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Abstract: Ice strain dominates the ice thrust and dynamics on reservoir dams and retaining
structures. An exclusively designed laser range finder was deployed to measure the surface ice
displacements along six directions at a reservoir in northeastern China. The incompletely
confined boundary (ice-boundary bonding), ice cracks development, water level fluctuations,
parallel crack dynamics, and ice creep allow the surface ice to move rather than keep still in
response to thermal deformation/pressure, and thus cause the ice strain deviates from thermal
strain. Consequently, a residual strain was introduced and calculated from the recorded
displacements. Observations showed that the residual strains were anisotropic and showed
diurnal patterns following the air/ice temperature. A scale-dependence of crack development was
observed and causes potential scale-effects to residual strains. The real ice strain consists of
thermal strain and residual strain. The proportion of the latter increased as time went by. A
modified constitutive law accommodating the residual strains was developed to evaluate the
impacts of the residual strains and to estimate the surface ice stresses. Modeling results
underlined the role of the residual strain in determining both the principal stress and the stress
perpendicular to and parallel with the dam face. The residual strain is probably the reason why
the observed ice stress is always much lower than the single thermal stress.

Keywords: thermal strain; residual strain; constitutive law; static ice loads; reservoir ice

Introduction

Although dams have been built and operated for a long time in northern climate, the forces exerted
by ice on them are still not well understood. These loads must be taken into consideration in
design of ice-infested hydraulic structures and engineering (Cox 1984; Bouaanani et al. 2004), but
there is still not enough information available to predict these loads with a satisfactory confidence
for engineers (Comfort et al. 2000a,b; Gebre et al. 2013). Horizontal ice forces on structures are
usually divided into two broad categories: static forces produced by a structure constraining the
thermal expansion of an ice cover in horizontal plane, and dynamic forces created by the
interaction of moving ice cover with a fixed/moving structure.

Ice pressure is an important stress value to be measured in determining the static ice loads
(Comfort et al. 2003; Taras et al. 2009). Previous findings have revealed that the ice pressure in
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reservoirs can arise from various processes that can act alone or in combination. Among these
processes, one can identify thermal forces (Cox 1984; Ko et al. 1994; Comfort et al. 2003), forces
associated with changes in water level (Stander 2006; Taras et al. 2009) and wind forces
(Prinsenberg et al. 1997). Furthermore, in situ data and theoretical analyses also indicate that the
magnitude of thermal ice load is affected by the snow/slush cover, ice thickness, shoreline
confinement, reservoir shape, and relative stiffness of various hydraulic structures (Boulton and
Jones 1979; Comfort et al. 2000b,c; Arunachalam 2005; Petrich et al. 2015). Most of theoretical
predictions of the maximum ice thrust are based on a simple in-plane compressive model of
fragmented ice floes with respect to buckling/bending and hinging effects (Carter et al. 1998),
which derives an upper bound for ice thrust. Instead, some empirical functions have been reported
to show encouraging ability to estimate the thermal loads of an ice cover based on the elastic and
viscous behavior of ice (Xu 1986; Bergdahl 1978; Cox 1984; Fransson 1988). Current models
consistently overestimate the ice stress, but the reasons for this overestimation are still not well
understood (Azarnejad and Hrudey 1998; Comfort et al 2003).

Conventionally, field measurements of ice thrust/load rely on various stress sensors refrozen
between ice and dam face, or within ice. However, occasional detachments and poor bonds
between ice and sensors contaminate the data quality. Therefore, ice deformation or strain
measurement provides an indirect way to determine the ice stress in a reservoir (Morse et al. 2009,
2011). Additionally, the ice push and sudden displacement due to the release of cumulated ice
stress/strain can damage the dam revetments, ice-infested hydro-structures, and even buildings on
the shore (Comfort and Liddiard 2006). Hence, the determination of the ice strains and their
accumulation is of great importance in understanding and modeling the ice thrust in lakes and
reservoirs. Nevertheless, ice displacement and strain have not been well quantified especially in
field scale.

A field campaign was conducted between February 24 and March 26 in 2011 to monitor the
surface ice displacement in Hongqipao Reservoir, northeastern China. This paper presents the in
situ investigations and results, aiming at quantifying the residual strain within the ice cover and
relating it to environmental conditions to better understand the mechanism of ice thrust. A new
constitutive model was then developed to estimate the ice stress and to evaluate the effects of
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environmental conditions besides the air/ice temperature.

Field Investigations

Honggipao Reservoir (46°36'N, 125°16'E) is located in Dagqing, Heilongjiang Province,
northeastern China. The reservoir area is 35 km? with a storage capacity of 1.16x10® m?, bound at
the western, southern and eastern sides by concrete panel-paved earth-filled dams. The dams are
totally 24.5 km long. Ice season usually begins in later October or early November when the air
temperature descends below 0°C, and ends in middle or late April. Ice thickness can be up to 1.20
m in March when the air temperature is still below the freezing point of freshwater (Fig. 1). Over
the whole ice season, water replenishing is ceased, although one intake works for water supply.
The water level fell by only 0.05 m from 147.18 m to 147.13 m during the two weeks of
measurement, and the current velocity under ice was assumed to be negligible (Fig. 2).

