Response to the second referee

Dear Editor and Reviewer:

Thanks very much for your careful review and constructive suggestions on the manuscript “Esti-

mation of flow velocity for a debris flow via the two-phase fluid model” (npg-2014-39). We have

revised the manuscript carefully according to reviewers’ comments. The detailed revisions are

listed below based on reviewer’s response point by point.

R: Replace with,

I: Insert,

Ref.: Reference,

MC: Make clear,

IE: Improve English,

D: Remove.

Qu. 1 P2:

Ans.

L10: and/or: R: and
L17: Himalaya-Karakorum
L10-26: Support with Ref.

We have changed ‘and/or’ into ‘and’ and added ‘Himalaya-Karakorum’ and the related
references have been added. In page 26-30 in book “Debris flow: Mechanics, Prediction
and Countermeasures”, author discussed the relationship between the density and the
diameter of granules in a debris flow. It provides several examples to show this relationship
between two items. The densities of the debris flow are in range of 1.5 — 2.0t/m? and the
solid concentration of 0.35-0.62 by volume. The average diameter of granules is about
0.0lmm-10mm. By those discussion, we can found that a low-viscous debris flow with a
density higher than 1400 kg m 2 would contain a non-sediment fluid in which the diameter
of granules is smaller than 0.05mm, whereas the high-viscous debris flow with a density
higher than 1900 kgm 3 would contain a non-sediment fluid in which the diameter of

granules is smaller than 2mm.

P3:

L3: two-phase fluid model: R: two-phase model;

Pudasaini, 2005, 2012: R: Pudasaini et al., 2005, Pudasaini, 2012

L4-6: However, the two-phase fluid model describing a debris flow is still very difficult to
explain via theoretical methods and to simulate accurately via numerical methods.: R:
However, the two-phase models describing debris flows are still in development stages.
Although, recently there have been substantial advances in simulating real two-phase
debris flows [Pudasaini, 2012, 2014 (Acta Mech.)], construction of exact solutions are still
very challenging [K. B. Khattri, 2014: ‘Sub-diffusive and Sub-advective Viscous Fluid
Flows in Debris and Porous Media.” M. Phil. Dissertation, Kathmandu University, School
of Science, Kavre, Dhulikhel, Nepal, 2014.].

L7-9: To understand the dynamics of the debris flow, including its initiation, runout and



Ans.

deposition, finding out the velocity of the debris flow is important, which would be helpful
to analyze and forecast the dynamics of the debris flow and then prevent its hazards.: MC!
LL10: soils or rocks involved in a debris flow: R: soils or rocks, and fluid involved in a debris
flow

L12: between the solid particles and the fluid: R: between the solid particles and the fluid
[Pudasaini, 2012].

L16: I. “Pudasaini (2011) presented exact solutions for debris flow velocity for a fully
two-dimensional channel flows in which the velocity field through the flow depth and also
along the channel have been derived analytically.”

L16: Several models: R: Several other models

L22-23: Few theoretical results have been obtained to estimate the solid- and liquidphase
velocities for a two-phase debris flow.: Which? Mention!

1.24-28: IE.

P3:

L3: We have replaced ‘two-phase fluid model” and ‘Pudasaini, 2005, 2012’ by ‘two-phase
model’ and ‘Pudasaini et al., 2005; Pudasaini, 2012’, respectively.

L4-6: We have changed ‘However, --- via numerical methods.” into ‘However, the two-
phase models describing debris flows are still in development stages. Although, recently
there have been substantial advances in simulating real two-phase debris flows (Pudasaini,
2012, 2014), construction of exact solutions are still very challenging (Khattri, 2014)’ and
added Refs. Pudasaini, 2014 and Khattri, 2014.

L7-9: We have changed ‘To understand the dynamics of the debris flow, including its
initiation, runout and deposition, finding out the velocity of the debris flow is important,
which would be helpful to analyze and forecast the dynamics of the debris flow and then
prevent its hazards.” into ‘To understand the dynamics of the debris flow, including its
initiation, runout and deposition, finding out the velocity of the debris flow is an important
factor for analyzing and forecasting the dynamics of the debris flow and then preventing
its hazards’.

L10: We have changed ‘soils or rocks involved in a debris flow’ into ‘soils or rocks, and
fluid involved in a debris flow’.

