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 Influence of mixture composition in the collapse 
of soil columns 

Lorenzo Brezzi, Fabio Gabrieli, Simonetta Cola and Isabella Onofrio 

 

Abstract 

The collapse and consequent spreading of a column of granular or cohesive material is a 
simple experiment used by many research groups to collect data on the rheological 
behavior of the materials and for calibrating numerical propagation models. This paper 
deals with the results of a comprehensive experimental program carried out with mixtures 
of sand, kaolin and water: the main aim of the program is the understanding of how the 
composition of the mixture influences the collapse and run-out mechanisms. In particular, 
the run-out length and the maximum height of the final deposit are the two fundamental 
characteristics taken into consideration to distinguish each test and to find a relation with 
the mixture composition. 

Various materials are taken into account: four percentages of kaolin and water are 
considered for the experiments and different amounts of sand are added to these 
matrices. The main aim is the comprehension of the role of the coarse grain content in a 
cohesive collapsing mass. 

Finally, some considerations about the dependency of the final runout on the aspect 
ratio of the initial column are dealt with. 
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Introduction 

The prediction of the runout length of mudflows is 
relevant in the context of hazard assessment and 
mitigation. Forecasting the possible scenarios may help 
the public subjects to rank the warning situations and 
to adopt the most appropriate solutions. 

Several numerical models are available to evaluate 
the mobility of the soil masses and their possible 
evolution during the collapse events. Some of them are 
purely empirical (Corominas, 1996; Scheid et al. 2013) or 
analytical (Hungr, 1984; Rickenmann, 2005), other are 
based on the finite element method with particular 
attention to the treatment of large deformation (like 
SPH or MPM) typical of these problems (Pastor et al. 
2009). 

With regards to the latter, they require the 
calibration of a set of mechanical parameters specific 
for each adopted rheological model (Bingham, Voellmy, 
Korner, 1980). This phase of the forecasting process 
results the most complex and critical since the wrong 
estimation of the parameters may provide very different 
scenarios (Iverson, 1997). 

Typically, the calibration phase is conducted by 
back-analysis of previous events (Brezzi et al., 2015). 
More rarely the parameters are estimated on the base of 

laboratory tests with viscometer (Major and Pearson, 
1992), flume tests (Iverson, 2015), collapse tests (Lagree 
et al. 2011). Digital elevation models or geological 
surveys generally allow obtaining the data coming from 
past events. It is a very rare case to have monitored 
debris-flow kinematic. 

The initial composition of the involved material 
controls its mechanical behavior and evolution along 
the collapsing path upon deposit. The most important 
parameters, which also controls the chance of 
triggering, is the water content. A greater value of water 
content fluidized the material (low viscosity and low 
yield stress) moving its viscosity to the water-like 
values. Instead, a larger amount of coarser particles in 
the mixture moves its rheology from cohesive to 
frictional (Major and Pearson, 1992). 

In order to understand the effect of different 
percentages of the constitutive materials on the 
rheological properties, some ternary mixtures 
composed by kaolin, water and sand were studied 
performing several collapse tests. 
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Experimental strategy 

Tests procedure 

Collapse tests were performed using a transparent 

Perspex cylinder (internal diameter D =5.8cm). The 

cylinder was initially filled with the specific matrix up 

to reach the prescribed height. A thin layer of Vaseline 

was used to seal the bottom border of the cylinder and 

to avoid the leak of material. After that, the cylinder 

was uplifted by means of a wire and a wheel-pulley 

system loaded with a weight (see fig. 1). Each test was 

recorded by means of a high-speed camera having a 

frontal view of the collapsing sample. 

 

 
Fig. 1 Layout of the collapse apparatus 

 

Lateral profiles of the deposits were extracted from 

the final frame of the video in the hypothesis of axial-

symmetric conditions. This assumption allows the 

calculation of an approximation of the collapsed 

volumes by computing the solid of revolution of the 2D 

profiles. 
 

First of all, image distortions and rotations have 
been reduced by using some fixed optical targets 
mounted on the external frame. 