An automatic laser range finder (LRF) was developed exclusively to measure the distance (i.e.
displacements of surface ice) along any direction. LRF consists mainly of two parts: a
high-resolution laser range finder (Leica Disto D3A) and a steerable automatically-rotating base.
The ranger finder has an accuracy of = 1 mm (with a reading resolution of 0.1 mm) within the
measuring range of 0.05 — 200 m. The rotating base has a direction accuracy of + 1°. These two
parts were modulated and connected to a laptop, which functioned as a controller and data logger.
The field design and instrumentation is shown in Fig. 3. Six reflectors (Points P1 ~ P6) were fixed
and refrozen quickly into the ice cover around the LRF (Point O) to reflect the laser transmitted by
the LRF for distance recordings. All reflectors were spaced 60° apart from one another, with P1
pointing to the geographic north. The lengths of the lines OP1, OP2, ..., OP6 were 4.9 m, 7.9 m,
10.8 m, 13.9 m, 16.9 m and 19.9 m, respectively. The LRF was at about 40 m distance from the
dam face.

In order to avoid the contamination in the displacement data induced by wind force and
surface melting of snow/ice, the LRF was fastened to a platform through 4 screws. The platform
had three 90 cm-long wooden legs (like a tripod), all of which were inserted into the ice sheet to a
depth of approximately 50~60 cm (similar to the technology deployed in polar ice observations by
Polashenski et al. (2012)). The platform was carefully leveled using a bubble level before its legs
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were refrozen fasten into the ice holes. Every reflector had also a 90 cm-long wooden leg, which
was inserted into the ice cover to a similar depth (50~60 cm). Therefore, the maximum heights of
the LRF and reflectors were lower than 40 cm beyond the ice surface, reducing the wind effect.
Furthermore, all surfaces and legs of the reflectors and LRF platform were colored white to avoid
radiative absorption that might induce internal melting at the wood-ice interfaces.

A meteorological station was established 30 m away from the LRF to measure and record the
net radiation, air temperature, and wind speed and direction once a minute. A thermistor chain was
placed into a drill hole, and refrozen into the ice cover to measure the ice/water temperature at
2-122 cm below the ice surface at 5-20 cm vertical spacing (at 2 cm, 7 cm, 12 cm, 17 cm, 22 c¢m,
27 cm, 32 ¢cm, 42 cm, 52 cm, 62 cm, 82 cm, 92 cm, 102 c¢cm, and 122 cm). The resolution was
0.1 °C for temperature, 1 W/m? for irradiance, 0.1 m/s for wind speed, and 1° for wind direction.
An ultrasound sonar with 2-mm accuracy was placed 50 cm below the ice bottom to record the ice
thickness at every half hour. The initial ice thickness was 90 cm when the ice was instrumented on
February 24. Meanwhile, ice thickness was also measured manually every two or three days using
an ice auger. All measurements were ended on March 28 when the piles tilted.

However, due to power and machinery failure, surface ice displacement datasets were obtained
discontinuously before March 4. And the data recorded after March 20 was false since the
reflector stands started to become loose due to ice melt. Therefore, a 16-day period of good data

was obtained and is further analyzed here.

Constitutive Laws

Current Constitutive Laws

In order to illustrate thermal ice displacements directly, we assume that the ice cover (or the
surface layer) is isothermal and homogeneous all time, and that the ice temperature changes
instantaneously. Fig. 4 illustrates the thermally induced ice deformation under three kinds of
constraint boundaries (free, fixed, and incompletely confined ends) when the ice temperature
changes. The points O and P; denote the LRF and an arbitrary reflector in Fig. 3.

Under the free boundary condition, with an increment in ice temperature (47, °C), the length of
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OP; expands from its initial Ly to L7,
L, =L,(1+aAT). (1)
where o is the thermal expansion coefficient of freshwater ice (5.0x10°°C™"). There is no stress
within the ice cover.
Under the fixed boundary (i.e. completely confined), points O and P; never move with changes

in temperature for an intact ice cover, and the thermal strain e7 and stress or (Pa) can be expressed

as

L. —L

0 = aAT, (2)

T

Er =

o, =Eg, =aEAT, ()

where E; (Pa) denotes the elastic modulus assuming the ice is an elastic medium. Usually,
freshwater ice is regarded as an elastic-viscous medium and modeled using a Maxwell unit (a
spring, which represents instantaneous elastic deformation, in series with a nonlinear dashpot
based on a power law creep which models the non-recoverable viscous deformation) (Bergdahl

1978; Azarnejad and Hrudey 1998; Petrich et al. 2015). Thermal ice pressure can be formulated as

’

4o, _p|9% _kp| 2| | @
dt dt o,

where ¢ is time (s), D is the temperature-dependent viscous creep rate (m?/s), K (m™) and n are
viscous rheology parameters, oy is a reference stress (Pa), and the subscript i stands for the ice.
The first and second term in the square brackets represent the instantaneous elastic strain and
time-dependent viscous strain, respectively.

