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Abstract 

The formation of aggregates consisting of snow, water, and tephra has been reported in small-scale experiments on 
three-phase flows containing tephra, water, and snow, representing lahars triggered by snowmelt. Such aggregates 
reduce the mobility of mud flow. However, the formation mechanism of such aggregates under various conditions 
has not been investigated. To elucidate the formation conditions and mechanical properties of the aggregates, we 
performed mixing experiments with materials on a rotating table and compression tests on the resulting aggregates 
with a universal testing machine in a low-temperature room at 0 ◦

C . From experiments with varying component ratios 
of the mixture and tephra diameter, the following results were obtained: (i) the aggregate grew rapidly and reached 
maturity after a mixing time of 5 min; (ii) the mass of aggregates increased with snow concentration, exhibiting an 
approximately linear relationship; (iii) single aggregates with large mass formed at lower and higher tephra concentra-
tions, whereas multiple aggregates with smaller mass were observed at intermediate concentrations; (iv) the shape of 
the aggregate satisfied the similarity law for an ellipsoid; (v) the compressive mechanical behavior could be mod-
eled by an empirical nonlinear model. The obtained mechanical properties of the aggregates were independent of 
the experimental conditions; (vi) scaling analysis based on the Reynolds number and the strength of the aggregates 
showed that the aggregates cannot form in ice-slurry lahars. Our findings suggest that low-speed lahars containing 
snow and ice are likely to generate aggregates, but snow and ice in the ice-slurry lahars are dispersed without such 
aggregates.
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Introduction
In active volcanic zones capped with snow and glaciers, 
snow and ice melts are produced during volcanic erup-
tions and rain-on-snow events. The resulting meltwater 
stream incorporates pyroclastic materials called tephra 
to become a mudflow, or lahar, which then moves rap-
idly downhill, causing catastrophic damage to areas far 
from the source   (Major and Newhall 1989). A prime 
example of lahar hazards is an event that occurred 
after the November 1985 eruption of Nevado del Ruiz 

in Colombia, where melting snow and ice produced a 
lahar with a run-out distance of more than 100 km that 
resulted in the loss of approximately 23,000 lives (Pierson 
et  al. 1990). A massive lahar also occurred in Japan, 
triggered by snowmelt from the May 1926 eruption of 
Tokachidake (Tada and Tsuya 1927; Uesawa 2014).

The dynamics of lahars have been investigated through 
both laboratory experiments and numerical mod-
els  (Pierson 1995, 2005). The theory of lahars is similar 
to that of floods and debris flows; therefore, existing 
models have been developed on the basis of two-phase 
flow involving solids and liquids. According to  Pierson 
(2005), the flow structure is highly dependent on the sed-
iment concentration of the flow by volume (or weight), 
where the three major types of flow are water flows, 
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hyperconcentrated flows, and debris flows. Here, hyper-
concentrated flows are defined as non-Newtonian flows 
that are intermediate between water flows and debris 
flows, in which the sediment dynamics include both sal-
tation and suspension due to turbulence. Differences 
between hyperconcentrated flows and debris flows have 
previously been verified through field observations (Cal-
houn and Clague 2018).

Previous studies on lahars have typically focused on 
two-phase flow consisting of tephra and water; however, 
recent field surveys of lahars have also revealed the occur-
rence of snow and ice in the deposition areas  (Pierson 
and Scott 1985; Cronin et  al. 1996; Lube et  al. 2009; 
Waythomas et al. 2013; Waythomas 2014; Kataoka et al. 
2018, 2019). According to Lube et al. (2009), acidic water 
generated by the September 2007 eruption of Ruap-
ehu volcano in New Zealand traveled over a snow-cov-
ered glacier, which transformed the resulting flow from 
a water flow into an ice-slurry lahar. Large amounts 
of granular snow and tephra were found in the result-
ing deposits. In addition, Waythomas (2014) reported 
that hot eruptive products generated by the March 2009 
eruption of Redoubt Volcano in Alaska generated a sub-
stantial volume of meltwater that formed highly mobile 
flows consisting of ice, sediment, and water. These find-
ings suggest that experimental and numerical modeling 
studies should consider lahars triggered by snowmelt as 
three-phase flows instead of two-phase flows.

Three-phase flows of tephra, water, and snow are 
extremely complex; even the flow structure of granu-
lar flows containing only snow particles changes with 
time due to the cohesion of snow related to frictional 
heat (Fischer et al. 2018). Moreover, the component ratio 
of materials in three-phase flows varies widely follow-
ing snow and ice melt  (Pierson and Scott 1985; Cronin 
et  al. 1996; Lube et  al. 2009). Simple experiments can 
be used to improve our understanding of the basic flow 
mechanism of ice-slurry lahars. For example, as a pio-
neering study,  Okita et al. (2018) analyzed the flow of a 
mixture of tephra, water, and snow along a channel in a 
low-temperature room at 0  °C. Here, we briefly explain 
their experiments because their paper is written in Japa-
nese (Okita et al. 2018). The materials comprised tephra 
of 32–63 μm diameter, water, and granular snow of less 
than 2 mm diameter. The masses of tephra and water 
were fixed as 270 g and 220 g, respectively, but the mass 
of snow varied in the range of 0–40 g. After mixing the 
materials in a vibration exciter, they were discharged into 
a wooden channel (167 cm length, 8.4 cm width, 4.5 cm 
side-wall) inclined at an angle of 15°. In the two-phase 
flow consisting of tephra and water, the run-out distance 
and maximum frontal speed were 167 cm and 14 cm s−1, 
respectively, whereas the three-phase flow with snow 

stopped on the channel. Concretely, the run-out dis-
tance and maximum frontal speed with snow amounts of 
10 g, 20 g, and 30 g were 90 cm and 10 cm s−1, 50 cm and 
7 cm s−1, and 10 cm and 3 cm s−1, respectively. As one of 
the reasons for the mobility reduction, Okita et al. (2018) 
found the formation of aggregates consisting of snow, 
water, and tephra. They also proposed that the aggregates 
act as resistance to the flows and decrease the water con-
tent of flows.