Then the final shape of the deposit profile was 
extracted using an in-house Matlab code. We used 
three values of color threshold in RGB components to 
separate the background (a black backdrop) and 
foreground objects (lighter column of material) in the 
images. Once we had calibrated the right segmentation 
thresholds, we extracted the binary masks from all the 
final frames of each video and the shape of the deposits 
were recorded. 

The coordinates of the perimeter were scaled and 
converted from pixels to meters. 

The material preparation was conducted as follow: 
the components were initially weighted and inserted in 

different containers. Then they were mixed ensuring 
the same blending time to be used. After that, the 
mixture was poured in the cylinder, up to reach the 
prescribed height. To verify the effective amount of 
material used in the collapse test, the weight of the 
mass was measured before and after having filled the 
Plexiglas cylinder. 

 

 
Fig. 2 Example of image processing steps for the final 
frame: (a) color threshold segmentation, (b) extraction 
of the binary mask with seed, (c) coordinates units 
conversion. 
 

To ensure that the lifting velocity of the cylinder 
remains almost constant in all the tests, also the load 
on the wheel-pulley system and the drop height were 
controlled. The weight has been raised 20 cm above the 
level at which the rope is under tension. In that way, 
the falling mass was able to transfer to the cylinder an 
initial lifting velocity, which was almost the same in all 
the tests. This condition ensured the repeatability and 
the impulsivity of the collapse tests. 
 
Tests summary 

Three types of tests were performed. Initially the 
repeatability of the tests was investigated to verify the 
reliability of the data obtained. The mixture used is the 
WK2 and four repetitions of the collapse were carried 
out. 

Secondly, the same matrix was adopted to analyze 
how the behavior of the material is influenced by the 
way of preparing and mixing the material. Basically, the 
investigation focused on the effects of the rest time 
between the mixing and the collapsing phases. 

Finally, 20 tests were performed with 4 different 
water-kaolin matrices and adding a various amount of 
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sand, quantified by volume. The percentage of granular 
material included in the collapsing mass ranges 
between  10% and  60%, depending on the workability 
of the starting matrix. 

 

Basal 
mixture 

Kaolin 
content 

Density 
[kg/m3] 

Sand 
addition 

WK1 56.1% 1455.1 10% ÷ 40% 

WK2 53.3% 1422.8 10% ÷ 50%  

WK3 50.5% 1391.9 10% ÷ 50% 

WK4 47.7% 1362.3 10% ÷ 60% 

Table 1. List of the mixtures investigated 
 

It is interesting to study how the runout behaves 
depending on the components of the mixtures and to 
investigate all the critical issues that may interest this 
kind of experiments. 

Analyzing figure 3, two different approaches are 
applied to consider the results. If we intersect the four 
colored curves with a horizontal line, it is possible to 
compare how similar runouts may be obtained working 
with different materials. Then, two vertical lines are 
considered, in order to keep a constant content of sand 
and investigating how different cohesive matrices are 
influenced by the inclusion of the same granular 
contents. 

 

 

Fig. 3 Runout values for different kaolin and sand 
content 

 
Experimental collapsing tests 

Tests repeatability 

The first group of tests concerns the reliability and the 
repeatability of the experiments performing the same 
tests in the same conditions. The critical issues that 
have to be consider are related to the material 
preparation, the duration of each preparation phase, 
the lifting phase, and the measurement phase. With 
regard to the material, it is important to prepare a 

homogenous sample. We observed that the degree of 
homogeneity decreases with the sand content: the 
reason is related to the difficulties in mixing a sandy 
sample with a sticky water-kaolin matrix. On the other 
hand, for liquid-like matrices, the sand tends to 
sediment at the bottom of the column and the sample 
decrease its homogeneity with time. For these reason 
the initial condition and particularly the preparation 
time must be checked in all the phases. Even the lifting 
phase plays an important role in the collapsing 
behavior of the specimen: the higher the initial velocity 
of the cylinder, the lower the uncertainty of the test. In 
order to reduce the variability of the measurement 
phase, the camera and the lamps should be fixed to the 
rigid frame of the collapsing test. 

