
Laboratory Study of Short Term
Response of Alluvial Fans to Changes
in Input Water Flow and Sediment
Supply Under Lateral Confinement

Yuan Yuan, Jingqiong Zhao, Xue Luo, Yanchen Zhou and Siqiang Wang

Abstract In this chapter, the autogenic process of alluvial fan under various dis-
charges and sediment feed rateswere studied.Meanwhile, the discharge and sediment
feed rate were suddenly changed during some experiments to analyze alluvial fan’s
delayed response to external disturbances. The results demonstrate that progradation
processes both slow down when water discharge or sediment feed rate is halved
separately. When reducing both water discharge and sediment feed rate simultane-
ously, progradation process become even slower. Widening process of alluvial fan is
less sensitive to change of discharge and sediment concentration than progradation
process. When sediment feed rate is reduced by half, alluvial fan aggradation pro-
cesses along flow path slows down obviously. When water discharge is reduced by
half, upstream aggradation processes accelerate while downstream aggradation pro-
cesses decelerate. The alluvial fan fluvial cycle and the channel morphology react to
discharge reduction differently with sediment concentration reduction. The rate law
can be employed to describe the actual response process of the deposition thickness.
Calculated results demonstrate that the response rate of the upper-fan siltation layer
is higher than that of the mid-fan and lower-fan. The response rate of the fine-sand
alluvial fan is higher than that of coarse-sand. The response of the deposition layer to
discharge increase is faster than that of discharge decrease. Alluvial fan development
is influenced by both fan reaction mode and the status of fan development.
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1 Introduction

Alluvial fan is formed by sediment deposition from sediment-laden flow (Nemec and
Steel 1988). The continuous expansion of alluvial fans is an important mechanism
for the formation of alluvial plains. The essence of this process is the symbiotic
development of alluvial rivers and surrounding sedimentary geomorphology. The
plain landforms formed by continuous development of alluvial fans can be divided
into two types. The first type is characterised by the depositionwhich area is wide and
the development of alluvial plan which is not restricted laterally. The other type is
characterised by its development in narrow river valleys, which is subject to obvious
lateral constraints.Many research studies focused on the development of the first type
of alluvial fan, including geological field surveys, physical model tests, numerical
simulations and so on (Hashimoto et al. 2011; Dirszowsky and Desloges 2004; Van
Dijk et al. 2012; Caldwell and Edmonds 2014). Due to the appearance of boundary
wall constraints, the development process of the laterally constrained alluvial fan is
more complex. Most studies are concentrated on geological field surveys, while less
attention is paid to the symbiotic development of sediment accumulation and river
evolution (Ravazzi et al. 2013; Taha and Anderson 2008).

Zhang et al. (2016) studied the development of an alluvial fan under lateral con-
finement, as well as the evolution process of river pattern on the fan, based on a
flume experiments with a total duration of 183 h. In order to shorten the experiment
duration, a series of tests are carried out in a small experiment tank. Multiple sets of
inputwater and sediment conditionswere designed to study the influence of upstream
boundary conditions on the alluvial fan autogenic process. The short term response
of alluvial fans to changes in input water flow and sediment supply under lateral
confinement was mainly discussed.

With the increase of human activities in the valley plain, the geomorphic evolu-
tion in the region is more closely related to human production and life. Landforms
change frequently due to human activities, not only interferes with the normal evo-
lution process of alluvial fans, but also increases the probability of natural disasters.
Therefore, the research on the development process of alluvial fans under the lateral
confinement can help to improve the understanding of the evolution law of alluvial
fans and provide effective guidance for disaster risk management in the region.

2 Experimental Methods

2.1 Experiment Setup and Materials

Given that the experimental model has a long history in alluvial fan research and
provides a range of advantages unavailable to other methods of scientific investiga-
tion, it was used in this chapter to study the autogenic process of alluvial fan under
various discharges and sediment feed rates (Clarke 2015).
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Fig. 1 Sketch of the experiment tank. The layout of the cross sections is arranged as above. Cross
Section 0.25#, 0.75#, and 1.25# are 0.25,0.75, and 1.25maway from the feeder channel, respectively

This experiment was conducted in the experimental tank at Wuhan University.
The experimental setup of the small tank is shown in Fig. 1. The tank also includes
three regions: an inlet region, a deposition shelf (3 m × 0.7 m) with an adjustable
gradient and a narrow sediment feeder channel (0.5 m × 0.05 m × 0.26 m). The
depth was controlled by an overflow weir. The slope of deposition shelf is 0. The
downstream water depth is 0.

2.2 Data Collection

One camera was fixed on the ceiling to take photographs simultaneously every 2 min
in order to record planform and fluvial morphology of the fan. The fan topography
was measured using a stylus profilometer with a vertical measuring resolution of
0.6 mm and a lateral measuring resolution of 10 mm. The measurement of flow
velocity used the buoy method and a LH-1 water level meter developed by Wuhan
University was utilized to measure water level. The geometric parameters of the tank
can be extracted from the photograph or measured directly in the experiment.

Three kinds of sediment were adopted in the experiments, which are the coarse
sediment, the median sediment and the fine sediment. The median size was 0.4, 0.3
and 0.17 mm correspondingly. The density of the sediment is 2600 kg/m3.
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Table 1 Parameters in each test

Case study Discharge Qw
(×10−4 m3/s)

Sediment feeding
rate Qs (×10−6

m3/s)

Sediment type Remarks

W2S2 1.7 1.1 Coarse Clear water
scouring after
6.2 h

W1S2 0.85 1.1 Coarse

W2S1 1.7 0.55 Coarse Clear water
scouring after
10.2 h

W1S1 0.85 0.55 Coarse

W1S1-moderate 0.85 0.55 Moderate Clear water
scouring after
17.9 h

W1S1-Fine 0.85 0.55 Fine Clear water
scouring after
23.3 h

W3S1 0.56–1.11 0.55 Coarse 0–3.3 h, Qw=
0.56 × 10−4

m3/s; 3.3–9.2 h,
Qw= 1.11 ×
10−4 m3/s
9.2 h,Qw= 0.56
× 10−4 m3/s

2.3 Test Conditions

7 sets of experiments were conducted in this study. Parameters in each test are shown
in Table 1.

