the parameters affecting the soil-

pile  interface  shear  strength.   Early studies used a modified direct  shear  apparatus  in  which
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concrete or steel occupied one of the halves of the shear box (Potyondy 1961; Peterson et al.

1976; Kulhawy and Peterson 1979). These studies involved tests that were performed over a

range of normal stresses and soil conditions to determine factors relating to the shear strength of

a given interface.  They observed that  the  interface  friction angle  depends on grain size and

distribution, soil particle angularity, soil water content, type of interface material and its texture,

and  the  normal  stress  on  the  interface.  The  peak  interface  friction  angle  increases  as  the

roughness of the artificial material increases, and may potentially move into the surrounding soil

for very rough interfaces. Jardine et al. (1993) indicated that constrained conditions may occur

during drained axial loading of foundations in sand and silt. The constrained dilation that occurs

in this case may lead to a greater peak shear strength than in constant normal stress conditions.

However,  the  displacements  that  occur  during  thermal  expansion  and  contraction  of  energy

foundations are relatively small (Murphy and McCartney 2014), and may not be sufficient for

dilation to occur. 

Although  temperature  effects  on  the  undrained shear  strength  of  soils  have  been widely

characterized, only a few studies had been conducted on the thermal effects on the interface shear

strength.  Xiao  et  al.  (2014)  used  a  direct  shear  device  with  a  concrete  lower  box  with  an

embedded heat exchanger, and observed that heating led to a slight increase in the shear strength

of the interface with a compacted silt.  However, it also led to a slight decrease in the water

content, potentially to thermally induced water flow away from the interface. 

Depending on the drilled shaft construction process and the soil type in the field, it is possible

for drilled shafts to have smooth, rough or even irregular surfaces. As the shoes in this study

consist of uniform concrete roughened with coarse sand paper, the results from the modified

borehole shear device are expected to be most representative of drilled shafts in stiff soil deposits
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constructed using the dry method (O’Neill and Reese 1999). In this case, the sides of the hole are

expected to be relatively smooth and can be inspected visually.  

Borehole Shear Device

The borehole shear test (BST) device was developed by Professor R.L. Handy in the 1960’s

and was originally used to measure the in-situ drained shear strength properties of soils (Handy

and Fox 1967). The test involves insertion of a bi-lateral expanding shear head into a borehole at

a specified depth, after which a piston extends outward resulting in contact between two grooved

semi-circular steel plates and the soil. The grooved plates engage the soil so the shear plane is

fully in the soil and not at the soil-plate interfaces. Because the test must be performed in an

open borehole, this device is best suited for soil strata that have sufficient stiffness such that the

borehole will remain open through the duration of the test (at least eight hours). Boreholes in

loose sands or soft clays will usually not stay open without the use of drilling mud, so they are

not well suited for this test.

General borehole shear testing procedures are provided by Lutenegger (1987) and Handy

(2002). In most tests, the normal stress is applied to the interface and 5-15 minutes are permitted

for dissipation of excess pore pressure so that drained conditions are obtained. This is assumed to

be a reasonable time period for consolidation of stiff soils that do not change significantly in

volume during application of stresses close to the in-situ horizontal stress. After consolidation,

an upward force is applied to the shear head in displacement-control conditions, which causes

shearing within the soil due to the grooved shoes. A displacement rate of 0.05 mm/s is typically

used during shearing, which is assumed to correspond to drained pullout conditions. The value of

peak shear stress is typically the main outcome of the test, although some studies have reported

the shear stress-displacement curves. After failure, the shear head is then lowered to relax the
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shear stress back to zero, after which a higher normal stress is applied to the device and the

process is repeated. A succession of tests over a range of normal forces allows definition of a

drained failure envelope. Several improvements have been made to the borehole shear test over

time, and it has been used in many applications to study different aspects of the in-situ shear

strength and compressibility  behavior  of soils  (Lutenneger  et  al.  1978;  Demartinencourt  and

Bauer 1983; Lutenneger and Tierney 1986; Handy 1986; White and Handy 2001; Ashlock and

Lu 2012).