The formation mechanism of such aggregates under 
various conditions is yet to be investigated. At present, 
no evidences of the aggregates have been reported in 
field surveys on ice-slurry lahars. Moreover, provided 
the formation of aggregates in flows, the deforma-
tion and collapse mechanisms of the aggregates remain 
unknown. Therefore, to elucidate the formation condi-
tions of aggregates in three-phase (tephra–water–snow) 
flows, we designed a small-scale experimental system 
and performed mixing experiments in the fluidized state. 
The mechanical properties of formed aggregates were 
also measured using a compression machine. By vary-
ing the component ratio among the three materials, vari-
ous conditions were considered, including ice-rich and 
water-rich lahars. The "Methods" section explains the 
experimental system and conditions. The "Results and 
discussion" section describes aggregate formation and 
discusses the composition and mechanical properties of 
the aggregates, and the scaling analysis between experi-
ments and observations. Finally, "Conclusions" section 
summarizes the study and proposes future research 
opportunities.

Methods
Mixing procedure
We performed the experiments in the low-tempera-
ture room of the Research Institute for Natural Haz-
ards and Disaster Recovery, Niigata University. The air 
temperature of the room was set to 0  °C. The tephra, 
snow, and water used for the experiments were sedi-
ments collected from a pyroclastic flow at Lake 
Numazawa in Fukushima, granular snow cryogeni-
cally preserved after collecting natural snow, and dis-
tilled water, respectively. Additionally, we sieved the 
tephra and snow and classified the diameters of tephra 
and snow, dt and ds , into several size distributions. The 
material densities of snow and water were assumed 
to be ρs = 0.91 g cm−3 and ρw = 1.00 g cm−3 , respec-
tively, whereas that of tephra ρt was calculated by the 
five-times liquid immersion method  (Miwa 1970) for 
dt . The mean and standard deviation of ρt for dt = 32–
63µm , 125–250µm , and 250–500µm were 2.50 g cm−3 
and 0.01 g cm−3 , 2.66 g cm−3 and 0.03 g cm−3 , and 
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2.70 g cm−3 and 0.02 g cm−3 , respectively. In this study, 
we assumed that the material densities of tephra equal 
to ρt = 2.50 g cm−3.

The temperatures of tephra, snow, and water were 
adjusted to 0 ◦C and the mixing samples were enclosed 
in a capped cylindrical glass pot with an approxi-
mate diameter of 9  cm and a height of 15 cm (Fig. 1). 
The samples were placed in the pot in the following 
order: tephra, water, and snow, which was determined 
through trial and error as the best order for reproduc-
ing a homogeneous mixture by shaking. We also calcu-
lated the masses of mixing samples such that the total 
volume Vtotal was approximately 20% of the pot volume: 
Vtotal = 190.9 cm3 . The mixing ratio of tephra, snow, 
and water was determined based on the volume ratios 
of tephra and snow divided by itself plus water, which 
were termed the tephra and snow concentrations, Ct 
and Cs,

(1)Ct =
Vt

Vt + Vw
× 100,

(2)Cs =
Vs

Vs + Vw
× 100,

where Vt , Vs , and Vw are the volumes of tephra, snow, and 
water, respectively. The relationships among concentra-
tions, volumes, and masses of materials are described in 
Appendix.

To maintain a constant flow velocity of the mixture, we 
placed the capped cylindrical glass pot on a rotating table 
(NITTO KAGAKU, ANZ-51D), as shown in Fig. 1a. The 
rotational speed of the machine was set to 60 rpm, which 
corresponds to 24 rpm of 9 cm diameter according to the 
manual, that is, the angular speed of the pot was fixed 
at ω = 2.51 rad s−1 . After rotating the pot, we removed 
the mixture onto a sieve with a mesh size of 2 mm and 
checked for the formation of aggregates.

Flow conditions
The water depth and the velocity of flows during pot rota-
tion could not be measured because the tephra adhered 
to the surface of the wall, as shown in Fig.  1a. Instead, 
we estimated the water depth and the frontal speed of 
flows from the experimental situations and calculated the 
Froude number, Fr, using them. Firstly, we assumed that 
the maximum water depth of the mixture in the pot in 
the rotating state is equal to that in the static state, Dw , 
and the frontal speed of flows is also equal to the rotat-
ing speed on the wall, v (Fig. 1b). Secondly, we considered 
only the circular cross-section of the pot and derived Dw 
as follows. Using the formula of the area of a circular seg-
ment (Eq.  (18) of  Weisstein (2020)), the cross-sectional 
areas of the pot and the mixture, Apot and Amixture , are 
expressed as:

where r is the radius of the pot. As the total volume of 
materials was set to 20  % of the pot volume, the maxi-
mum water depth of the mixture in the pot in the static 
state is derived from Amixture/Apot = 0.2 as Dw = 2.3 cm . 
Thirdly, the rotating speed of the wall, v, is calculated 
using the radius and the angular speed of the pot, r and 
ω , as v = rω = 11.3 cm s−1 . The values of Dw and v were 
close to those of flows in channel-flow experiments by 
Okita et al. (2018), and the Froude number of the flows 
was approximately evaluated as Fr = v/

√

Dwg = 0.238 , 
where g is gravitational acceleration. According to the 
observations of the ice-slurry lahars by Lube et al. (2009): 
Fr > 6 at the base of Whangehu glacier and Fr = 0.6 at a 
lahar monitoring site, Fr = 0.238 in our experiments cor-
responds to lahars far away from the source.

