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Thermo-mechanical ratcheting in jointed rock masses

C. PASTEN*, M. GARCIAt and J. CARLOS SANTAMARINA}

Thermo-mechanical coupling takes place in jointed rock masses subjected to large thermal
oscillations. Examples range from exposed surfaces under daily and seasonal thermal fluctuations
to subsurface rock masses affected by engineered systems such as geothermal operations.
Experimental, numerical and analytical results show that thermo-mechanical coupling can lead to
wedging and ratcheting mechanisms that result in deformation accumulation when the rock mass
is subjected to a biased static-force condition. Analytical and numerical models help in identifying
the parameter domain where thermo-mechanical ratcheting can take place.
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INTRODUCTION

Energy conservation and Le Chatelier’s principle state
that a system in equilibrium could experience a mechanical
reaction to oppose an imposed thermal change. This obser-
vation anticipates — but does not explain — thermally driven
displacements that have been recognised in natural rock
slopes (Hatzor, 2003; Watson et al., 2004; Gunzburger et al.,
2005; Gischig et al., 2011; Bakun-Mazor et al., 2013; Pasten,
2013; Greifet al., 2014) and engineered systems such as pave-
ment structures, exposed geomembranes and thermo-active
piles (Croll, 2009; Pasten & Santamarina, 2014a, 2014b).

The accumulation of displacements in rock masses due to
thermo-mechanical effects requires a force-biased system
such as a down-sliding driving wedge or choke-stones behind
a resisting block, a single block on an inclined plane, or a
combination thereof. The general case is sketched in Fig. 1: a
resisting block of height H (m) and width Ly (m) and a
driving wedge of width Ly (m) sit on an inclined plane of
angle n (degrees). A thought experiment suggests the fol-
lowing sequence of events leading to displacement accumu-
lation or ratcheting: plastic displacements take place along
the block-base joint during heating; these displacements are
only partially reversed during cooling; the driving wedge
falls further down to a lower position and is ready to exert
a renewed wedging action against the block during the
following heating cycle.

The following section presents experimental evidence of
thermo-mechanical wedging and ratcheting. A numerical
model is validated against experimental results, and is
later used to explore other boundary conditions. Finally,
a simplified analytical model is developed to extract the
parameter domain for thermo-mechanical ratcheting; in
particular, we seek to obtain a closed-form solution to
predict the minimum temperature change required for
thermo-mechanical ratcheting as a function of the system
geometry.
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EXPERIMENTAL DEMONSTRATION
The experimental setup consists of an acrylic block-wedge
system that reacts against an aluminium base and back wall
(Fig. 2; further details are given elsewhere (Pasten, 2013)).
The thermal expansion of the acrylic block—-wedge elements
(@acrylic = 85X 107%/°C) exceeds the expansion of the alumini-
um base-wall (Garuminium = 20><10_6/°C). The block-wedge
system and the frame are housed within a temperature-
controlled chamber. Air and block temperatures are mon-
itored with thermocouples, and a linear variable differential
transformer (LVDT) mounted outside the chamber tracks
the wedge vertical displacement. Temperatures and displace-
ment are recorded every 5s using a data logging system.
Experimental results gathered for a horizontal base = 0°
and a block-wedge interface at = 6° are shown in Fig. 3(a)
(the experimental study involved 24 experiments under
different thermal regimes and inclinations 7). The time
history exhibits three stages — initial heating (=2 h), thermal
cycles (20 cycles, thermal amplitude AT =1-4°C, total
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Fig. 1. Model configuration for thermo-mechanical ratcheting
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Fig. 2. Experimental setup
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Fig. 3. Thermally induced wedging mechanism and ratcheting
displacement for horizontal base 5 = 0°: (a) experimental results
and (b) numerical results of 3D model; Lg =213 mm, Ly =12
mm, H=350 mm and =6°

duration =14 h) and final cooling (=5 h). The thermal cycles
cause the gradual downward displacement of the wedge
at a rate of J,=0-18 mm per cycle; the associated rate of
permanent horizontal displacement accumulation in the
resisting block is op= 0-02mm per cycle (note that, from
geometric considerations, J,=d, tan f).

NUMERICAL MODEL
A three-dimensional (3D) numerical model was implemented
in Abaqus (Abaqus, 2013). In the model, the block, wedge

Data logger
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I ) o OO0 0O

and base are assumed thermo-elastic and are discretised using
C3D8 T elements (four nodes, full integration, coupled tem-
perature—displacement elements). Interfaces have an elastic
normal response, an elasto-plastic shear response (critical
distance to mobilise the interface shear strength 5; (m) and
friction coefficient x) and low thermal conductivity (limited
heat transfer across bodies). The properties of materials and
interfaces are summarised in Table 1. In the absence of specific
interface data, the critical distance to mobilise shear strength is
used as a fitting parameter: all experiments are properly
predicted with a single value of 5; =1x10"* m.