Borehole shear testing has also been used to interpret  the uplift  behavior  of drilled shaft

foundations  (Lutenegger  and  Miller  1994).  Although  Lutenegger  and  Miller  (1994)  did  not

create concrete shoes to evaluate the soil-concrete interface shear strength, they found that using

the BST approach to characterize the soil shear strength has the added advantage that the drilling

process of a hole for borehole shear testing involves a similar excavation method as for a drilled

shaft  and  may  possess  similar  irregularities  in  texture  and  roughness  in  both  cases.  The

mechanism and location of the failure surface of a concrete BST shear head and a drilled shaft

may be similar assuming the drilled shaft fails as a result of side shear mobilization. The device

can also be used to investigate the behavior of driven piles using shoes that simulate the material

type and roughness of the steel or concrete used in the piles. Suleiman et al. (2011) developed a

modified borehole shear device to measure the shear stress-displacement behavior of a steel pile

interface with soil. The shear head of the BST utilized smooth steel plates instead of plates with

ridges, and was instrumented such that shear stress and displacement of the shear head were

recorded during the testing process. Results from this study indicated that T-z curves measured

using a borehole shear device are comparable to data obtained from modified direct shear testing
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and  are  much  more  reliable  than  load-displacement  curves  developed  using  data  from cone

penetration tests (AbdelSalam et al. 2012).

EXPERIMENTAL SETUP

Overview

A schematic of the overall thermal borehole shear device setup is shown in Figure 1. The

system includes a loading frame that is placed above a borehole, which is used to pull vertically

upward on the borehole shear device. The loading frame developed in this study incorporates

many  of  the  advances  in  automation  of  the  modified  borehole  shear  device  developed  by

Bechtum (2012).  The thermal borehole shear head consists  of a  pair  of concrete  shoes with

embedded heat exchangers that are sandwiched around a pneumatic piston that is used to control

the normal stress between the shoes and the sides of the borehole. The shear head is connected to

the load frame through a series of steel extension rods.  The system also includes a heat pump

used to control the temperature of the shoes, a data acquisition system, and instrumentation to

measure the vertical displacement of the shoes, the temperature of the shoes, and the vertical

force. 

Thermal Borehole Shear Head

The components of the thermal borehole shear head include the two concrete shoes that are

sandwiched around a pneumatic piston from Fabco, Inc., as shown in the plan-view schematic in

Figure 2. Normal stresses can be applied by supplying a controlled air pressure to the pneumatic

piston when the shoes are in contact with the side of the borehole. The pneumatic piston has a

stroke of 25 mm. This stroke is sufficient to attain contact with the sides of a borehole having a

diameter of 105-115 mm, while still permitting additional displacement for consolidation. Shear

stresses are applied to the shoes by pulling vertically on the extension rods attached to the load
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frame. These extension rods are connected to a U-shaped yoke, which is connected to each of the

shoes through steel loading straps, as shown in Figure 3. This device is best suited for relatively

stiff soils as large horizontal displacements (i.e., during application of high normal stresses or in

soft  soils)  may  cause  undesirable  moments  within  the  device  during  application  of  vertical

stresses to the device. 

The two concrete shoes were fabricated using a 1:2:3 water:cement:sand mortar mix ratio.

The mortar mix was poured into a modified concrete cylinder mold, shown in Figure 4, so that

the  shoes  form a  101.6  mm-diameter  circular  segment  having a  thickness  of  approximately

25 mm. The concrete is reinforced using a 19-gauge steel wire hardware cloth with 12.7 mm

openings.  A copper  heat  exchange tubing is  bent  into a  U-shape and is  centered  within the

reinforcing  cage.  A K-type thermocouple  was also attached to the reinforcing  cage near  the

surface of the shoe facing the soil  to monitor  the temperature  of the shoes.  Bolts  were pre-

installed through the concrete shoes so that they could be attached to the pneumatic piston and

loading strap after  the  concrete  cured.  A greased wooden form was used  with the modified

concrete cylinder to create the concrete shoe with the desired shape, as shown in Figure 4. The

top edges of the shoes were rounded down using sand paper to avoid a sharp edge that may

penetrate into the soil and lead to formation of a passive wedge. It was preferred to maintain a

known, uniform contact area, so the top edge of the shoes was not tapered. Inspection of the

shoes  after  shearing  in  the  relatively  stiff  soils  tested  in  this  study  showed  that  no  soil

accumulated on the top of the shoes. However, the fact that there is no taper on the top edge may

cause  passive  bearing  problems  when  testing  in  soft  clays.  After  curing  the  surface  of  the

concrete shoes were roughened using 40-grit sandpaper to avoid having a smooth interface from
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the plastic concrete cylinder. As mentioned, this surface treatment is expected to represent the

interface between a stiff soil and a drilled shaft constructed using the dry method.