(3)Apot = πr2,

(4)
Amixture = r2 cos−1

(

r − Dw

r

)

− (r − Dw)

√

2rDw − D2
w,

Fig. 1 Mixing experimental system: a photograph and b schematic 
images of circular cross-section. The system used to rotate the 
capped cylindrical glass pot containing tephra, water, and snow. The 
pot is automatically rotated on the rotating table (NITTO KAGAKU, 
ANZ-51D) at a constant speed
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Heat transport
To consider heat transport between the air and the mix-
ture in the pot, we measured the air temperature around 
the rotating table, θ , in response to snow melting. The 
amount of heat transport, Q, between two objects is gen-
erally proportional to the cross-sectional area of the pas-
sage, A, the temperature difference, �θ , and the elapsed 
time, t,

where h is the heat transfer coefficient. In the case of 
heat transport from the air to the mixture in the pot, h is 
assumed to be an unknown constant and A is the surface 
area of the pot. The temperature of the mixture is 0 ◦C as 
long as water and snow coexist. We also calculated the 
time-averaged air temperature θave using air temperatures 
before and after rotating the pot, θInitial and θEnd . Hence, 
Q in our experiments was approximately evaluated as 
follows:

Measurement items of aggregates
In this study, an aggregate was defined as an object 
that could be picked up without substantial deforma-
tion. Figure  2 shows typical examples of non-formation 
and formation of aggregates. Figure  2a shows soft sher-
bet-like mud remaining on the sieve, Fig.  2b shows the 
occurrence of a distinct aggregate. When aggregates 
were observed, we picked up them from the sieve and 
measured the number of aggregates, N, and the mass of 
each aggregate, m, on a scale. The observed aggregates 

(5)Q = hA�θ t,

(6)Q ∝ θave × t,

(7)θave =
θInitial + θEnd

2
.

appeared similar to a rounded stone, as shown Fig.  2b. 
To evaluate the shape of each aggregate, we measured 
the length, L, width, W, and height, H, with a ruler, where 
the length and width of the horizontal size were divided 
by L ≥ W  . Continuously, we compressed the aggregates 
to determine their mechanical properties. Details of the 
compression tests are provided in the subsequent subsec-
tion. To confirm the mass composition in the aggregate, 
we dried the aggregate at a constant temperature of 50 ◦C 
with an electric drying oven (ADVANTEC, DRA630DA). 
The mass of tephra, mt , was revealed by this process; 
however, the mass of water and snow, mw and ms , were 
quantitatively indistinguishable from each other. Thus, 
we focused on the mass fraction of tephra in the aggre-
gate: wt = mt/m.

Compression test protocols
To characterize the mechanical properties of the pro-
duced aggregates, we performed a set of simple compres-
sion tests. We used a universal testing machine (Imada, 
MTA-500N) to determine the relationship between com-
pression stroke and force (Fig.  3). This testing machine 
has a capacity of a 500-N load cell and a resolution of 
0.1 N. A single aggregate was placed on the table of the 
testing machine and compressed with a constant speed 
of 1/6mms−1 , which is the slowest compression speed 
of the testing machine and sufficiently slow to avoid the 
effect of compression inertia (we assumed quasi static 
compression). During compression, the force and stroke 
were recorded at a rate of 100 Samples s−1 . Because the 
shape of the aggregates was highly irregular, the onset 
of actual compression was difficult to identify; here, we 
employed a compression force threshold of F = 0.2N 

a No aggregate b Single aggregate

Fig. 2 Photographs of the resulting mixture. Mixture removed onto 
a sieve after rotating the pot: a soft sherbet-like mud and b harder 
aggregate consisting of tephra, water, and snow

Fig. 3 Photograph of the compression machine. Experimental 
apparatus used to measure the compressive mechanical properties 
of the aggregates
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to define this point. Data were collected until F reached 
approximately 300N . This maximum value of F was 
employed to avoid breakage of the load cell. This system 
was used to measure the compressive force behavior of 
aggregates immediately after measuring their morpho-
logical dimensions.

Formulation of compression test
The mechanical behaviors of the compressed aggregates 
were then analyzed and modeled. An example compres-
sion curve is shown in the inset of Fig.  4a, where the 
compression force F is plotted as a function of the com-
pression stroke δ . Aggregates of dt = 32–63µm (diam-
eter), Ct = 30% (tephra concentration), and Cs = 10% 
(snow concentration) formed from tephra. The observed 
compression curve was highly nonlinear, indicating expo-
nential growth. Namely, only the initial compression 
stage exhibited linear compression. A magnified plot of 
the initial stage is shown in the inset of the compression 
curve.

To evaluate the mechanical properties of the aggregate, 
we analyzed the relationship between stress and strain. 
However, it was difficult to precisely evaluate stress and 
strain of the irregular-shaped sample; therefore, we used 
the dimensions of aggregates measured from photo-
graphs to normalize the force and stroke. Specifically, we 
approximated the aggregate by the ellipsoid; the effective 
area and volume of the aggregate, S and V, were estimated 
using the length, width, and height of the aggregate, L, 
W, and H, as S = πWL/3 and V = πWLH/6 . These 
quantities were used to define the stress τ and strain γ as 
follows:

The stress–strain relationship is shown in Fig. 4a. Expo-
nential-like growth was observed; therefore, we plotted 
the same data in a semi-log style in Fig. 4b. As expected, 
a linear trend was confirmed, particularly in the large γ 
regime. However, slightly nonlinear behavior was also 
observed in the small γ regime. To quantify this nonlin-
earity, the slope of the curve d(ln τ)/dγ was computed 
(inset of Fig. 4b). The obtained slope shows exponentially 
asymptotic behavior. Therefore, we fit the slope curve to 
the following function form:

This form is consistent with the asymptotic behavior 
shown in the inset of Fig. 4b (red dashed curve). Here, γb , 
γs , and Rs are dimensionless fitting parameters.

By integrating Eq.  (10), the following empirical model 
for compressive mechanical behavior was proposed:

The parameter Eb has a stress dimension and character-
izes the effective bulk compression modulus (hardness), 
as discussed later. Other parameters, Rs , γb , and γs , indi-
cate the ratio of the compressive moduli between bulk 
and surface deformation, the characteristic bulk strain, 
and the characteristic surface-deformation strain, respec-
tively. The fitting curve is shown as a purple dashed curve 
in Fig. 4b. The proposed form is empirical and there is no 
clear mechanics basis for deriving the form of Eq.  (11). 
However, all data collected in this study show similar 
nonlinear compression curves, implying that this behav-
ior is universal. Thus, we employed this empirical model 
to discuss the mechanical properties of aggregates. The 

(8)τ =

F

S
,

(9)γ =

δ

H
.