To measure the degree of repeatability we compare 
the final profiles, the runout values and the stopping 
time of a set of tests conducted in the same conditions. 
With regards to the final frames of each test we report 
the results of four tests using cohesive matrices without 
sand (figure 4). 

 

 
Fig. 4 Final frames of the repeatability tests 

 
Extracting and overlying the scaled final profiles it 

is possible to observe the level of variability, which 
appears quite low (Figure 5). 

 

 
Fig.5 Final profiles for the repeatability test 

 
Thixotropic hardening effect 

Many cohesive materials exhibit an increase of viscosity 

and stiffness with time, which is called thixotropic 

hardening effect (Seng and Tanaka, 2012). This 
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phenomenon is particularly evident in slurry-mixtures 

with water content close to the liquid limit and, thanks 

to this property, they are widely used in many 

geotechnical applications like soil stabilization and 

excavation. Kaolin and water exhibit this behavior, 

which becomes evident in few minutes of resting time 

(ageing) of the mixture. 

This property naturally reflects on the kinematics of 

the collapse tests and on the final profile of deposits. 

In order to study this effect, 3 mixtures are prepared 

with the same contents of kaolin and water. The first 

sample is tested immediately after the mixing phase. 

The second and the third are collapsed after 30 min and 

1 h respectively. 

 

 
Fig. 6 Final profiles of the performed tests 

 

In figure 6, the comparison of the results of the final 

deposits are reported. It can be noted the sticky 

behavior of the aged mixture that strongly affects the 

height and the final runout length of the profiles. 

The time-dependent behavior of the mixture can 

also be observed considering the duration of each 

collapse test (i.e. the time between the beginning of the 

lifting phase and the stop of the collapsed mass) 

extracted from the video frames. For the material 

collapsed just after the mixing phase, the duration was 

0.243 seconds. The second mixture (30 min of resting 

time) takes 0.256 seconds to stop its movement, while, 

in the last test (60 min of resting time) the mass moved 

slower and 0.276 seconds were requested to complete 

the collapse. From the analysis of the movies, it is 

possible to measure the mean horizontal velocity of the 

front of the mass during its movement. After a first 

phase of acceleration, in fact, the velocity reaches a 

steady state value and then it starts to decrease, 

gradually decelerating to zero with the final deposit. 

The velocities of these three tests were 0.75 m/s, 0.70 

m/s and 0.49 m/s respectively. 

At least, the final shapes were used to measure the 

runouts variation due to this thixotropic hardening 

effect. Figure 7 shows how the delay in the execution of 

the test with respect to the mixing phase strongly 

influences the collapse. The final runouts of the three 

experiments were respectively 0.18 m, 0.17 m and 0.14 

m. 

 

 
Fig. 7 Runouts and velocities variation due to 
thixotropic hardening effects 

 
The time between the preparation of the mixture 

and the test allows a partial sedimentation of the 
material. The heaviest component reaches the bottom 
of the recipient while a thin layer of water is created on 
the top. The effect of this situation makes the water 
runs out from the cylinder as soon as the test starts, 
while the cohesive mixture remained behaves like a 
denser one. 

These three tests underline how the material 
preparation plays a fundamental role in the results you 
can obtain working in laboratory. 

 
Effect of the basal matrix for constant sand content 

Intersecting the curves in figure 3 with a vertical line it 
is possible to consider various tests performed 
including the same amount of granular material and 
different basal matrices. 

Particularly, two groups of four tests each are 
analyzed: the first group keeps the quantity of sand 
equal to 40%, while the second has a 20% of sand 
content. 

In figure 8 and 9 the final profiles are reported for 
comparison. It is evident that the deposits of specimens 
are strongly dependent on the basal mixture (water-
kaolin) composing the mass. 