After assembly of the shoe-strap-pneumatic system assembly (referred to as the shear head)

and  when  the  piston  is  fully  retracted,  the  diameter  of  the  shear  head  is  101.6  mm.

Perfluoroalkoxy (PFA) tubing with an inside diameter of 6.35 mm was used to supply the air to

the pneumatic piston from a pressure regulator at the ground surface,  with one line used for

extending the piston and the other used for retracting the piston. The same type of tubing was

also used to supply the heat exchange fluid to the copper tubing to control the temperature of the

concrete shoes.         

Load Frame and Instrumentation

The load frame is  constructed  out  of two horizontal  aluminum plates  separated  by three

threaded rods. The dimensions and layout of the plates are shown in Figure 6. The threaded rods

separating the two plates are useful because they permit the top plate to be positioned at various

heights, and also act as a leveling mechanism to ensure the extension rods are vertical. A Haydon

Kerk  size  34  linear  actuator  and  motor  controller  is  used  to  apply  the  vertical  load  to  the

extension rods, while the loads applied to the extension rods are measured using a 4.5 kN load

cell obtained from Futek, Inc. The bottom plate has a large cut-out on one side. This permits the

thermal borehole shear head and extension rods to be placed into the borehole first, after which

the loading frame can be moved over the hole to connect the linear actuator to the extension rods.

The motor  and data  collection  system are  both  connected  to  an  onsite  laptop  for  automatic

control using National Instruments LabView software.

A  linear  string  potentiometer  with  a  100-gram  tension  spring  was  used  to  measure  the

vertical (shear) displacement of the concrete shoes during application of axial loads. Although it
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is possible to infer the vertical displacements using the linear actuator motor counts, in a similar

manner to the manual counter in the original borehole shear device (Handy 2002), preliminary

tests indicated that the displacements inferred using this approach were affected by slack in the

connections between the extension rods and elastic expansion of the rods. The potentiometer is

connected to the exposed hardware cloth of one concrete shoe with braided fishing line, so it

provides an accurate local measurement of shear displacement. The fishing line is passed over a

low friction pulley connected to a sliding bar, which permits the string to be vertically oriented in

the borehole. Pipe-plug thermocouples are used to monitor the inlet and outlet heat exchange

fluid  temperatures,  which  is  useful  to  evaluate  the  heat  flux  into  the  system.  However,  the

temperature of the shoes were also monitored using a thermocouple embedded in the concrete

shoes. 

Temperature Control System

The temperature  of the concrete  shoes is  controlled  by circulating  a heat  exchange fluid

having a constant temperature through the copper tubing embedded in the shoes. Water is used as

the heat exchange fluid in this study as only heating was investigated. A Julabo F25-ME heat

pump was used to control the temperature of the heat exchange fluid, and also contains a flow

pump  to  circulate  the  fluid  through  the  closed-loop  heat  exchange  tubing.  The  heat  pump

contains a 4.5 liter bath with automated temperature control system for heating or cooling. The

heat pump is capable of controlling the temperature of the heat exchange fluid within a range of -

28 to 200 °C, although a range of 5 to 50 °C was used in this study. Because heat is lost through

the tubing and through the concrete shoe, the temperature set on the heat pump is not necessarily

the same as  that  of  the shoes.  Accordingly,  the temperature  measured in the shoes  near  the

interface at steady-state conditions was assumed to represent the temperature at the soil-concrete
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interface. A picture of the thermal borehole shear device during a test in the field is shown in

Figure 7. This picture shows all of the components of the system, including the loading frame,

data acquisition board, pneumatic pressure control board, and the heat pump. Long lengths of

tubing  for  the  pneumatic  and  heat  exchange  systems  were  incorporated  so  that  the  thermal

borehole shear test could be performed at different depths without having to connect different

sections of tubing at each depth. The wooden stakes observed below the bottom bearing pad in

this picture were used for leveling in this preliminary test. During the main series of experiments,

the full area of the bearing pad was on the soil surface and the system was plumbed by leveling

the top plate of the loading frame. 

