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We appreciate the support and constructive reviews of both referees. Our primary intention
with this manuscript was to introduce the numerical method and its application. We confirm
prior laboratory studies of dilatant hardening while providing new insight into granular
kinematics and pore-water fluid dynamics during deformation. In the revised manuscript, we
have made a clearer distinction between results from previous studies and our own novel
findings. The reviewer comments are included below and we address all points in turn.

N. R. lverson (Referee)

The review text unfortunately contained what seemed to be numerous text encoding errors,
which manifested themselves as random characters (e.g. 8AT"). We're certain that these
did not influence our understanding of the referee, however.

General comments

C1




R1

We are glad that the referee acknowledges the potential of the computational
method and recognizes our intentions with this manuscript. We aimed at 1)
comparing our results to those of previous studies in order to increase confidence
in the numerical method, while 2) using the vast amount of generated data to
present new insight into the dynamics of pore-water pressure and the small-scale
interactions between grain and pore-water during deformation.

The shortcomings of the method with regard to grain size and grain size distribution
width are immediately clear; few tills are as simple in grain shape and grain size
distribution. These limitations have been previously discussed, and we retain the
opinion that despite the simplifications we can obtain insight into fundamental
granular mechanics (Damsgaard et al. 2013). We believe that the strength in the
computational method lies within the reproducibility of experiments, the flexibility of
experimental setups, and the possibility to analyze micro-mechanical deformation
patterns during progressive shear strain.

Cc2

R2 Thank you for the suggested improvements. We have revised the manuscript
accordingly.

C3

R3 We have rewritten parts of the abstract according to your specific comments, as
well as condensed and reworked the wording in order to improve readability.

C4

R4 In hindsight we agree that simply mentioning the other grain-fluid interaction terms

is not sufficient. We have therefore strengthened the general description of
interaction forces, with the intention of clarifying their physical basis and their
relevance for this study.

C5




R5 | According to your specific comments (e.g. C9, C12, C24, C25, C26) we have
adjusted the manuscript to better communicate the transient nature of the dilatant
hardening mechanism. Under the imposed boundary conditions, the dilatant
hardening only contributed to the bulk shear strength at low strains until an early
and narrow shear zone was developed. The shear zone continued to expand as
the low pore-pressures at greater depths readjusted towards the hydrostatic
pressure, and the shear zone slowly deepened until it corresponded to the
deformational pattern in the dry control experiment. This shear-zone widening
caused the slow trend of continued dilation, but did not influence shear strength
significantly. This has been clarified in the revised manuscript, see R24 to R26.

C6

R6 We agree and have refrained from the term “rheology” unless referring to steady
(critical) state.

C7

R7 Thanks for the references, we have added them at the appropriate places in the
text.

C8

R8 The relevant parts in the conclusion have been rewritten to clearly distinct between

the two.

Specific comments

C9

R9

Thank you for the suggestions, we have worked on the abstract and hope that the
central role of porosity change comes across better. Also we have highlighted the
transient nature of the strengthening. We added that the dilatant strengthening




observed here is consistent with previous studies, and we have highlighted the new
findings associated to distribution of strain.

C10

R10 | Corrected.

c11

R11 | Thanks, corrected.

Cc12

R12 | The first paragraph is intended to introduce previously suggested relationships for
(steady-state) rheologies. In the second paragraph we attempted to present a much
more generalized view of grain-fluid mixtures beyond subglacial till. In some cases,
the fluid phase will contribute more to the strength than the solid phase. We
acknowledge that this realization is not all that relevant in this setting and have
removed the opening sentence of the second paragraph. We have also noted that
the influence of pore-water on material strength is transient and most relevant to
the earliest stages of shear deformation.

C13

R13 | Absolutely, this has been added. We did note that local porosity changes in the
critical state may initiate liquefaction events (Goren et al. 2011).

C14

R14 | Several sentences have been restructured.

C15

R15 | We have elaborated on the numerical principle behind the DEM.

C16

R16 | Good point, we now underline that the macroscopic frictional strength depends on
inter-particle friction, inter-particle elastic stiffness, as well as particle packing.

Cc17

R17 | Corrected, see also R40-41.

C18




R18 | We do not believe water compressibility is a major contribution to the fluid
dynamics presented here. However, we do not exclude it because the numerical
method does not require us to impose this simplification. A clarifying sentence has
been added to the text.

C19

R19 | Thanks, corrected.

C20

R20 | This paragraph has been expanded by more thoroughly describing the other water-
grain interaction forces, and adding several references. If we were to include the
equations for these other interaction forces they add a page of text and introduce
many new symbols.

Cc21

R21 | Good point, we have elaborated on the variability in the text, and we now include a
specific reference to linked cavity systems.

Cc22

R22 | We have rewritten the sentence to note the uniform particle size.

Cc23

R23 | Thanks, reference to table 1 was added to the text.