L12: We have changed ‘between the solid particles and the fluid’ into ‘between the solid
particles and the fluid (Pudasaini, 2012)’.

L16: We have added ‘Pudasaini (2011) presented exact solutions for debris flow velocity
for a fully two-dimensional channel flows in which the velocity field through the flow depth
and also along the channel have been derived analytically’.

L16: We have changed ‘Several models’ into ‘Several other models’.

[.22-23: We have changed ¢ Few theoretical results - -- debris flow” into “Few theoretical
results have been obtained to estimate the solid- and liquid-phase velocities for a two-phase
debris flow (Chen et al., 2004; Chen et al., 2006)’.

L.24-28: We have changed ¢ Although some empirical formulas are introduced to calculate
the velocity of a debris flow at special location, such as the K631 debris flow that oc-
curred at the G217 highway (Tianshan highway) in Xinjiang Province and the Pingchuan
debris flow that occurred at the trunk highway from Xichang to Muli in Liangshan Yi

Autonomous Prefecture, Sichuan province (Chen et al., 2004, 2006). There is no general



Qu. 3

Ans.

Qu. 4

formula to calculate the velocity of adebris flow’ into ¢ Although some empirical formulas
are introduced to calculate the velocity of a debris flow at special location, such as the
K631 debris flow locating at the Tianshan highway in Xinjiang Province of China and the
Pingchuan debris flow locating at the trunk highway from Xichang City to Muli County
in Liangshan Yi Autonomous Prefecture, Sichuan Province, China (Chen et al., 2006).
Given that, there is no a general formula to calculate the velocity of a debris flow’.

P4:

L1: the two-phase flow model: Which?

L6-9: Not clear how the obtained velocity would help estimating flow arrival time, and
deposition area, etc. This can only be done by considering the full dynamical model and
simulation that provides us with the temporal-spatial evolution of the flow depth and the
velocities of the phases. So, improve writing!

L10-12: T do not fully agree, see comments above.

L20: I: “However, recently, by developing a general two-phase debris flow model, Puda-
saini [2012] included several important physical aspects of the real two-phase debris mass
flows with strong phase-interactions, including the generalized drag, virtual mass force,
Newtonian, and solid particle concentration gradient enhanced non-Newtonian viscous
stresses. These model equations have also been put in well structured and conservative
form. Numerical simulations and possible applications of

these models can be found in Pudasaini [2014], Pudasaini and Miller, 2012.”

P4

L1: “the two-phase flow model” is formulas (3) and (4).

L6-12: We have changed ‘which would be useful for evaluating for evaluating the damage
of a debris flow, estimating its arrival time, simulating its deposition area, predicting its
risk, and so on’ into ‘which would be a useful factor for evaluating the damage of a debris
flow, estimating its arrival time, simulating its deposition area, predicting its risk, and so
on’.

L20: We have inserted ‘However, recently, by developing a general two-phase debris flow
model, Pudasaini (2012) included several important physical aspects of the real two-phase
debris mass flows with strong phase-interactions, including the generalized drag, virtual
mass force, Newtonian, and solid particle concentration gradient enhanced non-Newtonian
viscous stresses. These model equations have also been put in well structured and con-
servative form. Numerical simulations and possible applications of these models can be
found in Pudasaini (2014), Pudasaini and Miller (2012a, b)’.

P5:

L1-10: These three points can be written simply as [see, e.g., Pudasaini and Hutter
(2007), Avalanche Dynamics, Springer, New York]:

1. One-dimensional, depth-averaged model (however, this contradicts with your statement
in equations (18)-(22) where dv/dy is used!).

2. Finite mass.

3. Homogeneous and steady-state flow.

L11: Under the above assumptions and following the two-phase flow theory: R: Under the

above assumptions and following the two-phase flow theory (see, e.g., Pudasaini, 2012 for



Ans.

Qu. 5

more detail)

L16: Check the ‘dot’ operator (in equation (2)).