As the potential for surface settlement is a common issue borehole shear devices, the area of

the bearing plate in this device (0.14 m2) was increased to be greater than the original borehole

shear device described by Handy and Fox (1967). It is important to have the full area of the

bearing pad in contact with the soil to minimize errors in the displacement calculations due to

mobilization of the bearing capacity of the bearing pad. As the borehole shear device is most

commonly used in stiff soils, the elastic settlement of the plate on the soil surface is assumed to

be much less than the movement of the shoe during shearing. If settlement is observed to be an

issue at some sites, a gravel bearing pad may be placed around the borehole to improve the

stiffness of the surface.  

EXPERIMENTAL PROCEDURES 

Following excavation of a standard 101.6 mm-diameter borehole, the shear head device is

lowered into the hole to the desired depth by connecting several 1 m-long extension rods. During

this time, the shear head device is suspended within the hole using a clamp device. Next, the load

frame is moved over the hole. The shear head is then coupled to the extension rods and the load
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cell  while keeping the shear head in the desired angular orientation (e.g., North-South, East-

West, etc.).  It is important to pretension the string potentiometer to a length greater than the

expected total upward displacement, and attach the fishing line running from the concrete shoe

using two reusable split shot fishing sinkers. The tubing connected to the borehole shear device is

then connected to the pneumatic control board and the heat pump using quick-connect valves.

The top plate of the load frame should now be leveled using the height adjustment nuts on the

all-thread rods.

After  providing at  least  15 minutes  for  consolidation  under  the applied  normal stress  as

recommended by Lutenegger (1987), the heat pump was started to reach a target temperature.

Although a horizontal displacement sensor between the two shoes, as proposed by Suleiman and

Xiao (2014), would have been useful to assess the transient consolidation process, one was not

incorporated in the device described in this study in case groundwater was encountered. Further,

horizontal  displacement  is  not  necessary  if  the  purpose  of  testing  is  to  infer  the  impact  of

temperature on the shape of the normalized T-z curve during drained pullout.  Next, the heat

pump  was  turned  on  to  apply  a  desired  temperature  to  the  shoe,  measured  using  the

thermocouple embedded near the surface of the concrete shoes. Accordingly, heating is applied

in load-control conditions, and is not expected to represent the radial expansion of an energy

foundation during heating.  Even though the shoe reached a constant  temperature after  a few

minutes, a time period of 45 minutes was provided so that the surrounding soil could react to the

applied temperature.  This time period was selected based on practical time constraints in the

field. As the concrete shoe rapidly reached thermal equilibrium, it is expected that the soil in the

close vicinity of the interface would also respond quickly. Longer periods of time may be needed

when testing low permeability materials, as it may take longer for any thermally-induced excess

16

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

31
32



pore water pressures to drain. This is a subject for further study in the future, and would be a

useful  application  of  a  horizontal  displacement  sensor.  After  45  minutes  under  the  applied

temperature,  the upward vertical  load was applied to the extension rods under displacement-

controlled conditions at a rate of 0.05 mm/min. After reaching a stable post-peak shear stress

(typically 1 to 2 mm in stiff soils), shearing was stopped. The vertical load applied to the shear

head was then returned to the original load. The horizontal stress was then increased to the next

normal stress increment, and 15 minutes were provided for further consolidation to occur. This

approach,  which  is  consistent  with  the  staged  testing  approach  described by Handy (2002),

permits the shear head to remain in thermal equilibrium and minimizes uncertainty related with

uncertain variations in soil stratigraphy with depth. The borehole shear device was removed from

the  hole  and  inspected  after  each  series  of  tests  under  different  normal  stresses  at  a  given

temperature.  The shear  head was  then  returned to  the  same depth  but  rotated  to  a  different

location before application of a different temperature. AbdelSalam et al. (2012) performed each

interface  test  at  a  different  location  to  minimize  the  chances  of  particle  alignment  into  the

direction of shear, which will minimize the chances that a test at one normal stress will affect the

results at another normal stress. This is likely most important in soils that show a strain-softening

behavior during shear. All of the tests in this study involved a constant normal stress during

shearing. As proposed by Suleiman and Xiao (2014), a horizontal displacement sensor may be

useful in performing constant normal stiffness tests by varying the normal stress to maintain a

constant displacement to evaluate the effects of constrained dilation (Jardine et al. 1993), which

is a subject that can be evaluated in future studies.
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DETAILS OF THE PROOF OF CONCEPT TESTS