When the decrease of the finer material is not 
compensated by an increase of the granular one, in fact, 
the runouts importantly change. 
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Fig. 8 Final profiles of collapse tests with different basal 
matrices (water-kaolin) and a fixed 40% of sand 
content 

 

 
Fig. 9 Final profiles of collapse tests with different basal 
matrices (water-kaolin) and a fixed 20% of sand 
content. 

 
Different matrix with the same runout 

Typically, in real cases, the final runout values are used 
for back-analysis and calibration of rheological 
parameters. However, as it can be noted in figure 3, 
different mixtures may provide similar values of runout 
and similar shapes of deposits.  

 

 
Fig. 10 Final profiles of collapse tests with similar 
runout values but with different mixture composition 

We can consider in figure 3 a horizontal line, 
intersecting at least three curves. In that way, it is 
possible to identify different materials characterized by 
similar runouts. Two different reference values of 

runout and then two horizontal line were considered to 
analyze the effect played by the contents of kaolin, sand 
and water, on the final shape of deposit. 

It is interesting to notice how a small decrease in 
the kaolin content has to be compensated by a more 
evident increase of sand to reach the same runout 
values. Passing from WK2 to Wk4, in fact, the kaolin 
content goes from 33.5% to 28.7% while the sand 
content should more than double, from 20% to 50%. 

 
Effect of the initial aspect ratio 

As in the work of Lajeunesse et al. (2004) and Lube et 
al. (2005) we considered the effect of different aspect 
ratio (namely a=Hi/Ri) on the final runout. Both the 
authors considered granular materials and they 
observed two different trends in the a vs Rf/Ri values 
with a threshold for a =0.74. The trends are ruled by the 
equivalence between the volume of initial cylinder 
shape and the volume of the final shape with a 
maximum slope equal to the material friction angle. 

In the graph of figure 11, looking at the rescaled 
radius Rf/Ri, the two trends and the experimental data 
by Lajeunesse are reported. For a<0.74 the final deposit 
has the shape of a truncated cone of height Hf/Hi and of 
angle close to the repose angle of the beads. Using the 
mass conservation, Lajeunesse obtained this 
relationship: 
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When a>0.74, a conical volume can roughly 
approximate the deposits, so the relationship between 
the rescaled radius and the aspect ratio becomes: 
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It is important to underline that this assumptions 
are made working with granular material. In the same 
figure, the results obtained working with our cohesive 
materials are also included. All the experiments have 
been performed with a>0.74. An increase of the 
normalized runout values was observed for all the 
matrixes with a trend that is similar to the trend found 
for granular materials. However, all these data do not 
collapse into a single function. 

The distance between the Lajeunesse trend and our 
data may be viewed as the degree of similarity of the 
final shape of our deposits with a regular cone. In our 
case, the initial cylindrical shape becomes an irregular 
taller cylinder, bulged at the bottom. The final shape 
depends mainly on the composition of the mixture: the 
WK1 material is very dense and a cone cannot 
approximate the collapsed profile. Once the mixture 
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increase its water content, the final deposit becomes 
more regular, without a horizontal plateau on the top. 

 

 
Fig. 11 Rescaled radius Rf/Ri of the deposits as a 

function of a. 
 
Conclusions 

The composition of the debris and muds is a key 
aspect in the evaluation of their mobility and in the 
calibration of propagation models. This aspect was 
investigated with reference to simple collapse tests with 
ternary mixtures. The finer material (kaolin) mixed 
with water constitute the basal matrix and mainly 
controls the kinematic of the flow and the final profiles 
of the deposits. The sand content plays a minor role in 
comparison to the kaolin content and its effect is less 
important for dense and viscous basal mixture (high 
kaolin content). The final shape of deposits and the 
runout are not sufficient to distinguish the composition 
of the ternary matrix and especially of the sand content. 
In this case, the analysis of the kinematic probably may 
help in recognizing the differences.  

However, if the sand content in the deposits is 
measured (i.e. the grain size curve of the deposited 
debris) and its final shape and runout are known (i.e. 
comparison of LiDar survey), this could be sufficient to 
estimate the water content of the matrix after back-
analysis in the hypotheses of no material entrainment, 
no drainage and homogeneity of the mass. 