L22: In this study;: R: For detailed model derivation, and how different types of forces
and interactions can arises and should be introduced in a real two-phase mass flow model,
we refer to Pudasaini (2012). However, In this study,

L22: Also mention the meaning of each term, variable, and parameter (e.g., vs, vy, @, ps,
~~~~~~ ) at place where they appear first. This will help the reader to follow the text.

P5:
L1-10: These three points are written as

1. In this study, the downstream direction is set as the z direction, while the vertical
direction to the channel bed is the y direction (Fig. 1). We assume that the velocity
along the y direction is uniform, and thus the one-dimensional model for debris flow

is mainly considered.

2. There are no external materials involved in the debris flow, and there is no transfor-
mation between the solid phase particles and liquid phase slurry. Three inner forces
are involved in the model: the interactions among the solid phase particles, the inter-
actions in liquid phase slurry and the interactions between the solid phase particles

and liquid phase slurry.

3. A debris flow is assumed to be a homogeneous flow (Major and Iverson, 1999; Kaitna
et al., 2007).

L11: We have replaced ‘Under the above assumptions and following the two-phase flow
theory’ by ‘Under the above assumptions and following the two-phase flow theory (see,
e.g., Pudasaini, 2012 for more detail)’.

L16: We have added the ‘dot’ operator (in equation (2)).

L22: We have replaced ‘In this study’ into ‘For detailed model derivation, and how different
types of forces and interactions can arises and should be introduced in a real two-phase

mass flow model, we refer to Pudasaini (2012). However, In this study’.

L22: For convenience, the parameters (e.g., vs, vr, @, pg, -+ -+ ) can been found in Table
Al. Notation.
P6:

L6: pressures are also the surface forces. So, either say surfaces for both or (better), say,
viscous (shear) forces (f) and pressure forces (P), etc.

L5-25: These assumptions must be supported by physics of flow and references. - One of
the major concerns in the MS is the definition of the pressure, which here is introduced as
the impact pressure, which generally is a derived quantity but not a closure, or a rheological
relation in fluid mechanics, mainly in the geophysical mass flows. Another problem with
the definition (7) is the parameter k, which cannot be well constrained, but can only be a
fit parameter. Further problem is that, the same parameter k£ can not realistically model
the fluid and solid (impact/dynamic) pressures. Moreover, in geophysical mass flows,
the pressure, e.g., for solid is modelled as hydrostatic, and rate-independent relation (the
solid normal load). So, pressures are field variables, but here these are used as derived
quantities. This consistency and validity of these pressure definitions must be justified!

The mixture density (8) and mixture velocity (11) are only defined but not used.

4



Ans.

Ans.

Qu. 7

L25: after equation (12): I: “which is the buoyancy reduced normal load, see, e.g.,
Pitman and Le (2005), Pudasaini (2012).”

Pé6:

L6: We have revised it as ‘In order to estimate the velocities of a debris flow using Egs.
(5) and (6), the volume forces (bs, and bg;) in a unit volume, pressures (P and F),
and surface forces (fs, and fg;) in a unit volume beyond pressure (e.g., liquid resistance
every phase, apparent mass force derived from acceleration and difference of velocity, and
interaction between particles, see, Chen, et al., 2006) firstly need to be given’.

L5-25: These assumptions are supported by Chen, et al. (2011). The detailed description
of the pressure can be seen in Chen, et al. (2006). The mixture density (8) and mixture
velocity (11) are used in the computations regarding to v2 and vs of Table 1.

L25: We have inserted ‘which is related to the buoyancy reduced normal load (see, e.g.,
Pitman and Le, 2005; Pudasaini, 2012)’ after equation (12).

P7:

L4-9: IE, Ref.

L10-14: Provide Refs. for these definitions. It seems that these quantities are not consis-
tent with dimensions!

PT7:

L4-9: We have revised it as ‘In this study, for two-phase in a unit volume, the surface
forces on control volume can been classified four by Chen et al. (2006). The surface
forces of the solid phase fs, on control volume is divided into two parts: the traction of
the liquid phase slurry outside control volume, fs.1, and the force from the solid phase
particles outside control volume, fs,o. The surface forces of the liquid phase ft, on control
volume is divided into two parts: the resistance from the solid phase particles outside
control volume, denoted by fi.1, and the resistance from the liquid phase slurry outside