Taking into consideration the material nature of freshwater ice, some complicated
physically-based models primarily consisting of a Maxwell unit in series with a Kelvin-Voigt unit
(i.e. a spring parallel to a nonlinear dashpot, representing the delayed elastic deformation) or other
combinations of several Maxwell and/or Kelvin-Voigt units have been proposed (Yamaoka et al.
1988; Ivchenko 1990). However, comparisons with analytical results and field tests indicated that
the models including only a Maxwell unit (Eq. (4)) show a better prediction and require less

computing consumption (Azarnejad and Hrudey 1998; Petrich et al. 2015).
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The ice strain rate is currently considered to be equal to the thermal strain rate (Bergdahl 1978;

Cox 1984; Timco et al. 1996; Petrich et al. 2015)
de, dg, o dT
dt dt dt

Thus, Eq. (4) is transformed into

©)

A New Constitutive Law

Under incompletely confined boundary (e.g. elastic restraint), which is representative of natural
static lake and reservoir ice covers, especially for a tilted dam, the ice cover also expands (thick
black dotted lines in Fig. 4) but not as much as the free boundary, i.e., the length Ly grows to Lz

with an increase in ice temperature. Therefore, the real ice strain ¢; is

M, %)

g =& —&gy=aAT -
0

where Ly and Lp are the original distance and the distance after a temperature change, respectively,

Loh

and the residual strain & =
0

was determined from the displacements of the LRF and reflectors.
Eq. (6) is thus transformed into

do—i _
dt

d o)
E, dt(ocT—gR)—KD[’J -9

This represents a modified Maxwell constitutive model with linear elastic and nonlinear viscous
parts. The residual strain would cause the ice stress to deviate from those created by the thermal

strain alone.

What Is the Residual Strain eg?

The residual strain ez is defined as Eq. (8), and is introduced to the most common constitutive law

(Eq. (6)), representing the responses of the surroundings to changes in ice temperature (i.e.
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thermal stresses), for instance, the ice edge dynamics on the tilt dam face and natural slopes and
along the parallel cracks, the development of surface cracks, and the water level fluctuations.

If it is assumed that the intact ice cover (without cracks and ridges) is fixed completely to the
reservoir boundaries (dams and land slopes), the reflectors in Fig. 3 and 4 should not move in
response to a temperature change, and the ice strain consists solely of thermal strain e7 (Eq. (2)).
Actually, physical processes in response to the thermal loads drive the piles to move back and
forth, thus producing the residual strain ez. For instance, the ice edges indeed move forwards and
backwards restrainedly (adhesive sliding) on the dam faces or slopes due to the thermal expansion
and contraction of ice cover (Fig. 5), somehow releasing the thermal strains (Morse et al. 2009,
2011). Tensile stresses due to ice contraction or shear stresses give rise to intensive cracks and
fissures especially within the surface layer of the ice cover (Fig. 5a). With a rise in ice temperature
(Fig. 5b), old cracks close, and the target pile moves from Pj(a) to Pi(b) due to thermal expansion.
With a following fall in temperature (Fig. 5¢), the ice cover contracts, the closed cracks open, and
new cracks occur for the ice cannot hold high tension because of its low tensile strength. Therefore,
the target pile Pi(b) usually does not return to its original place Pj(a), but to Pi(c), causing an
accumulated displacement. The opening and closing of the cracks also absorb thermal strains. The
reservoir shape can cause a spatial variability of thermal strains. Moreover, the ice cover bending
and buckling due to the rise/fall of water stage inevitably creates additional surface strains
(Stander 2006). The time series of the distance PoP; were observed and recorded by the LRF. We
are currently not able to partition the contributions of all above processes, but they are embodied
jointly in the residual strain ez. In other words, the ice strain should consist of thermal strain er and

residual strain ez (Eq. (7)).

Data Processing

Dry and wetted cracks develop extensively over the reservoir ice cover and have a significant
impact on the static ice strain/stress and loads (Azarnejad and Hrudey 1998), especially the
prolonged parallel and circumferential cracks breaking the ice cover (Carter et al. 1998; Comfort
et al. 2003). In order to investigate the general features of surface cracks, 138 individual snapshots
of ice cracks and an image mosaic covering a 5 m x 50 m area (Jia 2012) were reanalyzed using
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image processing method similar to Huang et al. (2016) to explore the crack density (crack area
per unit ice surface area) and its spatial variation. Within differing spatial scales from 2 m to 24 m,
the averaged crack densities and their standard deviation (STD) were calculated.

To assess the internal consistency of displacement data, frequency analysis was applied to the
raw datasets. Power spectrums for directional displacements (Fig. 6) indicated evidently that all
directional displacements except P1 have the same patterns of frequency distribution to the surface
ice temperature and were in phase with each other. There were two main periods: one day and
approximately 5-8 days, which correspond to the diurnal cycle of temperature and durations of
cold/warm spells, respectively. However, P1 displacement did not show any obvious main
frequency/period.

Prior to displacement data processing, the atmospheric and earth curvature corrections were
estimated to be approximately 2 ppm (or 2 mm/km) under typical weather conditions. The
calculated distance corrections were actually negligible since the present measuring distances
were not longer than 20 m. Although careful installation technologies were used to prevent the
LRF and reflectors movement induced by surface melting and the exposure heights of them were
set quite small, strong winds induced LRF and reflector vibrations as well as the LRF accuracy
introduced approximately 1~2 mm fluctuations in observed displacements. Therefore, a filtering
process (3-hours moving average) was applied to remove these environmental distortions. The
smoothed displacement datasets were used for further calculations in present study.