In all cases, the numerical results closely match the
experimental results. For example, Fig. 3 compares numeri-
cal and experimental results for the case of a horizontal base
n=0° a wedge-block interface angle of f=6° and block
cyclic temperature amplitude AT = 1-4°C. In agreement with
the experimental results, thermal cycles cause the gradual
accumulation of downward wedge displacement and associ-
ated horizontal block movement. The adopted interface
constitutive model causes continuous displacement ac-
cumulation rather than the stick—slip response observed in
experimental results, which is mainly due to the presence of
small asperities in the aluminium frame and the speed at
which the wedge accommodates to the temperature change.
Modelling of the tangential interface behaviour can be im-
proved by adopting a constitutive model with strain soft-
ening or state parameters and a friction law that depend
upon the relative displacement rate of the surfaces.

ANALYTICAL SOLUTION

A closed-form solution is sought to identify the interplay
between parameters that govern the macroscale response and
to explicitly define the parameter domain for thermo-
mechanical ratcheting. The assumed geometry resembles
that shown in Fig. 1, with the following simplifications (a
more general case is solved elsewhere (Pasten, 2013)).

®* 1D system along the x-direction so the wedge-block
interface angle is = 0° (Fig. 1).
¢ There is no weight transfer from the wedge onto the block
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Table 1. Material properties

Acrylic Aluminium
Young’s modulus, E: GPa 2-5 70
Mass density, p: kg/m® 1180 2700
Interface friction coefficient, u 0-42 0-5
Thermal expansion coefficient, a: 85 20

107%/°C

Thermal conductivity, kt: W/(m K) 0-2 210
Specific heat capacity, c¢p: J/(kg K) 1500 900
Thermal diffusivity, Dy m*/s 1-113x 1077 | 864 x107°

® The resisting block is perfectly rigid and only the wedge
experiences thermal expansion.

® The system is wide so that heat diffusion takes place only
from boundaries normal to the x-direction.

Equilibrium and compatibility
The maximum shear force per unit out-of plane width Fi,.x
(N/m) that can be mobilised at the base is

Fiax = HyLg(ucosn —siny) — HyLw sing (1)

where y (N/m’) is the block unit weight and the other
parameters are defined in Fig. 1.

The wedge free thermal expansion Jt (m) is constrained by
the presence of the block. In fact, the wedge elastic con-
traction d, (m) due to the resisting force F (N/m) exerted by
the block is

FLw

b=t @
where E (Pa) is the material Young’s modulus. Then, the
displacement the wedge imposes on the rigid block and base
joint J; (m) equals

8, =01 — o 3)

Dlsplacements are elastic as long as the iomt displacement
remains below the elastic threshold ¢;<d;. The 1nteract1on
force reaches the maximum value F Fmax when J; 5 and
deformations accumulate when J; >(5

Free thermal expansion &+: dependency on exposure time
Diffusive heat transport defines the temperature 7T(x,t) at
distance x and time ¢ following changes in boundary
temperature (Carslaw & Jaeger, 1986)

oT(x,1)  O*T(x,1) @)
or T ox2

The thermal diffusivity Dt = kr/(pc,) (m?/s) is propor-
tional to the material thermal conductivity bt (W/(m K)) and
inversely proportional to its mass density p (kg/m’) and
specific heat capacity ¢, (J/(kg K)). The homogenisation time
t (s)isthe time until the centre of the block experiences 99% of
the imposed boundary thermal change AT (°C). Under
diffusion-controlled conditions, the homogenisation time
for the wedge can be estimated as (Carslaw & Jaeger, 1986)

fyy = 0-5L2,/ Dt ()

Then, the skin depth Sy (m) affected by a certain exposure
time fexp (5) is

(0-5D1Lexp)"”
Sy =
Lw/2

texp < By (©)

lexp =ty

Consequently, the wedge free thermal expansion depends
on the exposure time relative to the homogenisation time

and the imposed temperature change AT =T, — T, (°C)

o1 = a(2Sg)AT (7)

where a (1/°C) is the rock thermal expansion coefficient.