(10)
d(ln τ )

dγ
=

1

γb
+

Rs

γs
exp

(

−

γ

γs

)

.

(11)τ = Eb exp

[

γ

γb
− Rs exp

(

−

γ

γs

)]

.

a

b

Fig. 4 Raw data from an example compression test. Parameters 
were Ct = 30% , Cs = 10% , and grain size dt = 32–63µm . a Linear 
plot of the stress–strain curve and b semi-log plot of the same data. 
The inset of a shows the raw compression force data. The inset of b 
shows the slope of ln τ as a function of strain γ . Purple dashed curve 
indicates the model of Eq. (11). Blue and green dotted lines are the 
levels of γb and γs obtained by fitting, respectively
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parameter values ( Eb , Rs , γb , γs ) can be obtained through 
least-square fitting to the experimental data.

Experimental conditions
All experimental conditions are listed in Table  1. The 
experiments were categorized into five types: EXP1, 
EXP2, and EXP3–5 were performed to elucidate the 
effects of rotation time, t, snow concentration, Cs , tephra 
concentration, Ct , and tephra diameter, dt , respectively, 
on aggregate formation. All other experimental parame-
ters were fixed as follows: diameter of snow, ds = 1–2 mm, 
total volume of mixing samples, Vtotal = 190.9 cm3 , and 
angular speed of the pot ω = 2.51 rad s−1 . 

Results and discussion
Effect of rotation time
Figure  5 shows the number and mass of aggregates, N 
and m, measured at each rotation time of the pot, t, in 
EXP1, where the tephra diameter, tephra concentration, 
and snow concentration were fixed as dt = 32–63 µm , 
Ct = 33% , and Cs = 9% , respectively. For t = 0min , no 
aggregate formation was observed (i.e., N = 0 ) because 
the mixture was very soft (similar to a sherbet), as shown 
in Fig. 2a. This lack of aggregate formation also occurred 
during one run of t = 1min ; nevertheless, aggregates 
were found at all runs of t ≥ 3min (Fig.  5a). Except for 
N = 2 at one run of t = 20min , only a single aggregate 
was formed by pot rotation under these experimental 
conditions. According to the mean values of m (Fig. 5b), 
the aggregates grew rapidly in the early stage, with m 
reaching a peak at t = 5min : m ≈ 45 g . After t = 5min , 
the mass of the aggregate gradually decreased with time. 
Therefore, the evolution of m in our experimental system 
was divided into two stages: a growth stage at t ≤ 5min 

and a decline stage at t > 5min . Note that, in some runs, 
the peak m continued until t = 40min.

To further investigate the evolution of aggregate mass 
with time, m(t), Fig. 6a shows the air temperature θ meas-
ured around the rotating table because the aggregate 
included snow. Although θ ≤ 0 ◦C in most experimen-
tal runs, an increase in θ was confirmed at long rotation 
times of 40 min and 60 min. This heating was gener-
ated by operation of the rotating table. Figure 6b shows 
the relationship between the mass of the aggregate, m, 
and the indicator of heat transport from the air to the 
mixture in Eq.  (6), θave × t . The mass of the aggregate 
at t ≤ 20min exhibited random scatter, whereas that 
at t ≥ 40min was negatively correlated with θave × t . 
This result suggests that snow in the aggregate melts at 
θave × t > 0 with a longer rotation time. Thus, the influ-
ence of air temperature on aggregate formation was neg-
ligible at t ≤ 20min in our experimental system.

Effect of snow concentration
We confirmed the effect of snow concentration Cs on 
the formation of aggregates in EXP2. Compared with 

Table 1 List of experimental conditions

Tephra diameter, tephra and snow concentrations for water volume, and the 
rotation time are denoted by dt , Ct and Cs , and t, respectively

Type dt  ( µm) Ct  (%) Cs (%) t (min) Number 
of runs

EXP1 32–63 33 9 0, 1, 3, 5, 
10, 20, 
40, 60

3

EXP2 32–63 33 1, 5, 9, 13, 17 20 1

EXP3 32–63 8, 10, 15 10 5 2

0, 1, 30 3

5, 20 4

EXP4 125–250 5, 10, 15, 20, 25, 
30, 40

10 5 2

EXP5 250–500 10, 15, 20, 25, 
30, 40

10 5 2

 0

 1

 2 a

N
 [-

]

Mean

 0

 20

 40

 60

 0  10  20  30  40  50  60

b

m
 [g

]

t [min]

N = 0
N = 1
N = 2
Mean

Fig. 5 Aggregate formation according to mixing time. Influence of 
rotation time, t, on aggregate formation in EXP1 ( dt = 32–63µm , 
Ct = 33% , and Cs = 9% ): a number of aggregates, N, and b mass 
of aggregate, m. The vertical dashed line indicates t = 5min , which 
is the boundary between the growth and decline stages of the 
aggregate
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EXP1, EXP2 had variable Cs and a fixed rotation time 
of t = 20min to obtain well-developed aggregates. The 
other experimental parameters were the same as those 
in EXP1; the diameter and concentration of tephra were 
fixed as dt = 32–63µm and Ct = 33% , respectively. No 
aggregate was observed at Cs = 1% , whereas a single 
aggregate formed at Cs ≥ 5% (Fig.  7). The mass of the 
aggregates increased with snow concentration; the rela-
tionship between m and Cs is fitted by a linear function 
expressed as m = 3.76Cs − 7.16 in our experiments. 
From this function, the mass of the aggregate becomes 
m = 0 g when the snow concentration approaches 
Cs = 1.90% . It is possible that a lower limit of Cs is 
required to generate an aggregate, although the number 
of runs was unity. In addition, m ≈ 27 g at Cs = 9% is 
expected from the fitting line; this value corresponds to 
the mean of m at t = 20min in EXP1 (Fig  5b). Accord-
ing to the above results, snow is essential for aggregate 
formation and the mass of the aggregate increases mono-
tonically with the amount of snow.