Overview

Two  testing  series  were  performed  to  obtain  proof-of-concept  results  from  the  thermal

borehole  shear  device  in  terms  of  the  shear  stress-displacement  curves  and  the  peak  shear

strength failure envelopes. The first series of tests were performed in a soil tank in the laboratory

to evaluate the results of the device under controlled conditions, while the second series of tests

were performed in a borehole at a field site to consider the effects of actual in-situ boundary

conditions and soil structure. More complex testing programs can be performed with this device

in the future to assess different geotechnical topics related to energy foundations, such as the

variation in temperature effects on the T-z curves with depth in the same soil deposit, the role of

temperature cycles, or time-dependent mechanical and thermal consolidation curves at different

depths.  The latter  issue  would  require the  incorporation  of  a  horizontal  displacement  sensor

between the two shoes.

Laboratory Test Details

Before going to the field, a preliminary test was performed in a laboratory tank to refine the

testing procedures and instrumentation configuration.  A 1 m-deep layer  of Boulder clay was

compacted  within  a  cylindrical  tank  having  a  diameter  of  500  mm.  Relevant  geotechnical

properties of Boulder clay measured by Svoboda (2013) are presented in Table 1. The clay was

compacted in lifts to reach a dry density of 15.6 kN/m3 at a gravimetric water content of 15%.

This corresponds to a compaction effort lower than the standard Proctor compaction effort, and

corresponds to dry of optimum conditions.  After compaction of the clay layer,  a hand auger

device was used to create a 114 mm diameter borehole to a depth of 680 mm in the center of the

clay layer. Borehole shear tests was then performed at a depth of 500 mm (to the center of the
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shear head), for temperatures of 10 and 35 °C, respectively. The shear head was rotated 90° for

each temperature but the tests were at the same depth. The bearing plate was mounted on the top

of the steel tank. The normal stresses used in these tests were much greater than K0 conditions for

this shallow depth. It is expected that the results from these laboratory tests are likely affected by

the surface boundary conditions and to the radial stress field in the rigid-wall tank.  Nonetheless,

the laboratory tests provide useful information on the trends with normal stress and temperature

and highlight the capabilities of the device. 

Field Test Details

The field test was performed on the property of Entech Engineering in Colorado Springs,

Colorado. A truck mounted drill rig with continuous flight auger was used to provide a 5 m deep

101 mm-diameter borehole. The method for drilling was comparable to a traditional exploratory

boring,  with  standard  penetration  testing  performed  at  approximately  every  1.5  m  using  a

California sampler. After the borehole had reached its desired depth, a new drill bit with an extra

bead of hard facing was used to clean out the hole to a slightly larger diameter (approximately

110 mm) with a smooth surface. The location of the boring was on a relatively flat gravel lot and

drilled on the morning of testing to minimize the chances of the borehole collapsing. The results

of the site investigation are summarized in Table 2. The soils encountered at the Entech test site

were stiff, compacted sandy gravel fill up to 2 m, with underlying native medium dense silty

sand. All of the tests were performed in a day, during which time the borehole remained open

without visual changes in diameter.  The borehole shear tests were performed at a depth of 2.74

m for  multiple  normal stresses  and temperatures  of  10,  25,  and 45 °C.  The shear  head was

cleaned after each testing series, and the borehole shear device was reset at a different angular

location before the start of each normal stress series. 
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The maximum normal stress applied in the field of 22.6 kPa was approximately equal to the

horizontal  stress  at  rest,  calculated  using  the  coefficient  of  lateral  earth  pressure  at  rest  K0

estimated using Jaky’s (1944) equation (K0 = 1 – sin). Two lower normal stresses of 13.6 and

18.1 kPa were also used to evaluate the frictional response of the soil under the stress range

expected for drilled shaft foundations. The soil around a hole constructed using the dry method

typically experiences stress relief and active earth pressure conditions during excavation.