A seven-parameter similarity (Helmert) transformation is typically used to compensate the
impacts of LRF movement (Prat et al. 2012). This could not be done because we did not design
reference targets that did not move. However, in present work the LRF was positioned between
the reflector pairs of P1-P4, P2-P5, and P3-P6, namely, LRF was in the straight lines of P1-P4,

P2-P5, and P3-P6. Therefore, the integral residual strains along these three lines can be calculated

as:
o AL HAL AL
ML+L, L
e :%(z%), (11
A L
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_AL3+AL6

En = » (12)
B L+,

where, AL; is the distance change of Po-Pi, and L; is the original distance of Po-Pi. Note that the
residual strain of line P1-P4 (er;4) is calculated using only data of Po-P4 since P1 is abnormal
(discussed later). In this way we can significantly take away the effect of possible LRF movement
on residual strains. As reference, the individual residual strains of every reflector were also
calculated.

In order to calculate the static stress (load) of surface ice using Eq. (9), a thin surface layer is
assumed to be detached from the ice cover for modeling purpose (similar to Bergdahl (1978),
Morse et al. (2009), and Petrich et al. (2015)). The averaged value of air and 2-cm depth

temperature is assumed to be the representative temperature of the thin surface layer.

Results and Analysis

Ice Thickness and Temperature

When the field campaign was established, there was a discontinuous snow cover due to uneven
accumulation by winds. The thickness of snow 2 m around Point O was up to 30 cm, while only

about 3 cm thick or less snow was distributed at other points. No new snow fell through the entire

instrumented period. Snow cover melted away on March 15 when air temperature rose above 0 °C.

Much melt water accumulated in depressions of ice surface.

The ice cover grew or melted quite slowly, and in the period of the experiment the ice thickness
remained within 93 + 2 cm. The ice consisted predominantly of coarse columnar-grained ice (S2
type) with the topmost 1-2 cm of fine granular snow ice. The ice temperature above 35 cm depth
followed the variations of daily air temperature cycle with damping and time lag increasing with
depth (Fig. 7). Although the diurnal variations in ice temperature below 35 cm depth were
negligible, there was a gradual increase due to increasing mean air temperature, enhancing solar
radiation, and cold/warm spells. The ice temperature at 2 cm depth was much closer to air
temperature during the last few days due to surface melting and ablation.

After a few stable diurnal cycles with daily mean value of -9 °C in phase (a), the representative

( Field Code Changed
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ice temperature increased with diurnal oscillations to a peak (~ -1.0°C) in phase (b), decreased to
-10.0°C in phase (c), and then rose sharply to approximately 0°C within two days (phase (d)).
Through the observation, northern winds prevailed, and the mean wind speed (2 m above the ice

surface) was 3.5 m/s.

The Observed Residual Strain er

The observed residual strain ez was generally lower than thermal strain er for an arbitrary
temperature increment (Fig. 8). Since their initial positions, surface ice mostly contracted along
the directions of P1, P2, and P4, and expanded along P3, P5, P6, P25 and P36 directions. Although
the ice cover was constrained by the firm boundaries, along all directions (P1 ~ P6), the ice
showed a diurnal cycle of expansion and contraction in response to the daily evolution of
air/surface ice temperature, and also a seasonal variability following the cold/warm spells (also in
Fig. 6). Directional displacements/residual strains had a rough phase (time) lag of 0.5—2 h
compared to ice temperature/thermal strain. But there are generally differences between
expansions and contractions within the same day (Fig. 8), leading to growing accumulated
permanent displacements. In addition, within an individual phase of temperature rise/fall, the ice
displacement was able to shift from expansion to contraction, or conversely, such as P1, P2, and
P4 in phase (c).

Obviously, the P1 displacement differed significantly in magnitude and even pattern from others.
And the P2 displacement gave little physical senses since it roughly contracted but P6 (in the same
line) expanded. The scale variability of the spatial distribution of surface cracks is likely one
process accounting for it. For a static ice cover, flaws and cracks exist densely over the ice surface
due to compressive, tensile, and shear stresses caused by water level variations, winds, as well as
temperature changes. Crack image processing (Fig. 9) indicated that the averaged crack densities
beyond 2 m scale are coincidently 4.6%~4.9% and show little scale dependence, but their STD
values show a significant scale-dependence, namely, STD decrease from 2.2% to 0.9% as the
spatial scale increases from 2m to 12m, and remain around 0.9% when the scale grows beyond 12
m. Therefore, the displacement can be impacted potentially by the spatial variability of crack
development if the length between reflectors and LRF is less than 12 m (such as P1, P2, and P3).

11



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

On the other hand, the seasonal and diurnal amplitudes of P2 displacement were approximately
1-2 mm and 2-3 mm, respectively. These values were very close to the LRF measuring accuracy
(£1 mm), indicating the LRF could not detect effectively changes in P2 displacement. This might
also lead to a distinct displacement regime in P1. Consequently, the displacement datasets from P3,
P4, P5, P6, P25, and P36 are favorably representative of the entire ice cover, and were used to

calculate the ice strain/stress.

Surface Ice Strain &;

Eq. (7) gives the surface ice strain taking into consideration the observed residual strain ez. Fig. 10
presents the strains perpendicular to and parallel with the nearby dam and the first principal strain
with its direction derived from lines P4, P25, and P36. All directional and principal strains showed
significant discrepancies from the thermal strains, especially after the warm spell (phase (b)),
though they show similar temporal trends. The principal strain direction gradually turned to north
(roughly towards to the reservoir center) despite of its early significant fluctuation. This is
attributed to the boundary shape and spatial differences in ice temperature changes due to uneven
snow cover (Prat et al. 2012; Petrich et al. 2015).