Effect of tephra concentration and size
The diameter and concentration of tephra in EXP1–2, 
dt and Ct , were set in reference to a previous experiment 
by Okita et al. (2018), although lahars exhibit a wide dis-
tribution of dt and various Ct values depending on the 
conditions. To evaluate the effect of dt and Ct on aggre-
gate formation, these parameters were set as the inde-
pendent variables in EXP3–5. All other parameters were 
fixed: rotation time t = 5min and snow concentration 
Cs = 10% . Here, t = 5min means the boundary between 
the growth stage and the decline stage in the evolution 
of aggregate mass with time (Fig.  5b), where the effect 
of air temperature is negligible (Fig. 6b). It is noted that 
the mixture of tephra and water entirely solidified at 
Ct = 40% for dt = 32–63µm (EXP3) and Ct = 50% for 
dt =125–250µm (EXP4) and dt = 250–500µm (EXP5). 
In addition, tephra with dt = 1–2  mm and water were 
immiscible in our experimental system.

Figure 8 shows the number and mass of aggregates, N 
and m, measured in EXP3–5, respectively. The aggre-
gate in EXP3 was found at all runs of Ct ≥ 5% ; however, 
it formed even without tephra ( Ct = 0% ). The number 
of aggregates in EXP3 increased with an increase of the 
tephra concentration from Ct = 0% to Ct = 15% ; a fur-
ther increase of tephra concentration caused the forma-
tion of a single aggregate ( N = 1 ) (Fig. 8a). Furthermore, 
the mean aggregate mass in EXP3 appeared to increase 
with tephra concentration, but the mass of aggregates 
fluctuated substantially in the range of Ct = 1–15  % 
(Fig.  8b). The change in the number of aggregates with 
tephra concentration, N (Ct) , in EXP4–5 was similar 
to that in EXP3. Additionally, we determined the lower 
limit of Ct for aggregate formation. Due to the increase 
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in tephra diameter, the range of tephra concentrations 
required to generate an aggregate was narrow, and the 
peak number of aggregates shifted to higher Ct (Fig. 8a). 
Compared with EXP3, aggregate mass exhibited an inter-
esting dependence on tephra concentration, m(Ct) , in 
EXP4–5 (Fig. 8b), whereby large m occurred at low and 
high Ct , whereas smaller m occurred at intermediate 
tephra concentrations. Small mass values were typically 
observed at Ct = 25% . Although the mechanism of aggre-
gate regulation is unknown, the relationship between N 
and m indicated a negative correlation (Fig. 8), whereby 
the formation of multiple aggregates typically resulted in 
lower aggregate mass.

Figure  9 shows the relationships of L vs. W and 
H vs. W. The size of the aggregate remained almost 
unchanged in terms of tephra diameter; nevertheless, 
the following observations were made regarding the 
shape of aggregates. In Fig.  9a, the length and width of 
the aggregates ranged from 1 to 5.5 cm. A proportional 
relationship was observed between the length and 
width, L ∝ W  , at W ≤ 3 cm , but the length was limited 
to W > 3 cm . Aggregate height was less than the width 

in many aggregates (Fig.  9b); that is, the relationship of 
L > W > H held. The height was also proportional to the 
width, W ∝ H , but H appeared to stop increasing when 
it exceeded the maximum water depth of the mixture in 
the pot in the static state, Dw = 2.3 cm . The height of the 
aggregate may have been confined by the water depth. 
Therefore, the above results revealed a proportional rela-
tionship among the length, width, and height of aggre-
gates at H < Dw.

Composition of aggregate
To determine the aggregate properties, we measured 
the mass composition of each aggregate observed in 
all experiments. In this analysis, the mass composi-
tion was categorized into tephra mt and water plus 
snow mw+s because water and snow were inseparable 
owing to technical difficulties. The mass composition 
can be converted into the volume composition using 
the material densities of tephra, water, and snow as 
known values: ρt = 2.50 g cm−3 , ρw = 1.00 g cm−3 , and 
ρs = 0.91 g cm−3 . Hereafter, we focused on the mass 
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fraction of tephra wt = mt/m , where m is the aggregate 
mass.

Figure 10 shows the composition of each aggregate in 
EXP1–2. The horizontal axis in Fig. 10a, b are the rota-
tion time, t, and snow concentration, Cs , respectively. In 
Fig.  10a, the run number is also displayed as additional 
information. Although aggregates with various m were 
observed with different values of t and Cs , the tephra 
constituted approximately one half of the total mass of 
aggregate. Hence, mass fractions of tephra ranged from 
wt = 0.4–0.6 and were independent of the aggregate 
mass (Fig. 10). In both EXP1 and EXP2, the diameter and 
concentration of tephra were fixed: dt = 32–63µm and 
Ct = 33% . If the aggregate develops by the adhesion of 
snow, a fluid mud of tephra and water will be included 
in the aggregate; during the experiments, we observed 
abundant granular snow at the surface and interior of the 
aggregate. Thus, the tephra concentration is believed to 
be related to the mass fraction of tephra.

The above hypothesis was verified by analyzing the 
data of EXP3–5, where the diameter and concentration 
of tephra, dt and Ct , were the variables. The mass com-
position of tephra and water plus snow in the aggre-
gates, mt and mw+s , in EXP3, EXP4, and EXP5 is shown 
in Fig.  11a–c, respectively. Compared with EXP1–2, as 

shown in Fig. 10, the ratio of tephra to the total mass of 
aggregates varied considerably with tephra concentra-
tion. Figure  11d shows the mass fraction of tephra, wt , 
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in EXP3–5. The mass fraction of tephra in EXP3 using 
dt = 32–63µm increased with tephra concentration 
from wt = 0 to wt = 0.4 , which supports our hypothesis. 
This relationship between wt and Ct was also observed in 
EXP4 for larger dt = 125–250 µm , except at a high tephra 
concentration of Ct = 40% . Conversely, in EXP5 with the 
largest dt = 250–500µm , the mass fraction of tephra was 
approximately constant at wt ≈ 0.15.