control volume, denoted by fg.o’.

L10-14: These definitions can been provided by Chen et al. (2006).

PS8:

L2: Bagnolds grain-inertial rheology is used to model the solid-granular-phase, which
however, assumes more dilute collisional flows.

L7: X\: Ref. and provide expressions.

L9-10: should there be cos «;.

L15: The fluid-phase assumes Bingham viscoplastic law.

L18: On the RHS: the second term should be with ‘4!

Another major concern here is the use of the rheological equations and their validity!
Bagnold and Bingham laws are used for the solid and the fluid, respectively. Now the
questions is: Bagnold and Bingham relations are used to model the rheological behav-
ior of the bulk mixture as a whole other than to model the solid and the fluid phases
separately. Usually, the solid and fluid phases in real two-phase debris flow mixture are,
respectively, modelled by applying the Coulomb-type frictional model and ratedependent
viscous flow model (Pudasaini, 2012). Which means that the use of the rheological models
can be questioned. So, justify their use, and mention that: “However, a physically more

meaningful and consistent would be the use of the Coulomb-type frictional model for the



Ans.

Ans.

solid and the non-Newtonian viscous flow rheology for fluid as in Pudasaini (2012)”.

P8:

L2: Action of solid phase outside control volume to solid phase on control volume mainly
involves impact effect between particles, the impact forces include dispersion force Py and
and shear force Ty between particles (see, Chien, 1989; Chen et al., 2006).

L7: X can been provided by Bagnold (1954) and A = 1/ [(a®/a)'/® — 1], where a? is the
maximum possible static volume fraction.

L9-10: Formulas of L9-10 can been provided by Chen et al. (2006).

L15: We have assumed the liquid-phase as Bingham viscoplastic material.

L18: On the RHS: the third term denotes the resistance of liquid phase slurry, thus the
sign is ‘— (see, Chen et al., 2006; Chen et al., 2011, p. 46). The provided details of the
rheological model can seen in Chen et al. (2004) and Chen et al. (2006).

P9:

L3: and y is the internal depth of the debris flow body: this should have been introduced
earlier!

L10-15: Mention that: “There are several model parameters in the proposed model includ-
ing a, b, ¢, dy, k, etc. Constraining these parameters could be challenging. Such parameters,
which could also be used as fit parameters, however, do not appear in a real two-phase
debris flow model such as that presented by Pudasaini (2012)”.

L15-20: A principle question is that: pressures are included in (22) and (23). Then why
do you need extra pressure terms (the last terms on the RHS of (5) and (6))? There is a

redundancy!

P9:

L3: y is involved in local text of MS.

L10-15: Where appropriate, we have mentioned that: ‘There are several model parameters
in the proposed model including a, b, ¢, dy, k, etc. Constraining these parameters could be
challenging. Such parameters, which could also be used as fit parameters, however, do not
appear in a real two-phase debris flow model such as that presented by Pudasaini (2012)’.
L15-20: Surface forces (fs, and fe,) in a unit volume beyond pressure is given on the above
of formula (7) in the revised manuscript, e.g., liquid resistance every phase, apparent mass

force derived from acceleration and difference of velocity, and interaction between particles
(Chen, et al., 2006).

P10:

L1-2: To simplify the calculation, the velocity of the solid phase in the y direction and the
effect of turbulence in slurry are ignored.: This is not consistent, or at least not justified!
L3: dg is usually small enough: which value dy would take in practice? This is difficult,
or not possible to say!

L6-12: As mentioned earlier, the last terms on the RHS of (26)-(27) are redundant! If not,
explain!

P11-12:

Equations (34)-(35): The approach used in the model development and the physical cor-
rectness of final model equations must be justified and discussed! So, it would be better
to mention here that: “Although the model solutions (34) and (35) providing the veloc-



Ans.

ity estimates for the solid and fluid phases in a debris flow only utilize and retain the
impact pressure difference between the solid and the fluid, and the Bingham viscoplas-
tic parameter, they can only provide very basic qualitative picture of the solid and the
fluid velocities. Also these solutions do not include any information about the volume
of the debris material. Nevertheless, to develop velocity solutions for the solid and the
fluid phases in a more consistent and physically more meaningful way, one must use a real
and general two-phase debris mass flow model, such as the one developed by Pudasaini