The normal strains close to the dam were consistently lower than the thermal and principal
strains while the parallel strains were always close to or slightly larger than the thermal strains. As
the residual strains accumulated with time, the discrepancies between thermal and directional (also
normal and parallel) strains also increased gradually, perhaps due to the piling up and climbing of
ice onto the dam face, crack formation and evolution, and ice creep (Fig. 5).

Removing the abnormal P1 and P2 displacements, there were directional strains of P3, P4, P5,
P6, P25, and P36. They were combined to create 9 equiangular strain-gauge triangles including
2-3-4,2-4-6, and 2-4-36. The values and directions of the first principle strains were calculated for
each triangle (Fig. 11). Results of triangles 4-25-36, 4-5-36, 4-25-3, 4-25-6, 4-5-6, and 4-5-3,
agree each other quite well with respect to principle strain and its direction. Triangles 2-3-4, 2-4-6,
and 2-4-6, also match each other very well, but they deviate much from triangle 4-25-36 since

March 10th, especially with respect to directions (Fig. 11c). To take away noise, the daily averages
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of principle directions were calculated for all triangles in Fig. 11d, where they tell overall the same
story, especially for triangles 4-25-36, 4-5-36, 4-25-3, 4-25-6, 4-5-6, and 4-5-3.

Generally, triangles 2-3-4, 2-4-6, and 2-4-6 match not very well triangles 4-25-36, 4-5-36,
4-25-3, 4-25-6, 4-5-6, and 4-5-3. The reason is that the LRF cannot resolve precisely the small
displacements of P2. It also indicates that the surveying distance of present LRF should be longer
than some 10 m (based on P3) in order to achieve a good precision in ice surface deformation
surveying. Consequently, the results of triangle 4-25-36 were used to estimate the ice stress

hereafter for the sake of precision and convenience.

Estimate of Surface Ice Stress

Taking into consideration the observed residual strains ez, a modified constitutive model was
developed to estimate the ice stresses (Eq. (9)). The values of all involved parameters and
coefficients are assigned in Table 1. The principal, normal and parallel stresses showed similar
trends with the ice temperatures and thermal stresses (Fig. 11), but the principal stresses were
quite close to the thermal stresses except during the temperature surge (phase (d)). The normal
stresses were always lower than the thermal ones, especially they were lower by more than 250
kPa (~35%) during the warm spells, indicating the residual strains created a considerable relief to
the thermal loads normal to the dam face. This argued that a significant error can be produced by
the ignorance of environmental responses to thermal loads; for instance, ignorance of ice
dynamics on the dam face, the development and evolution of cracks, the changes in water level
(Stander 2006; Taras et al. 2009), and wind stresses (Prinsenberg et al. 1997). The stresses parallel
with the nearest dam face kept even equal to the thermal stresses except during the temperature
phase (b), when the parallel stresses became larger than thermal ones. The parallel stresses were
generally larger than normal ones over the observing period. The lateral confinement ratio of
parallel to normal stress had a roughly increasing temporal trend from 0.5 to 1.7 with a median of
1.08 and a mean of 1.35. The lateral confinement degree is believed to be controlled
predominantly by the boundary shape, the spot location, the spatial variability of ice temperature
change, as well as the water level variation if any (Morse et al. 2011; Prat et al. 2012; Petrich et al.

2015).
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Strain Rates

Conventionally, the maximum ice load is believed to occur when the ice cover fails on the dam
face in compression. The compressive strength of freshwater ice determines the maximum load.
Freshwater ice is a viscoelastic medium with a strain rate dependent compressive strength. For
strain rate lower than 10/s, ice shows ductile behavior, and its strength increases in way of a
power law function against an increased strain rate. For the strain rate larger than 10-%/s, ice is
brittle, and its strength decreases rapidly with increasing strain rate. Within the ductile-brittle
transition zone (10*—1073/s), the peak strength is reached, approximately 3 MPa at -10°C (Zhang
et al. 2012). The time derivatives of Eq. (2), (8) and (7) provide the strain rates of thermal strain,
residual strain, and surface ice strain, respectively (Fig. 12). The strain rates of the thermal strain
and residual strain are of similar magnitude (10°—107/s), which is consistent with the field
observations by Morse et al (2009). But the integrated strain rate has a wider range of 10" —10/s
magnitude. At this range, the compressive strength is lower than ~1.4 MPa (-10°C), and the elastic
modulus is believed to be lower than 1.5 GPa (Han et al. 2016). This is also the reason why the
stress borne by the dam face should not surpass 1.4 MPa (e.g. Fig. 11, Morse et al. 2009; Taras et
al. 2009) and why the elastic modulus used in Table 1 is much lower than the values (4—9 GPa)

usually used before.