One reason for the change in the mass fraction of 
tephra with tephra diameter is believed to be a change of 
matric potential according to the material size, such as 
the moisture characteristic curve  (Klute 1986). In other 
words, as we removed the aggregate from the pot, the 
aggregate was exposed to air intrusion on the sieve. Thus, 
the aggregate should hold the liquid mud of tephra and 
water at an appropriate tephra diameter. These analyses 
indicate that the mass fraction of tephra in the aggregate 
is related not only to the tephra concentration, but also to 
the tephra diameter. Note that all analyses of aggregates 
were conducted outside the mud flow.

Mechanical characterization
By fitting all obtained compression curves in Eq. (11), we 
evaluated the effects of different characteristic param-
eters: Eb , Rs , γb , and γs . In Fig. 12, the obtained parameter 
values are displayed against the tephra concentration, 
Ct . As shown in Fig. 12, any clear parameter dependence 
of the characteristic quantities could not be confirmed. 
Instead, all quantities exhibited approximately similar 
values independent of the experimental conditions.

Aggregate deformation observed in the compression 
tests was found to be irreversible. In other words, plas-
ticity dominated the deformation mode and the effective 
stress–strain curve was nonlinear. This type of compres-
sion behavior differs significantly from that of linear-
elastic/plastic materials. Thus, it is difficult to discuss the 
mechanical properties of aggregates using conventional 
material mechanics. Instead, we derived an empirical 
model, the physical meaning of which is described here, 
along with the characteristic quantities.

First, we focused on the large γ regime, i.e., the late 
stage of compression. In this stage, the term exp(−γ /γs) 
vanishes. As a result, the compression curve approaches 
that of simple exponential growth. However, below the 
characteristic strain γ < γb , a linear approximation can 
be applied to the curve. Then, the slope (effective modu-
lus in the relatively small γ regime) can be estimated 
by Eb/γb . According to Fig.  12a, c, the typical orders of 
these quantities were Eb ∼ 100 kPa and γb ∼ 10−1 . As 
a consequence, Eb/γb ∼ 10 kPa was obtained, which is 
the effective compressive strength of the aggregates, Fc . 
Because all measured quantities were relatively insensitive 

a

b

c

d

Fig. 12 Analysis results of compression tests. Estimated characteristic 
quantities vs. Ct : a Eb , b Rs , c γb , and d γs obtained from EXP3–5. 
Triangles show all measured results and circles correspond to the 
average of data collected under identical experimental conditions. 
Up-pointing triangle and down-pointing triangle denote the 
measured results of the largest and second largest aggregates. 
Although the characteristic quantities fluctuate around certain mean 
values, it is difficult to observe any clear trend in the plots
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to the experimental conditions, this value is considered 
representative.

In the small γ regime, the term exp(−γ /γs) plays a 
certain role. This initial nonlinearity comes from com-
pression of the surface roughness of the aggregates. 
As observed in the actual photographs, the aggregates 
exhibited surface roughness. Compression initiated when 
the compression plate reached the top surface of this 
roughness. However, in the early stage, only the surface 
roughness was flattened. After complete flattening, bulk 
compression dominated the compression behavior. The 
exponential growth of the stress curve in the late stage 
corresponds to this bulk compression, and early sur-
face flattening corresponds to the asymptotic decrease 
of stress. Therefore, γb and γs indicate the characteristic 
strain for bulk compression and surface-roughness com-
pression, respectively, revealing two modes of aggregate 
compression. In any case, the mechanical properties were 
approximately independent of the experimental condi-
tions, which is advantageous for modeling the behav-
ior of aggregates in an actual mud flow because it is 
not necessary to consider the wide variety of aggregate 
mechanical behaviors. However, it should be noted that 
the mechanical properties can vary during compression. 
Compression tests were conducted after picking up the 
aggregates and measuring their dimensions; thus, liquid 
water drainage during the test could affect the mechani-
cal properties of the aggregates. In this experiment, how-
ever, we neglected such effects.

Scaling analysis between experiments and observations
Flows in small-scale experiments and natural ice-slurry 
lahars extremely differ from each other in terms of the 
scale. To evaluate the formation and the deformation of 
the aggregates in nature, we attempted scaling analysis 
based on experimental results and observational data. 
The scaling analysis was conducted considering two dif-
ferent parameters: the particle Reynolds number and 
the strength of aggregates. For the natural formation of 
aggregates, the former and the latter estimate the size 
and deformability of the aggregates, respectively. We 
used observational data of ice-slurry lahars obtained by 
Cronin et al. (1996) and Lube et al. (2009) in the scaling 
analysis.

The particle Reynolds number, Rep , is expressed using 
the diameter of the aggregates, d, as

where ρb , U, and µ are the bulk density, frontal speed, and 
viscosity coefficient of flows, respectively. In our experi-
ments, the frontal speed was evaluated as the rotating 
speed of the wall (Fig.  1b): ρb = 991–1557 kgm−3 and 

(12)Rep =

ρbUd

µ
,

U = 0.113m s−1 . The bulk density is listed in Appen-
dix. The typical diameter of the aggregates could be 
set to d = 30  mm (Fig.  9). Although the viscosity coef-
ficient was unknown, the particle Reynolds number in 
our experiments was calculated as Rep = 3.36–5.28µ−1 . 
To estimate the diameter of the aggregates in nature, we 
assumed that µ and Rep in our experiments are the same 
as those of natural ice-slurry lahars. Under this assump-
tion, the diameter of the aggregates in nature is expressed 
using ρb and U of observational data as

The effective compressive strength of the aggregates, 
Fc , was obtained from the compression test and the 
modeling, and the value of Fc was almost independent of 
the size of aggregates and the experimental conditions: 
Fc = 104 Pa . Actually, the deformation and the collapse 
of the aggregates are expected because various forces act 
on the aggregates in the flows. To estimate the deform-
ability of the aggregates in the ice-slurry lahars, we pro-
posed the non-dimensional parameter for maintaining 
the aggregates. This parameter is defined as the ratio of 
the strength of the aggregates, Fc divided by the dynamic 
pressure of the fluid, P,

where ρb and U are the bulk density and the frontal speed 
of the flows, respectively. Here, we assumed that the 
aggregates exist without deformation at Fc/P ≫ 1 , but 
they collapse at Fc/P ≪ 1.