(2012), that includes strong phase interactions through the generalized drag, virtual mass
force, non-Newtonian enhanced viscous stress, and the evolving volume fraction of the
solid-phase.”

There are some strange effects: E.g., for ¢ = 0.5 (which may be a possible scenario), the
second terms on the RHS of (34) and (35) associated with fluid disappears! Check, and
discuss it!

P12-13:

L5(P12)-L13(P13): D: Because this does not add anything in the analysis! Also, there are
inconsistency in the descriptions of, e.g., My, because with increasing 75 and p the KE

must decrease, but here it increases!

P10:
LL1-3: We have revised it as ‘If the effect of turbulence in the liquid slurry is not considered,
then Eq. (21) can be simplified as

fiwo = apd? + (18 + pb)do. (22)

Further, if the velocity of the liquid phase slurry with respect to y submit to linear function,

i.e. a =0, then Eq. (22) can be simplified as
Stz = (TB + Mb)do. (23)

Combining Egs. (16) and (18) yields

3k 2 2 o 2 ((dusy ’
fS:E = fsml + fszQ = (vafx - psvsm) + / 0041ps()\do) dy (24)
2d, 0 dy

Combining Eqs. (17) and (21) yields

3k
Jiz = fea1 + frz2 = — Tf(pfv?w — psv2)

25
dpra’n?dy b2n2d (25)

3
+ T + abpsndy + % + apd3 + (18 + pb)do.

Next, we will take steady flow of debris flow (Chen, 1988; Chen et al., 2004; Jan and Shen,
1997) and linear distribution of velocity of the liquid phase slurry with respect to y (Chen
et al., 2006) as an example. Then Eq. (25) can be written as

3k
fro = =5 (prvf, = psv,) + (7 + pb)do. (26)

To simplify the calculation, the velocity variation of the solid phase particles along depth
of debris flow body is omitted (Chen et al., 2006), then Eq. (24) can be taken the form

_ ke
2,

(pfvf2w - pSUSw) (27)

Jea
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Qu. 10

Ans.

Qu. 11

)

L6-12: The last terms on the RHS of (26)-(27) are not redundant. They are the important
terms and can be explain in the response of Qu. 5.

P11-12: Equations (34)-(35): The approach can be verified by two real-world debris flows
(Sect. 3. Results and discussion) and we have mentioned that: ‘Although the model
solutions (34) and (35) providing the velocity estimates for the solid and fluid phases
in a debris flow only utilize and retain the impact pressure difference between the solid
and the fluid, and the Bingham viscoplastic parameter, they can only provide very basic
qualitative picture of the solid and the fluid velocities. Also these solutions do not include
any information about the volume of the debris material. Nevertheless, to develop velocity
solutions for the solid and the fluid phases in a more consistent and physically more
meaningful way, one must use a real and general two-phase debris mass flow model, such
as the one developed by Pudasaini (2012), that includes strong phase interactions through
the generalized drag, virtual mass force, non-Newtonian enhanced viscous stress, and the
evolving volume fraction of the solid-phase’.

It is correct. ¢ = 0.5 is a strange value. In this case, the effect of py is disappeared in the
first term for the RHS of Eq. (35). However, it is also appear in the second term of the
equation. So the term p also affect the velocity of vy,. However, it is not very clear what
happens for the debris-model under this special values and it is also difficult to explain it
clearly. We will try to figure out it in the future work.

P12-13:

L5(P12)-L13(P13): To facilitate understanding, we give some descriptions and definitions
for Egs. (34) and (35) in the original manuscript. Mj is only to define an expression.

P13:

L14-25: TE. Improve the discussion with mechanically more appropriate statements. E.g.,
as the equivalent diameter of solid particles increases, the solid-phase velocity of a debris
flow decreases very slowly whereas the liquid-phase velocity increases very slowly.: ’the
liquid-phase velocity increases very slowly’: this is not consistent with the physics of flow!
Otherwise provide data! So discuss and mention that: “Such discrepancies may have been
emerged do to the very simplified model consideration, or some possible inconsistencies
in the use of the rheological models considered here. These problems could have been
avoided by using more complete and real two-phase debris flow model (Pudasaini, 2012)

which includes strong phase interactions.”

P13:

L14-25: Thanks. We have changed the discussion as Reviewer’s suggestion.

P14:

L2: the K631 debris: what it is?: Ref.

L5-11: These comparisons are not so meaningful. Because: you must compare (with
respect to the involved):

- the flow volume,

- travel distance, etc.

Discuss on this!