C24

R24 | This is an interesting observation. The shear strength seems to have reached the

critical state, while the slow continuous dilation suggests otherwise. Dilation is
caused by changes in porosity, which in the normal-consolidated material is
increased by shear deformation. We have looked into the spatial and temporal
porosity evolution for the simulations presented in Figure 4 and 7, and have added
the following observations to the results section:

We observe that the porosity and grain velocity distribution in the experiments at
higher strains evolve towards the distributions in the dry experiment. The dilatant
strengthening keeps the shear zone shallow during relatively low shear-strain
values (< ~2), but vanishes as the low pore-water pressures in the deeper sediment




volumes goes towards the hydrostatic pressure distribution. When the hydrostatic
pressure distribution is recovered, the dilation and displacement profile is identical
to the dry experiment. The dilation slowly increases while shear strength only
displays very slight decrease during this asymptotic evolution. This has been stated
in the revised paragraph.

C25

R25

Good point. The deformation profile in subglacial beds is in many cases likely the
product of large displacements in the critical state, unless frequent consolidation
episodes take place. The question remains if diurnal or annual changes in basal
stresses and movement are sufficient to cause this consolidation, as discussed by
Iverson (2010). We also note that, according to C24, the dilatant hardening only
influences strain distribution during low strains.

C26

R26

Continuing from the insight obtained from C+R 24-25, we were surprised to see
that the critical state in terms of friction seemed to be established much earlier than
the critical state in terms of dilation and porosity. It can thus be concluded that the
sediment strength does not seem to be greatly increased if the shear zone
thickness is limited by pore-pressure gradient hardening. We have changed the
wording to “Dilation ceases when a sediment reaches the critical state and the
hydrostatic pressure distribution is recovered”.

c27

R27

Thanks, the references have been added. We strongly agree on the role of initial
porosity, and it is important to make this clear in the paper. We have elaborated on
that critical state shear takes place at a certain constant porosity. The shear zone
porosity will evolve towards this value regardless of whether it initially was higher or




lower. The accompanying porosity changes will be able to provide transient
softening or hardening.

Cc28

R28 | We agree, and the caveat has been stated.

C29

R29 | We agree and added a reference to Thomason & Iverson 2008. We also referred
our earlier DEM study, which argued that low deformational depths are associated
with small effective normal stresses and small grain sizes.

C30

R30 | Absolutely. We have noted the important role of inter-slip consolidation. Thanks, we
have clarified this paragraph accordingly with references and more careful wording.
We also now state that this confirms previous studies, and we added the suggested
references.

C31

R31 | We have updated the phrasing of the first sentence to note that our results confirm
results from previous studies.

C32

R32 | See R24 to R26.

C33

R33 | We agree and have rewritten the sentence to better reflect this sentiment.




Anonymous Referee #2

General comments

C34

R34 | We thank the reviewer for the many constructive comments. We have reworded
many statements to reflect that this study confirms prior theory and experimental
results of dilatant hardening, see e.g. R30 and R31.

C35

R35 | We think that this is a very relevant question in the discussion of subglacial

sediment deformation. Studies of simple granular materials, like this one, have
provided a few clues. Due to the boundary conditions imposed for the fluid phase,
we are not able to fully address the issue here, but would like to elaborate in the
following.

Based on granular material literature and our own observations, there are strong
indications that shearing of sediments always results in a minimum shear zone
thickness, dictated by grain size (Tulaczyk 1999, Damsgaard et al. 2013). In the
absence of strong cohesion or softening mechanisms, sediments do not fail along
infinitely thin planes, which critics of the plastic rheology previously claimed.
Distributed strain is alone not enough to discard the plastic rheology, which dry
granular materials deforming in the pseudo-static regime accord to. We have
observed that shear zones tend to be wider with increasing effective normal stress
magnitude (Damsgaard et al. 2013), which in turn results in a stress-dependent
sediment transport.

Dilatant hardening has previously been considered a mechanism for distributing
shear with depth in the subglacial bed. In this manuscript we hope to show that the
dilatant hardening does not necessarily distribute strain. As in many other aspects
of subglacial mechanics it comes down to the nature of subglacial hydrology. The
deformation will occur at the ice-bed interface here if there is sufficient water
available to keep water pressure at a high level.

C36




R36 | We have removed several sentences that contained preliminary discussion of the
results. Some of the content has been moved to the relevant subsections in the
discussion.

C37

R37 | Good point. We do believe that the observed strengthening is reflecting real

processes, since the starting material for the experiments with different shear
velocities is completely identical, all the way down to individual grain arrangement.
This statement is now included in the text. We are certain that the observed weak
strengthening is not purely stochastic. Unfortunately due to the heavy
computational cost it takes 3 to 4 months for each reiteration of the experiments on
different starting material, so performing many “control experiments” in order to
investigate the effect of variability in the granular material is not viable.

Specific comments

C38

R38 | Corrected.

C39

R39 | Good point, corrected.

C40

R40 | Apologies for these mistakes. We have made sure to adequately refer all
parameters in the text.

C41

R41 | k, and k; are the elastic stiffnesses in the grain-to-grain contact model. We hope

that the clarification from R40 has resolved this issue.

C42




R42

Thanks, corrected.

C43

R43 | Yes, k without subscripts is in this context permeability. This is explained a bit later
when the Kozeny-Carman relationship is introduced. Here we have added a
sentence explaining the meaning explicitly.