Discussion

The Capability of LRF and Uncertainties

The surface ice displacements were measured in a plain reservoir of northeastern China using a
laser ranging device. This study gave an opportunity to directly quantify the deviations of real ice
strain to thermal strain. The deployed LRF provided excellent, site-scale, real-time measurements
of surface ice displacements. Relatively, conventional contact strain and stress sensors can cause
significant systematic errors when the expansion coefficient of the sensor material is close to that
of ice, while LRF is free of this problem. LRF can measure the deformation of adequate length to
cover the universal impacts of field-scale crack development (e.g. scale >12 m in the studied
reservoir), which is almost impossible to be reproduced in cold laboratories. However, the ability
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of the present device is also limited by some uncertainties. According to the present measurements,
the LRF with an accuracy of 1 mm is not able to effectively detect the diurnal changes in P1 and
P2 displacement, namely, its accuracy predetermines a minimum effective measuring distance, of
which the deformation can be effectively sensed. For instance, the minimum distance should be
larger than ~ 10 m in Hongqipao Reservoir. Within the given measuring range of LRF, the longer
the measuring distance is, the more precisely the LRF works. But the atmospheric correction
should be done for observed distance data (Prat et al. 2012).

Another uncertainty in LRF measurements is induced by the wind-induced vibration of
reflectors. Although we were intended to reduce the exposure heights of LRF and reflectors, the
wind-induced distortions (often at high frequency) bring some fluctuations to the displacement
datasets. These fluctuations are more significant in P2 and P3 than P4-P6, but don’t contaminate
their diurnal and seasonal dynamic regimes. These fluctuations and measuring errors can be
removed using filtering process, for instance, centered moving average was used in this study.

The LRF and reflectors movements induced by surface and internal ice melt are able to
significantly contaminate the displacement data. Appropriate technical procedures should be
applied to rule out this melt effects, e.g. in-hole refreezing method used in this study and
Polashenski et al. (2012). Nevertheless, careful inspection is further required to check the
displacement series and to remove sudden or abnormally rapid changes. Alternatively, Helmert
transformation of coordinates is necessary to screen out the impacts of possible Po movement to

calculate directional strains (Prat et al. 2012).

Comparisons with Other Results

The recorded surface displacements of ice cover are direct evidences suggesting that the real ice
strain is not equal to the thermal strain alone though thermal strain plays a dominant role. The
surface displacements were detected not only at far-field sties (e.g. the present results) but also
significantly at near-field sites (i.e. near dam face), even for vertical dam faces (Morse et al. 2009).
All processes governing these displacements need to be investigated to simulate the static ice
loads accurately. The observed residual strains e increased gradually with obvious daily
variability. The residual strains accounted to 36% (median) or 39% (mean) of thermal strains
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normal to the dam while they accounted to only 7% (median) or 4% (mean) of thermal strains
parallel with the dam. These values conformed that the normal stresses were consistently lower
than thermal stresses while the parallel stresses close to the thermal ones (Fig. 12). This is
consistent with other investigations (e.g. Morse et al. 2009, 2011).

The proposed constitutive model underlines the role of ez in evaluating the static ice loads
toward the dam face. The calculated stresses perpendicular to the dam were up to 600 kPa,
favorably consistent with the near-dam stresses but much greater than the far-field stresses
measured by Morse et al (2009) and Taras et al (2009). Comparisons indicated that the near-field
movement is often greater than the far-field by 2~3 orders of magnitudes (Taras et al. 2009). Thus,
the residual strain is likely to play a much bigger role in estimates of the near-field ice loads. With
the increase in the accumulated residual strains (Fig. 10), the departure of the normal stress from
the thermal stress also showed a rough trend of increase (Fig. 12). The differences of normal and
thermal stresses increased from 0 kPa to 290 kPa over the observations. The parallel stresses were
less than thermal stresses by 30-120 kPa before the temperature surge in phase (d) but became
larger than thermal stresses during phase (d). However, since the beginning of ice formation, the
ice cover endures the thermal stress and adapts itself in way of bending/buckling, cracking, creep,
and ice push in response to thermal pressure and water fluctuations. The ice cover must have
accumulated some residual strain prior to our observations as time goes by (like Figs. 8 and 10).
Consequently, the real residual strain should be the sum of the present observed value and
accumulated value prior to our investigation. Although the accumulation magnitude is not known,
the real residual strain should certainly accounts for a much larger part of the thermal strain;
namely, the real ice stress should be probably significantly lower than the present calculation.

Unfortunately the synchronous static stress of surface ice was not observed, so there were no
direct evidences to support the present stress calculation. But a rough evaluation of the stress
model performance can be done indirectly using field and tank observations at other sites
(Yamaoka et al., 1988; Azarnejad and Hrudey, 1998; Morse et al., 2011; Petrich et al., 2015). The
data pairs of diurnal increments in surface ice temperature A7 giuma and the increment in ice stress
Acyiuma Were collected from the literatures and the present model results (Fig. 13). Generally, for a
certain increase in ice temperature, the increase in ice stress was quite sparse due to varied
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environmental conditions and physical and mechanical properties of ice. The present model was in
a good agreement with the observations in a Hokkaido reservoir by Yamaoka et al (1988), but
overestimated the ice stress at other sites. Several in situ measurements of thermal ice
loads/stresses were conducted in northeastern China by Sui (1988). His findings at Shengli
Reservoir, which is about 80 km northeast of Hongqipao Reservoir and is quite similar to the
present reservoir with respect to hydrology, meteorology, and dam structure, showed that the
near-surface ice stresses were 100~400 kPa, which is very close to the present calculations.
Although the physical parameters of freshwater ice were assigned with constant values (such as
E and a), these parameters are indeed temperature, strain rate and micro-texture dependent (La
Placa and Post 1960; Gold 1994; Han et al. 2015). Sensitivity tests of the model indicated that the
ice stress/load is significantly sensitive to the variation in elastic modulus. Therefore, accurate
parameterization of elastic modulus taking into account the effects of ice temperature and strain

rate is expected to make the present model more competent.