 
References (in the alphabetical order) 

Brezzi, L., Bossi, G., Gabrieli, F., Marcato, G., Pastor, M., & 
Cola, S. (2015). A new data assimilation procedure to 
develop a debris flow run-out model. Landslides, pp. 1-
14. DOI: 10.1007/s10346-015-0625-y 

Corominas, J., (1996). The angle of reach as a mobility 
index for small and large landslides. Canadian 
Geotechnical Journal, 33(2), pp. 260-271. 

Hungr, O., Morgan G. C. and Kellerhals R., (1984) 
Quantitative analysis of debris torrent hazards for 
design of remedial measures. Canadian Geotechnical 
Journal, 21(4), pp. 663-677. 

Iverson, Richard. M. (1997). The physics of debris flows. 
Reviews of geophysics, 35(3), pp. 245-296. 

Iverson, Richard M., (2015). Scaling and design of landslide 
and debris-flow experiments. Geomorphology, 244, pp. 
9-20. 

Lagrée, P. Y., Staron, L., & Popinet, S. (2011). The granular 
column collapse as a continuum: validity of a two-
dimensional Navier-Stokes model with a μ (i)-rheology. 
Journal of Fluid Mechanics, 686, pp. 378-408. 

Lajeunesse, E., Mangeney-Castelnau, A. & Vilotte, J.P., 
(2004). Spreading of a granular mass on a horizontal 
plane. Physics of Fluids, 16(7), pp.2371-81. 

Lube, G., Huppert, H. E., Sparks, R. S. J., & Freundt, A. 
(2005). Collapses of two-dimensional granular columns. 
Physical Review E, 72(4), 041301. 

Major, J. J., & Pierson, T. C. (1992). Debris flow rheology: 
Experimental analysis of fine-grained slurries. Water 
resources research, 28(3), pp. 841-857.  

Pastor, M., Haddad, B., Sorbino, G., Cuomo, S., & 
Drempetic, V. (2009). A depth-integrated, coupled SPH 
model for flow-like landslides and related phenomena. 
International Journal for numerical and analytical 
methods in geomechanics, 33(2), pp. 143-172. 

Phillips, C. J. (1988). Rheological investigations of debris 
flow materials. PhD Thesis. Lincoln College, University of 
Canterbury. 

Rickenmann, D. (2005). Runout prediction methods. Debris-
flow hazards and related phenomena, Springer Berlin 
Heidelberg, pp. 305-324. 

Scheidl, C., Rickenmann, D., & McArdell, B. W. (2013). 
Runout prediction of debris flows and similar mass 
movements. Landslide Science and Practice, pp. 221-
229. Springer Berlin Heidelberg. 

Seng, S., & Tanaka, H. (2012). Properties of very soft clays: 
A study of thixotropic hardening and behavior under 
low consolidation pressure. Soils and Foundations, 
52(2), pp. 335-345. 

 

Lorenzo Brezzi ( )  
University of Padua, Dep. ICEA, via Ognissanti 39, Padova 

35129, Italy 
E-mail: lorenzo.brezzi@dicea.unipd.it 
Fabio Gabrieli 
University of Padua, Dep. ICEA, via Ognissanti 39, Padova 

35129, Italy 
E-mail: fabio.gabrieli@unipd.it 
Simonetta Cola 
University of Padua, Dep. ICEA, via Ognissanti 39, Padova 

35129, Italy 
E-mail: simonetta.cola@unipd.it 
Isabella Onofrio 
University of Padua, Dep. ICEA, via Ognissanti 39, Padova 

35129, Italy 
E-mail: isabella.onofrio@studenti.unipd.it 

mailto:lorenzo.brezzi@dicea.unipd.it
mailto:fabio.gabrieli@unipd.it
mailto:simonetta.cola@unipd.it
mailto:isabella.onofrio@studenti.unipd.it