The results of scaling analysis using Eqs. (13) and (14) 
are summarized in Table  2. The diameter of the aggre-
gates in the ice-slurry lahars was estimated as d = 0.26

–2.72mm , which corresponds to the diameters of granu-
lar snow and tephra. Additionally, the non-dimensional 
parameter for maintaining the aggregates was Fc/P ≈ 103 
in our experiments, whereas that in the ice-slurry lahars 
was calculated as Fc/P = 0.08–2.86. These values sug-
gest that the formation of the aggregates is impossible in 
the ice-slurry lahars. Note that the above scaling analysis 
has limitations because we did not consider system size 
parameters, such as water depth. If the size of the aggre-
gates depends on the system size, different discussions 
would be needed.

Conclusions
This study aimed to elucidate the formation conditions 
of aggregates and their mechanical properties in three-
phase flow consisting of tephra, water, and snow. This 
research contributes to our understanding of the basic 

(13)d =

3.36−5.28

(ρbU)obs
.

(14)
Fc

P
=

104

ρbU2/2
,
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mechanism of lahars triggered by snowmelt. Mixing 
experiments of a three-phase material and compression 
tests of the resulting aggregates were conducted in a low-
temperature room at 0 ◦C . The aggregates reached matu-
rity after a rotation time of 5 min; however, the snow in 
the aggregates exhibited significant melting due to the 
heat of the rotating machine after 40  min. The mass of 
the aggregate was proportional to the snow concentra-
tion because of the adhesion of snow. Single aggregates 
with large mass were observed at lower and higher 

tephra concentrations, whereas multiple aggregates with 
smaller mass were formed in the intermediate region of 
tephra concentration. Regarding the size of aggregates, 
the length, width, and height of the aggregates exhib-
ited a proportional relationship, independent of the 
tephra diameter; however, aggregate size may have been 
confined by the water depth in the pot. The mass com-
position of tephra in the aggregates depended on only 
the tephra concentration and increased monotonically 
with the tephra concentration. Compression tests on the 
aggregates revealed a highly nonlinear stress-strain rela-
tionship, which was modeled by a combination of early-
stage surface flattening and late-stage bulk compression 
processes. The former exhibited exponentially asymp-
totic behavior, whereas the latter exhibited exponential 
growth in the stress-strain relationship. In addition, the 
mechanical properties obtained by fitting to the pro-
posed model were almost independent of the experimen-
tal conditions. A scaling analysis of our experiments with 
natural ice-slurry lahars was conducted based on the 
particle Reynolds number and the ratio of the strength 
of the aggregates divided by the dynamic pressure of the 
flows. According to the results, aggregates in nature are 
expected to have sizes of the millimeter scale and deform 
(or collapse) under dynamic pressure.

We believe that these findings are useful for under-
standing the dynamics of ice-slurry lahars. Ice-slurry 
lahars generally have been the high mobility attribut-
able to snowmelt   (Lube et  al. 2009), but aggregate for-
mation has been shown to reduce the mobility of mud 

Table 2 Summary of scaling analysis

Bulk density, frontal speed, diameter of aggregates, and non-dimensional 
parameter for maintaining the aggregates are denoted by ρb , U, d, and Fc/P , 
respectively. Fc is the effective compressive strength of aggregates, which was 
approximately constant independent of the size (104 Pa), and P is the dynamic 
pressure as ρbU2/2

a Data of deposits except this study

References ρb
a ( kgm−3) U ( ms−1) d (mm) Fc/P  (–)

This study 991–1557 0.113 30 (typical 
case)

1006–1580

Snow slurry lahars (Cronin et al. 1996)

 LH1 (9.5 km) 470 5.5 1.30–2.04 1.41

 LH1 (16 km) 540 3.6 1.73–2.72 2.86

 LH3 (9.5 km) 910 7.5 0.49–0.77 0.39

Ice-slurry lahars (Lube et al. 2009)

 E1 (base of 
glacier)

650 20 0.26–0.41 0.08

 E1 (monitor-
ing site)

900 5 0.75–1.17 0.89

Table 3 List of mixing ratios among tephra, water, and snow

End of volumes and masses of tephra, water, and snow

Ct (%) Cs (%) Vt [ cm3 ] ([g]) Vw [ cm3 ] ([g]) Vs [ cm3 ] ([g]) Vtotal [ cm3 ] ([g]) ρb ( kgm−3)