Processes Affecting the Residual Strain

Static ice loads on hydraulic structures have been investigated extensively for decades. Thermal
deformation of ice cover induced by the ice temperature changes is the predominant driver
generating the ice strains/stresses and static loads. However, many processes modify the real ice
strains/stresses and loads deviating significantly from the thermal ones. These processes include
water level variations (Comfort et al 2003; Stander 2006; Taras et al 2009), wet crack
development (e.g. parallel fractures and block upwarping) (Carter et al 1998; Comfort et al 2003;
Taras et al 2009; Comfort et al 2016), ice-boundary bonding (Comfort and Liddiard 2006; Huang
et al 2017), and dry surface crack development (Fransson 1991; Azamejad and Hrudey 1998). All
of these processes introduce additional strains to the thermal strain. All additional strains are
included in the residual strains herein, which were measured in large scales in this study.

The water level decreased monotonously through the whole ice covered period (Fig. 2) and
dropped by approximately 5 cm over our measuring duration. If we assume the reservoir ice cover
is equivalent to a thin disc with edge clamped to the dam and shore since its thickness is infinitely
small compared to its horizontal size. According to the bending theory of thin disc with uniform
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vertical loads, a 5 cm drop in water level causes an additional tensile stress of approximately 65
kPa (i.e. equivalent to a strain of 4x107%) to the surface of 1 m thick ice cover. This additional
strain accounts for 14% of the total residual strain normal to the dam face. However, its real
contribution is deemed to be much smaller than 14% because there were parallel fractures
developed near and along the dam face (also in Huang et al (2017)). Parallel cracks have been
frequently observed along dams and are generally located within 10 m from the dam for ice cover
less than 1 m thick (Carter et al 1998; Stander 2006; Morse et al 2009). A continuous drop in water
level largely makes the parallel cracks active and leads to new parallel cracks, hampering the
ability of ice cover to bend.

Surface dry cracks were investigated using photography and image processing in this study
although the technologies still need many more validations and evaluations. The crack density has
a significant spatial variation. For instance, the crack density at 4-m scale varies from 1% to 12%.
These dry cracks usually are developed due to tension, compression, and shear history. The scale
dependence of spatial distribution of cracks (Fig. 9) indicates that the crack investigation should
cover a spatial scale larger than a critical value (e.g. 12 m in the studied reservoir) so as to obtain a
universal situation for the whole ice cover or at field scale. Spatial uncertainties are apt to grow
when the scale gets smaller.

Dry cracks affect thermal ice loads in two principle ways: the expansion required to close dry
cracks (especially tensile ones) delays the stress start (in other words, a part of thermal strain
healing the cracks does not create ice stress), and the lateral restraint of uncracked ice decreases
due to concentrated creep processes around cracks. The average crack width per confinement

length (also defined as crack density) is

20,
Ae=—=, (13)

Ln
where 0; is the crack width, L, is the measuring distance (Fig. 5). It is rational to assume that the
ice temperature can rise up to a certain point earlier corresponding to zero pressure without

creating pressure. This fiee temperature rise is correlated with the crack density and can be

estimated at the surface as
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By measuring the actual free temperature rise, the crack density can be estimated from Eq. (14).
The ice temperature rises during 0.5~2 h were 0.2~1.3°C, indicating the ice crack density (defined
as Eq. (13)) is roughly (1~6.5)x107. It is much lower than the value derived from photographing,
revealing that most of cracks are closed and the crack density is somehow overestimated by the
present method. This strain, if purely elastic (with £=1.5 GPa), would have caused a stress of
15~97.5 kPa. On the other hand, ice cracks, opening and closed, decrease the contact area between
uncracked ice, thus, decrease the lateral confinement. This reduction was expressed as a reduction
in modulus, which was found to be a function of crack depth and the distance between two
neighboring cracks (Fransson 1991). Ice creep is believed to be accelerated within regions
surrounding the cracks (Sinha 1988). However, little is known on the elastic, viscous, and creep
behaviors of cracked ice under compressive and shear loads, calling for a great number of
experimental and theoretical efforts.

Wind drag also creates ice stresses and loads on dams. Surface drag coefficient is assumed to be
1.5x10" (Prinsenberg and Petersen 2002), a strong wind with speed of 10 m/s causes a shear stress
of 0.2 Pa to the surface ice. For a fetch of 10 km (normal to the main dam line), the wind stress
integrates to a line force of 2 kN/m on the dam face. These values are negligibly small compared
with the residual stress and calculated normal stress. However, the irregular shape of reservoir is
expected to lead to a significant spatial variation in wind-induced line load on dam face especially
around sharp corners.