C44

R44 | Thanks, corrected.

C45

R45 | Corrected.

C46

R46 | The length of the computational time step is proportional to grain mass and inverse
proportional to elastic stiffness. We aim for realistic stiffness as porosity depends
on the grain bulk modulus. Smaller grain sizes would require substantial softening
of the grains, but the discrete element method assumes that compressive strains of
the grains are negligible.

C47

R47 | (i) These paragraphs describe the actual procedure followed, including filling the
bounding box, consolidating the loose material, and applying shear deformation.
We substituted placed with positioned, and added noted the bounding box in order
to refer to the artificial nature of the experiments.
(ii) The physical dimensions have been added to the text. They are also accounted
for in table 1, referenced at the end of the second paragraph.

C48

R48 | Comma inserted.

C49

R49 | Yes, divide by shear velocity. Due to constant imposed shear velocity the first

derivative of the dilation curve will be the dilation rate.
The referred sentences have been removed, however. See R36.

C50




R50 | We consider the two to be different expressions of the same mechanism as
effective normal stress is defined and constant. We have rewritten the text favoring
friction over strength. See also R55.

C51

R51 | (i) We intended this figure to be printed as an entire column of an a4/letter type
paper. The figure text size did not respond well to the shorter review layout in which
this manuscript was typeset. We hope that the figure reads better in the final
publication.

(i) You are reading the figures correctly. Apologies for the confusing text in the
figure caption, which has been improved.

C52

R52 | The smoothed shear friction values presented in Figure 4 and 7 were produced
using a 5x stronger smoothing than for Figure 6. We have included new versions of
Figure 4 and 7 using the weaker smoothing, which more precisely captures the
early peak values while discarding the high-frequency fluctuations due to the
material granularity.

C53

R53 | It is the strength of the granular material alone without any fluid interaction, as for
dry granular materials. This information has been added to the text.

C54

R54 | (i) Scaling fluid viscosity and sediment permeability are two different approaches,

which ultimately result in the same effect on the hydraulic diffusivity. For resolving
the peak strength at 10° m a™ we both use the shear experiment with a permeability
prefactor 1/10 the value at 10°m a™", and a fluid viscosity 1/10 the value at 10° m a°
' The results are not exactly similar as fluid viscosity not only influences the
diffusion term in the pore-pressure equation, but also the forcing term. We used two
sets of permeability and viscosity to obtain the results at 10° m a™.

(i) We attempted to account for the rate-independence in the figure caption, as the
data presented in the figure alone does not communicate this conditional
relationship. We have added an annotation to the figure itself to mark the rate-
independent domain.

C55




R55

We rewrote this sentence in order to eliminate this ambiguity. In our experiments
the two parameters are interchangeable as the effective normal stress is held
constant. We chose to maintain the use of friction in this manuscript as the reader
will be able to understand the relative strength without referring to the effective
normal stress value in the text or in Table 1. Friction is commonly used to
characterize shear strength in similar studies of granular materials.

C56

R56 | Thanks, corrected.

C57

R57 | After applying the weaker smoothing to the frictional values (R52) the new Figures
4 and 7 show stronger hardening. Arguably the 15% increase in frictional strength
from 0.62 to 0.71 is small, but it may still be significant when glacier surface slope
and resultant driving stresses are low, and the ice flow displays highly variable
velocities during stick-slip.

C58

R58 | We have annotated the figures to make it clear that we are referring to the earliest
states of shear. Along the lines of R37 we note that the perfect reproducibility of
experiments allows us to study the effects of variation in single parameters without
introducing variability due to slightly different starting material, granular packing,
etc.

C59

R59 | Thanks, corrected.

C60

R60 | (i) References to the shear velocity have been removed.
(ii) Yes, this is now specified.

C61

R61 | Statement removed, we show pressure-gradient forces instead of pore pressures.

C62

R62 | Thanks, corrected.

C63




R63 | Corrected accordingly.

C64

R64 | Good point, a statement about the color bar differences has been added to the
legend.

C65

R65 | Thanks, corrected.

C66

R66 | Corrected.

Cc67

R67 | We think this comment is meant for Figure 13, and the wording has been corrected.

C68

R68 | Corrected.

C69

R69 | We appreciate the input and have condensed the paragraph.

C70

R70 | Added.

Cc71

R71 | Comma deleted.

C72

R72 | Corrected.

C73

R73 | Figures removed.

C74

R74 | Got it, wording changed.

C75

R75 | Interesting observation. The same increase in viscosity may also takes place if ice




crystals start to form. We are not sure of the exact rheology of such mixtures, which
may very well be non-Newtonian, and have therefore not included such effects in
this study. We added these considerations to the end of section 4.1.

C76

R76 | We instead chose to change the wording to “towards a critical-state value with
increasing shear strain”.

C77

R77 | Apologies for the confusing wording. We have reworded the sentence to “Low fluid
pressures developing due to sediment dilation increase the frictional strength of
inter-grain contacts”.

C78

R78 | This sentence has been reworded according to R33.

C79

R79 | We have removed this statement.

C80

R80 | Order changed.

C81

R81

Thanks, corrected.