Again, you have not proven how ‘the estimation method for the velocities of a debris flow



Ans.

Qu. 12

Ans.

Qu. 13

Ans.

Qu. 14

Ans.

can be widely used for a real-world debris flow’! You used very strong statement with

relatively weak results. Otherwise, justify!

P14:

L2: The K631 debris flow locating at the Tianshan highway in Xinjiang Province of China
can be described in introduction (Chen et al., 2004; Chen et al., 2006)

L5-11: We prove the validity of our results. It is better than Chen’s results (2006). The
flow volume and travel distance are considered for follow-up studies. We have revised ‘the
estimation method for the velocities of a debris flow can be widely used for a real-world
debris flow’ as ‘the estimation method for the velocities of a debris flow can be effectively
used for a real-world debris flow’.

Tables:

P19:
equivalent radius of control volume: R: equivalent height or length of control volume

Also improve other items.

P19:

We have replaced ‘equivalent radius of control volume’ by ‘equivalent height of control
volume’. The other items are also revised accordingly.

Figures:

P20:

Caption: R: Debris flow configuration, and definition of variables and parameters.

Also, make a debris flow profile and include the equivalent volume in it!

P20:
Thanks. We have added another Figs. (a), (b) as Reviewer’s suggestion.

P21:

Mention (in the main text) that: “Such exact solutions have also been presented previously
by Pudasaini (2011) for avalanche and debris flows.”

- Fig. 2: Caption: put parameter’s dimensions. py = 1500 is too big, ¢= 0.1 is too small,
(B + pb)dy = 100: explain why this value is chosen.

- As you explained in the text, d. must be larger than 0.2 m. This also applies to other
figures!

- At the model solution says, at # = 0, both v, and vy must be zero, but here they are
not! Check this!

- To check the model performances, results must also be plotted for more dense flows (i.e.,
for ¢ = 0.65).

- For which volume these results are plotted. It seems that your model solution does not
include this information. This is a problem here!

- Mention in the main text that: “For such a large velocity difference, at least the drag
and the virtual mass force must have been included in the model as in Pitman and Le
(2005) and Pudasaini (2012). However, here the model does not consider such effects.”

P21:
We have mentioned that: “Such exact solutions have also been presented previously by

Pudasaini (2011) for avalanche and debris flows” in main text.



- Fig. 2: Caption: the parameter’s dimensions: py , ¢ and (7 + ub)dy are according to
Chen et al. (2006)

- Following Chien (1989), particles which diameter is less than 0.1 m in viscous debris flow
often form mass and move at certain direction with the same velocity, while particles that
diameter is over 0.1 m move at jumping in debris flow gully. However diameter of particle
at suspension state in thin debris flow is less than 0.02 m. Therefore, generally, taking
particle whose diameter is less than 0.02 m as equivalent slurry, the other belongs to solid
(Chen et al. 2006).

- At x = 0, both v, and vy must be zero, but here they are not! The existence of this case
refers to the drawing error at = 0 by using Matlab software.

- Here, we take some parameters according to the results of Chen et al. (2006). The method
is also suitable for both viscous debris flow and thin debris flow. We have Mentioned in the
main text that:* For such a large velocity difference, at least the drag and the virtual mass
force must have been included in the model as in Pitman and Le (2005) and Pudasaini

(2012). However, here the model does not consider such effects.’

Qu. 15 P22:

Fig. 3: Caption: Mention in the text that: “However, 10% increase in the solid volume

fraction resulted only in very slight decrease in the solid and fluid velocities.”

Ans. P22:

Fig. 3: We have mentioned in the corresponding text that: ‘However, 10% increase in the
solid volume fraction resulted only in very slight decrease in the solid and fluid velocities.’

Qu. 16 P23:

Fig. 4: Caption: Mention in the text that: “However, 10% increase in the particle diameter
(as a parameter) resulted in almost no change in the solid and fluid velocities.”

Ans. P23:

Fig. 4: We have mentioned in the corresponding text that: ‘However, 10% increase in the
equivalent diameters of solid particles resulted in almost no change in the solid and fluid

velocities.’
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We would highly appreciate if you could take necessary action.
Looking forward to hearing from you soon.

Best wishes to you!

Yours sincerely,

Songbai Guo
Pengcheng Xu
Zuohuan Zheng
Yang Gao
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