RESULTS 

The shear stress-displacement curves from the two testing series in the Boulder clay layer are

shown in Figures 8(a) and 8(b) for temperatures of 10 and 35 °C, respectively.  As expected, the

interface shear strength increases with increasing normal stress. The shapes of the curves are

similar for the tests at the two temperatures, showing a hardening behavior during shear. The

strain  at  failure  defined as  the  onset  of  plastic  displacement  is  slightly  greater  for  the  tests

performed at 35 °C, indicating a slight softening with increasing temperature.

The shear stress-displacement curves from the three testing series in the silty sand layer in

the  field  are  shown in  Figures  9(a),  9(b),  and 9(c)  for  temperatures  of  10,  25,  and  45  °C,

respectively. Although the normal stresses are lower in the field tests, the shapes of the curves

are similar to those measured in the laboratory, with a hardening behavior during shearing. The

field curves also show a slight increase in the strain at failure with increasing temperature from

10  to  25  °C,  indicating  a  slight  thermal  softening.  However,  the  behavior  at  the  highest

temperature of 45 C does not appear to follow the same trend as at the lower temperatures, and

the reasons for this will be discussed later. 
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ANALYSIS

The peak shear  strength  values  from the  laboratory  tests  at  different  normal  stresses  are

shown in Figure 10(a). The failure envelopes were defined so that they have a zero adhesion

intercept, which provides a good fit to both sets of data. The application of temperature to the

compacted clay soil in the laboratory was observed to lead to a negligible change in peak shear

strength  at  the  same  normal  stress.  Further  the  interface  friction  angle  was  not  affected

significantly  by temperature.  The interface  friction  angle of  29° was lower than the internal

friction angle of the soil of 34.5° reported by Svoboda (2013). 

The peak shear strength values from the field tests at different normal stresses are shown in

Figure 10(b). The failure envelopes were also defined so that they have a zero adhesion intercept,

which provides a good fit to all of the data except the field test at 10 °C. Heating leads to an

inconsistent trend in the peak shear strength in the field. As mentioned above, the results from

the tests at 45 °C do not appear to be consistent with the others. It is possible that the time

permitted  for  thermal  equilibration  and  dissipation  of  thermally  induced  excess  pore  water

pressures was not sufficient. In this case, the effective stress at the interface may have been lower

for the tests at 45 °C than at 25 °C. Although it appears that heating leads to an increase in peak

shear strength from 10 to 25 °C, along with a corresponding increase in friction angle, the peak

shear strength in the tests at the two lower normal stress values at a temperature of 10 °C appear

to be too low. Specifically, if they were considered alone without the test at a normal stress of

22.6 kPa, the apparent adhesion would be negative. It is possible that the pneumatic piston did

not fully expand for these two tests or that consolidation was still occurring under the mechanical

load. If the test at a temperature of 10 °C and a normal stress of 22.6 kPa were compared to the

tests  at  the  other  temperatures,  the  increase  in  peak shear  strength and friction  angle  is  not
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significant. Another reason for the difference in the peak shear strength values is that thermally

induced water  flow in the unsaturated silty  sand deposit  led to an increase in  suction at  the

interface  and  a  corresponding  increase  in  apparent  adhesion.  As  all  three  tests  at  each

temperature were performed sequentially in the same location, it is possible that the thermally

induced water flow progressed over time, which may lead to an overestimate of the peak shear

strength at  each  subsequent  normal  stress.  This  possibility  indicates  that  it  may be better  to

follow the approach of AbdelSalam et al. (2012) by performing each test for a given temperature

and normal stress at a different location. 

A  summary  of  the  friction  angles  from  the  different  drained  failure  envelopes  in  the

laboratory and field is shown in Figure 11. The friction angle of the Boulder clay tested in the

laboratory  is  insensitive  to  temperature,  which  is  consistent  with  the  observations  of  Laloui

(2001). The inconsistent variations in friction angle of the silty clay in the field could have been

due to the low peak shear  strength values  from the tests  at  10 °C and/or  from the possibly

incomplete thermal consolidation in the tests at 45 °C. The tests on the silty clay in the field at a

temperature of 25 °C showed the most consistent behavior between the tests, so it is likely that

this  higher  interface  friction  angle  of  35°  is  representative  of  the  soil  layer.  However,  the

inconsistencies in the results does not permit a strong conclusion to be drawn regarding the effect

of temperature on the friction angle of the silty soil in the field. 