Maximum temperature change without plastic
displacement

The maximum temperature change AT, that the system
can sustain without plastic displacement for a given expo-
sure time 7., can be computed by substituting the free
thermal expansion Jr calculated for an exposure time fey,
(equation (7)) and the elastic contraction J; calculated
for F.x (equation (2)) into the compatlblhty equation at
the verge of plastic deformation 6 =010, (equation (3)).
Solving for AT . yields

1 * Fmax LW
28qa \ ! HE

1 13 (L
=35 {6 +yEW <ﬁ(ycosn —singy) — sinn)}

The maximum temperature ATy, the system can sustain
without plastic displacement decreases when the thermal
expdnsion coefficient o, the stiffness E or the slope angle
increase. Conversely, ATy, Increases when the joint friction
coefficient u or elastic displacement 5 increases. In dimen-
sionless form, equation (8) can be ertten as

ATmax =
(8)

_ 9% Lw 7Lw
ZSdOL ATmax 2Sd EoA Tmax

(LB . . )
X | — (ucosn —siny) —siny
Ly

DISCUSSION

Comparison

Figure 4 shows the variation in AT},,x predicted by equation
(8) as a function of the relative block-to-wedge length ratio
Lgp/Lyw for the parameters listed in Table 1 and exposure
times #., = 1 h (continuous lines) and 7., =30h (dashed
lines). For comparison, the following three plane-strain cases
are numerically solved.

® A thermo-elastic wedge and a perfectly rigid block with
vertical interface = 0° (model a, similar to the geometry
assumed in the analytical solution).

® A thermo-elastic wedge and a rigid block with inclined
interface = 6° (model b).

* A thermo-elastic wedge and block with vertical interface
B =0° (model c).

In all cases, the wedge-block interface is considered
frictionless and thermally isolated. The results in Fig. 4
show the following.

® The analytical model is in close agreement with numeri-
cal results (model a) for long exposure times when the full
wedge length is involved in thermal dilation. Differences
for short exposure times underscore the effects of
simplifying assumptions on skin depth Sy.

®* The close agreement between results obtained with
models a and b, for both short and long exposure
times, provides support to the simplifying assumption
£ =0 made for the analytical solution.

® Results obtained for model ¢ as compared to model a
show the pronounced effect that the combination of base
inclination and thermal expansion in both the wedge and
the block has on causing plastic displacements.
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Fig. 4. Maximum temperature change required to cause plastic displacement AT« as a function of the relative block-to-wedge
length Lg/L\y. Base inclination n = 0° (a) and n = 15° (b). Continuous and dashed lines correspond to the analytical model (equation (8))
for exposure times te., =1 h and te,, = 30 h, respectively. Numerical results for plain-strain models a, b and ¢ are shown as symbols.
Filled and open symbols correspond to exposure times t.,, = 1h and t.., = 30 h, respectively. R stands for a rigid element and F for
elastic element. L+ =Lg + Ly =225 mm, H =350 mm and the material properties are listed in Table 1

® Low critical temperatures AT,.x obtained from model ¢
agree with the temperature amplitude that causes plastic
displacement in the cyclic stage of the experimental
demonstration (Fig. 3(a)).

Alternative failure modes: toppling and sliding

Models with high slenderness H/Ly are prone to toppling,
while low slenderness models favour sliding. The model
analysed in Fig. 3 is stable to toppling for any relative block-
to-wedge length Lp/Lyw and is stable to sliding for Lp/Ly >
4. According to equation (1), the maximum inclination that
the model can sustain is #,.x=arctangent [uLp/ (Lg+Lw)].

CONCLUSIONS

Experimental, numerical and analytical results show that
thermo-mechanical coupling can lead to plastic displace-
ment accumulation and ratcheting when a rock mass is
subjected to a biased static-force condition, due to a wedge—
block geometry and/or an inclined base plane.

The numerical simulations corroborate the experimental
results and agree with the analytical results. In turn, the
analytical solutions expose the interplay between the
governing parameters, in particular the relative threshold
strain in the joint and the thermal strain in the wedge 5; /
2840AThax), the relative elasto-thermal strains ((yLw)/
(2S4E0AThax)) (With the contribution of gravity through
the inclination factors) and the relative block-to-wedge size
(Lp/Lyw).

Permanent displacements are accentuated by the intensity
of the biased force, the amplitude of the thermal cycle and

the exposure time, the thermal expansion coefficient of the
rock and the joint brittleness (i.e. the threshold deformation
for elastic-to-plastic transition).

Thermo-mechanical ratcheting is a gradual failure mech-
anism that manifests in many exposed rock faces, especially
when they are subjected to large-amplitude seasonal temp-
erature changes (see details in Pasten (2013)) and it may also
develop in other engineered geosystems. Its parameter
domain often plots outside the toppling and sliding domains.
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