Furthermore, some artificial activities (e.g. ice trench excavating in Ma and Li (2011)) and
nearshore terrain (bathymetry) also influence the ice displacement, strain, and stress (Stander
2006). In order to better understand these processes and their impacts on ice loads, many more
field efforts are still called for to gain experiences, especially on the impacts of the development
and dynamics of dry and wet cracks, ice edge bonding situations, and creep behaviors of

freshwater ice under cyclic loads.

Conclusion
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With the help of a robust laser range finder, a reservoir ice cover was monitored for displacements
in the presence of incompletely confined boundaries, ice crack development, and water level drops,
in response to thermal pressure. The recorded displacements of surface ice indicated that the real
ice strain deviates significantly from the thermal strain. Residual strains were introduced and
calculated from the displacement datasets. The residual strain is scale-dependent when the
measured range is less than about 12 m at this reservoir due to spatial variation of crack
development. It shows a similar diurnal and seasonal variation with air/ice temperature, but its
daily amplitude is usually lower than the thermal strain. The water level fluctuations, parallel
crack dynamics, surface (dry) cracks development, and reservoir geometry have universal or
site-specific impacts on residual strains.

The ice strain should consist of thermal strain and residual strain rather than the former alone
used previously to estimate the ice stress. Both the ice strain and residual strain are anisotropic
largely due to the boundary shape. Although the principle strain and strain normal to and parallel
with the dam have similar trends with the thermal strain, the first principle and parallel strains are
quite close to the thermal strain except during a sharp increase in ice temperature and the principle
direction is roughly towards the reservoir center in spite of early fluctuations. The normal strain is
always lower than the thermal strain possibly due to strain release by the ice dynamics on the dam
face, parallel fractures, upheavals of cracked ice blocks, dry crack development, and ice creep
(Carter et al., 1998; Ma and Li, 2011).

A new constitutive model was developed to take into account the residual strain. Using the
observed residual strain, both principal and normal stresses (i.e. perpendicular to the dam) were
estimated. The predicted normal stress is in an acceptable agreement with field measurements
through indirect comparisons. The present model indicated that the residual strain/surface
deformation has a significant impact on the surface ice stress. The residual strain could release 39%
(with a maximum of 65%) of the thermal stress normal to the dam and only 7% parallel with the
dam during the observing period, indicating that the residual strain is the key reason for the ice
load overestimation of previous models. In this context one may wish to discriminate the impacts
of ice boundary dynamics, crack development, and water level fluctuation on the residual strain.
This is important and challenging so as to model the residual strain, and requires many more field
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experiences and theoretical work.
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632 Table 1. Parameters and coefficients of freshwater reservoir ice for the stress model

Name Symbol Value
Elastic Modulus E 1.5 GPa (Zhang et al. 2012; Han et al. 2015)
Expansion coefficient a 5.0x105/°C
Viscous creep rate K KD = p-(Eyr, where f=2.46x10%s, T.=-1°C, m =1.92 (Cox
Coefficient of viscous deformation D r 1984; Petrich et al. 2015)
Coefficient n 3.7 (Petrich et al. 2015)
Reference stress oy 100 kPa
Time step h 1800 s
Initial stress oW 10 kPa
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637  Fig. 1. Daily air temperature during winter 2010-11 from Anda meteorological station. The time

638  series is in good agreement with our field data (Jia et al. 2010). The field experiment period is

639  highlighted grey.

640
641
147.50
g 14740
= 14730
[5)
B 14720
5 14710
S 147.00 y = -0.0039x + 148.74
146.90 | R2=0.9984
146.80 ‘ ‘ ‘ ‘
300 340 380 420 460
642 Day of year 2010/2011
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647  Fig. 3. The location of Honggipao reservoir and the layout of instrumentation site (Google Earth).
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Fig. 6. Power spectrums for directional displacements and ice temperature. PSD is short for power

spectral density.
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665  Fig. 7. Ice temperature (a) and wind series (b) during the campaign, divided into four phases (a-d).

666  The depth was below ice surface (0 cm). Data at 102 and 122 cm depths show actually

667  temperatures of water under ice.
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669  Fig. 8. The observed residual strain ez and thermal strain e7 from March 4 to 20 in 2011.
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672 Fig. 9. The crack density (o) and its standard deviation (STD, x) at different spatial scale over the

673 ice cover surface.
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675  Fig. 10. The first principal strain (b) and its direction (c) derived from lines 4 (green), 2-5 (blue)
676  and 3-6 (red) as well as thermal strain (grey) (a). The direction of the first principal strain is

677  positive counterclockwise with the zero pointing to the north. The normal and parallel strain
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678  denotes the strain perpendicular to and parallel with the nearby dam face, the azimuth of which is

679  roughly -30°.
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681 Fig. 11. Values (a, b), directions (c), and daily averages of directions (d) of the first principle

682  strains calculated from different triangles of directional strains.
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Fig. 12. The surface ice stresses derived from strains. The normal and parallel stresses are

perpendicular to and parallel with the nearby dam face, respectively.
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Fig. 13. The strain rate distribution of the thermal strain (a), residual strain of P36 (b) and

principle strain (c) of surface ice.
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696  Fig. 14. The relationships of the diurnal increments in ice temperature AZqimar VS stress AGuiurmal
697  derived from the present stress model results (circle), and from field and experiment results by
698  Azarnejad and Hrudey (1998) (square), Morse et al (2011) (cross), Petrich et al (2015) (star), and
699  Yamaoka et al (1988) (diamond).
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