EXP1–2

 33 1 62.6 (156.4) 127.0 (127.0) 1.3 (1.2) 190.9 (284.6) 1491

 33 5 60.9 (152.1) 123.5 (123.5) 6.5 (5.9) 190.9 (281.6) 1475

 33 9 59.1 (147.7) 120.0 (120.0) 11.9 (10.8) 190.9 (278.5) 1459

 33 13 57.3 (143.2) 116.3 (116.3) 17.4 (15.8) 190.9 (275.2) 1442

 33 17 55.4 (138.5) 112.5 (112.5) 23.0 (21.0) 190.9 (271.9) 1424

EXP3–5

 0 10 0 (0) 171.8 (171.8) 19.1 (17.4) 190.9 (189.2) 991

 1 10 1.7 (4.3) 170.3 (170.3) 18.9 (17.2) 190.9 (191.8) 1005

 5 10 8.6 (21.6) 164.0 (164.0) 18.2 (16.6) 190.9 (202.2) 1059

 8 10 13.9 (34.6) 159.3 (159.3) 17.7 (16.1) 190.9 (210.1) 1101

 10 10 17.4 (43.4) 156.2 (156.2) 17.4 (15.8) 190.9 (215.4) 1128

 15 10 26.2 (65.4) 148.3 (148.3) 16.5 (15.0) 190.9 (228.7) 1198

 20 10 35.1 (87.7) 140.3 (140.3) 15.6 (14.2) 190.9 (242.1) 1268

 25 10 44.1 (110.1) 132.2 (132.2) 14.7 (13.4) 190.9 (255.7) 1339

 30 10 53.1 (132.8) 124.0 (124.0) 13.8 (12.5) 190.9 (269.4) 1411

 40 10 71.6 (179.0) 107.4 (107.4) 11.9 (10.9) 190.9 (297.2) 1557
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flows containing snow  (Okita et  al. 2018). Therefore, 
the dynamics of ice-slurry lahars potentially change 
depending on the amount of snowmelt, which leads to 
the dynamic complexity. We believe that the amount 
of melted or remnant snow and ice entrained by ice-
slurry lahars is an important factor in the discussion of 
the dynamics of ice-slurry lahars. Nevertheless, various 
issues still need to be addressed. For example, this study 
could not distinguish water from snow in the aggregate 
owing to technical difficulties; thus, the amount of snow 
in the aggregate (or the dispersion of snow in the flow) 
should be accurately measured in future work. Moreover, 
only granular snow with a diameter of 1–2 mm was used 
in this study. Therefore, different diameters and types of 
snow, such as fresh snow and compacted snow, should 
be considered. Furthermore, the experimental scale and 
the flow speed were extremely small compared to the 
lahars generated in mountainous areas; therefore, fur-
ther research should confirm the formation of aggregates 
in flows of higher speeds with systems of larger scales. 
Finally, future work is planned to investigate the flow 
properties of three-phase flows involving tephra, water, 
and snow, such as viscosity coefficient, under conditions 
of snow aggregation and ice slurry.

Abbreviations

Materials
dt: Diameter of tephra (μm); ds: Diameter of snow (μm); ρt: Material density of 
tephra (g cm−3); ρw: Material density of water (g cm−3); ρs: Material density of 
snow (g cm−3).

Mixing experiments using a glass pot
Vtotal: Total volume of materials: Vt + Vw + Vs   (cm−3); Vt: Volume of 
tephra  (cm−3); Vw: Volume of water  (cm−3); Vs: Volume of snow  (cm−3); Ct
: Tephra concentration: Vt/(Vt + Vw)× 100  (%); Cs: Snow concentration: 
Vs/(Vs + Vw)× 100 (%); ω: Angular speed of pot (rad s−1); t: Rotation time of 
pot (min).

Flow conditions
Dw: Maximum water depth of mixture in pot at static state (cm); Apot: Cross-
sectional area of pot  (cm2); Amixture: Cross-sectional area of mixture  (cm2); r: 
Radius of pot (cm); Fr: Froude number: v/

√

Dwg; v: Rotating speed of pot wall 
(cm s−1); g: Gravitational acceleration (m s−2).

Heat transfer
θ: Air temperature around rotating table (°C); θInitial: Air temperature before 
rotating the pot (°C); θEnd: Air temperature after rotating the pot (°C); Q: 
Amount of heat transport (J); h: Heat transfer coefficient ( Wm

−2
K
−1); A: 

Cross-sectional area of passage  (m2); �θ: Temperature difference (K or °C); θave: 
Time-averaged air temperature: (θInitial + θEnd)/2  (°C).

Aggregates
N: Number of aggregates; m: Mass of aggregate (g); L: Length of aggregate 
(cm); W: Width of aggregate: L ≥ W  (cm); H: Height of aggregate (cm); mt: 
Mass composition of tephra in aggregate (g); mw: Mass composition of water 
in aggregate (g); ms: Mass composition of snow in aggregate (g); wt: Mass frac-
tion of tephra in aggregate: mt/m.

Compression test
F: Compression force (N); δ: Compression stroke (mm); S: Effective area of 
aggregate using elliptic approximation  (cm2); V: Volume of aggregate using 
elliptic approximation  (cm3); τ: Stress: F/S (kPa); γ : Strain: δ/H; Eb: Effective bulk 
compression modulus (kPa); Rs: Ratio of compressive moduli between bulk 
and surface deformation; γb: Characteristic strain for bulk compression; γs: 
Characteristic strain for surface-roughness compression; Fc: Effective compres-
sive strength of aggregates: Eb/γb (kPa).

Scaling analysis
Rep: Particle Reynolds number: ρbUd/µ; ρb: Bulk density of flow (kg m−3); U: 
Frontal speed of flow (m s−1); µ: Viscosity coefficient of flow (Pa s); d: Diameter 
of aggregate (mm); Fc/P: Non-dimensional parameter to keep aggregate; P: 
Dynamic pressure of flow: ρbU2/2 (kPa).
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Appendix: List of volumes and masses of tephra, 
water, and snow
As shown in Table  1, we determined the mixing ratio 
among tephra, water, and snow based on the tephra 
and snow concentrations, Ct and Cs , defined by Eqs. (1, 
2). The volume of water Vw was derived from Eqs.  (1, 
2) as a function of Ct , Cs , and the total volume Vtotal ; 
additionally, the volumes of tephra and snow, Vt and Vs , 
were derived from Eqs. (1, 2), respectively,
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We measured the masses of tephra, water, and snow as 
the volumes calculated in Eqs. (15–17) times the material 
densities. In this study, ρt , ρw , and ρs were 2.50 g cm−3, 
1.00  g  cm−3, and 0.91  g  cm−3, respectively. The volume 
(mass) of each material and the bulk density ρb in the 
experimental conditions of EXP1–5 are listed in Table 3.
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