Normalized T-z curves were defined for the laboratory and field data by dividing the shear

stresses by the peak shear strength, and are shown in Figures 12 and 13, respectively. In most

cases the peak and large displacement shear strength values are the same as the curves exhibit

hardening  during  shear.  The  normalized  T-z  curves  for  Boulder  clay  obtained  from  the

laboratory tests shown in Figure 12 indicate that the normal stress leads to a decrease in the
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initial slope of the normalized curves for both temperatures. The effect of normal stress on the

normalized curves has been observed in T-z curves obtained by O’Neill and Reese (1999), and is

consistent  with the predictions  from the hyperbolic  model  of Duncan and Chang (197).  The

normalized curves at higher temperature show a slightly lower initial slope than those at ambient

temperature, except at the two lower normal stresses. It is possible that a transition behavior is

noted with increasing normal stress. The shapes of the normalized T-z curves for the silty sand

obtained from the field tests shown in Figure 13 indicate the same effect of normal stress as

observed in the laboratory tests, although the magnitude of the effect is not as significant. 

The initial slope was defined for each of the normalized T-z curves using the data at shear

stress levels (/max) between 30 and 70%. In this range of shear stress levels, the slopes of the T-

z curves are relatively consistent. Below a shear stress level of 30% it is possible that the shoes

do  not  start  moving  even  though  the  shear  stress  is  increasing.  The  normalized  T-z  curves

typically start  to exhibit  nonlinearity at  stress levels greater than 80 to 90%. The impacts of

normal  stress  and  temperature  on  the  initial  slopes  of  the  normalized  T-z  curves  from the

laboratory and field are summarized in Figure 14(a) and 14(b), respectively. The results in Figure

14(a)  indicate  that  the  initial  slopes  of  the normalized  T-z  curves  decrease  nonlinearly  with

normal stress in both the laboratory and field, except for the field test at a temperature of 45 °C,

which could have been affected by incomplete thermal consolidation. The results in Figure 14(b)

indicate that temperature does not have a major impact on the initial slope of the normalized T-z

curves, except for the tests in the laboratory and field at the lowest normal stresses of 12.4 and

13.6 kPa where inconsistent  behavior was noted.  Although the effects of temperature on the

normalized T-z curve were not significant for the stiff, unsaturated soil layers investigated in this
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study, the modified thermal borehole shear device described in this study permits definition of

site-specific trends in the these curves for different soils. 

CONCLUSIONS 

This  study presents the details  of a new thermal borehole shear test  that  can be used to

measure  the  in-situ  shear  stress-displacement  curve  of  soil-concrete  interface  under  different

temperatures.  The  new  device  incorporates  concrete  shoes  with  embedded  heat  exchangers

whose temperature is controlled using a heat pump at the ground surface, a loading frame for

shearing  under  displacement-  or  load-control  conditions,  and  an  approach  to  measure  local

interface displacements. The device is best suited for measurement of the effects of temperature

on the in-situ shear stress-displacement curves and the drained failure envelope for saturated,

stiff soils. In these soils, it is expected that the horizontal displacements will be small during

mechanical loading, which will minimize the chances for moments within the horizontal loading

system or the possibility for plowing. Further, the roughened surface of the concrete shoes best

represents the interface between a stiff soil and a drilled shaft constructed using the dry method.

In unsaturated soil layers, thermally induced water flow may cause an increase in the peak shear

strength that would not occur in saturated soil layers. Finally, the elastic settlement of the surface

loading plate is expected to negligible in stiff soil layers when compared to the movement of the

soil-concrete interface.

The results from the laboratory tests indicate that temperature does not have a major impact

on the peak shear strength, friction angle, or shape of the normalized T-z curves. These results

support the assumption in load transfer analyses on energy foundations that temperature does not

have a major  effect  on the shape of  the T-z curve.  Further,  the laboratory  tests  confirm the

importance of the horizontal normal stress on the shape of the normalized T-z curve. The results
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from the field tests indicate that temperature does not have a major impact on the shape of the

normalized  T-z  curves,  but  inconsistent  behavior  was  observed  regarding  the  effects  of

temperature  on  the  peak  shear  strength  and  friction  angle.  These  inconsistencies  can  be

minimized in future tests by moving the shoe to a new location after each test to minimize the

effects of thermally induced water flow, and waiting for a sufficient time to permit consolidation

due to the application of the normal stress or thermally induced excess pore water pressures.

Incorporating  a  horizontal  displacement  sensor  between  the  two  shoes  may  be  useful  in

evaluating transient changes horizontal displacement of the shoes during mechanical loading or

heating, even though this feature may not be necessary for defining the impact of temperature on

the interface shear stress-displacement curve. A method for suction measurement at the interface

may also help evaluate the in-situ stress state as well  as to confirm that there are no shear-

induced pore water pressures when performing drained shearing tests. 
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Figure 14: Values of the initial slopes of the normalized interface shear stress-displacement 

curves for the tests performed in the laboratory and field
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Table 1: Properties of Boulder clay (Svoboda 2013)

Parameter Value
D10 < 0.00015 mm
D30 < 0.00015 mm
D50 0.0012 mm

% Passing No. 200 Sieve 90 %
% Clay Size 60 %
% Silt Size 40 %

% Sand Size 0 %
Gs 2.7

Liquid Limit, LL 43 
Plastic Limit, PL 21

Plasticity Index, PI 22
Effective friction angle, ' 34.5°

Compression index, Cc 0.233
Recompression index, Cr 0.0041

Std. Proctor Max. Dry Unit Weight 17.1 kN/m3

Std. Proctor Max. Opt. Water Content 18%
Drying-path soil water retention curve* VG = 0.009 kPa-1, NVG = 1.16, r = 0%

Initial void ratio, e0 0.70
Initial water content, w0 15.0%

Initial degree of saturation, S0 0.58
Saturated hydraulic conductivity, ks 6.9×10-10 m/s

*Defined using the van Genuchten (1980) model
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Table 2: Results from the site investigation at Entech Engineering, Colorado Springs, CO

Sample 
depth
(m)

Material          
encountered*

Gravimetric
water

content
(%)

California
sampler 

SPT N-Value
(blows/300 mm)

1.5 Dense sandy fill w/ gravel 15 28
3.0 Medium dense silty sand 9 17
4.6 Medium dense silty sand 8 19
6.1 Medium dense silty sand 12 22

*Note: Soils were identified using the Visual Manual Procedure in the field. All fines were 
deemed to be non-plastic
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Figure 1: Schematic of the thermal borehole shear device system
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Figure 2: Cross-section of the thermal borehole shear head
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Figure 3: Elevation view of the thermal borehole shear head
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Figure 4: Picture of the reinforcing cage, heat exchanger tubing, and embedded thermocouple
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Figure 5: Pictures of the thermal borehole shear head

Figure 6: Schematic of the upper and lower platforms of the loading frame
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Figure 7: Picture of the assembled loading platform during a test
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Figure 8: Interface shear stress-displacement curves for compacted Boulder clay measured in the 

laboratory: (a) 10 °C; (b) 35 °C
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Figure 9: Interface shear stress-displacement curves from the field site at a depth of 2.74 m: 

(a) 10 °C; (b) 25 °C; (b) 45 °C
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Figure 10: Interface peak shear strength failure envelopes: (a) Boulder clay tested in the 

laboratory; (b) Silty sand from the field site

Figure 11: Friction angle values as a function of temperature for the interface peak shear strength

failure envelopes
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Figure 12: Normalized interface shear stress-displacement curves for compacted Boulder clay 

measured in the laboratory: (a) 10 °C; (b) 35 °C
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Figure 13: Normalized interface shear stress-displacement curves for the silty sand at the field 

site at a depth of 2.74 m: (a) 10 °C; (b) 25 °C; (b) 45 °C

46

733

734

735

91
92



Figure 14: Values of the initial slopes of the normalized interface shear stress-displacement 

curves for the tests performed in the laboratory and field
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