3 Influences of Water Discharge and Sediment Supply
on Alluvial Fan Development

3.1 Influences of Upstream Boundary Conditions
on the Sedimentation

The progradation process curve of the alluvial fan is shown in Fig. 2. When the
upstream flow discharge and the sediment amount are halved separately, the progra-
dation process of the alluvial fan slows down significantly, and the progradation
curves after the slowing down are very close to each other. When the amount of
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Fig. 2 The progradation process curve of the alluvial fan

water and sand in the upstream is halved at the same time, the progradation process
of alluvial fan slows down further than that of water and sand separately halved.

The change process curve of alluvial fan width over time is shown in Fig. 3. The
widening process of alluvial fan is less affected by the change of water and sand
conditions. When the amount of sediment is halved solely, the lateral advancing
speed of the alluvial fan slows down slightly due to insufficient sediment supply.
When the flow is halved solely, the broadening speed increases slightly. This is
because halving the flow increases the lateral flow rate by increasing the transverse
slope. In addition, halving the flow rate reduces the water depth in the tank and the
lateral spreading of sediment is less impeded. When the flow and the sediment are
halved at the same time, the expansion speed of the alluvial fan is also slowed down,
and its broadening process is very similar to that of sand halved solely. Comparing
the above three situations, it can be found that when the sediment amount is small,
the impact of flow change can be ignored. However, when the flow is small to a

Fig. 3 The change process curve of alluvial fan width over time
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Fig. 4 The aggradation process of alluvial fans under different boundary conditions

certain extent, the impact of reducing the amount of sand is even greater. It can be
seen that the influence of sediment on the expansion of the alluvial fan is greater than
that of the flow discharge.

Figure 4 shows the aggradation process of alluvial fans under different boundary
conditions. When the sediment discharge is reduced by half, the aggradation pro-
cesses of cross sections along the alluvial fan are obviously slowed down. When
the flow is reduced solely, the upstream aggradation process is accelerated and the
downstream aggradation process may be slowed down. When water and sand are
reduced simultaneously, the aggradation process becomes more complicated. This is
because halving water flow and halving sediment have different effects on the sedi-
ment accumulation process of alluvial fans. Halving sediment concentration directly
reduces sediment deposition, while halving sediment concentration only changes the
spatial distribution of sediment.

3.2 Influences of Upstream Boundary Conditions
on the Fluvial Cycle

Table 2 shows the fluvial cycle and river channel geometry parameters under different
conditions.When theupstreamsediment amount is halved separately, thefluvial cycle
duration of the river channel on the alluvial fan becomes longer. On the one hand,
the reduction of sediment volume makes the water carrying sediment stronger and
the river channel can be eroded more deeply. As the flow does not increase, the width
of the channel does not change significantly. As a result, the channel morphology is
more mature, the width-depth ratio is smaller. The narrow and deep channel makes
the straight channel more stable and its proportion in the river pattern cycle increases.
All these make the fluvial cycle to have the tendency of getting longer. On the other
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Table 2 Parameters of channel morphology and fluvial cycle in each test

W2S2 W1S2 W2S1 W1S1 W3S1

The average river width (cm) 12.8 10.1 12.3 9.9 8.8

The average Fr 1.54 1.77 1.05 1.89 2.05

The water depth (mm) 4.9 3.9 6.2 3.8 3.6

The average longitudinal slope 0.033 0.053 0.031 0.042 0.046

The average transverse slope in the upstream 0.06 0.069 0.054 0.057 0.057

The average transverse slope in the middle
reach

0.049 0.024 0.03 0.041 0.027

The average transverse slope in the
downstream

0.022 0.02 0.019 0.021 0.023

The fluvial cycle (h) 0.47 0.28 0.62 0.38 0.43

The proportion of straight channel 0.41 0.54 0.5 0.59 0.62

hand, the decrease in sediment has resulted in a slight decrease in the longitudinal
slope. This causes the flow rate to decrease, which in turn reduces the Froude number
Fr. These factors make the backsilt of the river easier to occur, and the fluvial cycle
tends to decrease. The influence of the increase of the water depth on the river cycle
is dominant, which makes the river cycle longer and causes the proportion of the
straight channel to increase.

When the flow discharge is halved solely, the duration of the river cycle becomes
shorter. This is also the result of a combination of two factors. The decrease of flow
rate makes the longitudinal slope of alluvial fan larger. The steeper terrain makes
retrogressive depositionmore difficult. On the other hand, the decrease of flowmakes
the flow rate and water depth smaller. The sediment propulsion dynamics is weaker
and more prone to silting in river channels. This tends to reduce the fluvial cycle.
Finally, the effect of reducing the flow rate on the river cycle is dominant. However,
due to shorter fluvial cycle, the proportion of straight channel increases.

Since halving the flow rate is contrary to the effect of halving sediment amount
on the fluvial cycle, the fluvial cycle on the surface of alluvial fan changes slightly
when the flow rate and sediment are halved at the same time. However, because
the amount of water and sand is smaller and the energy of incision and advancing
is weaker, the fluvial cycle is still slightly smaller than before. The reduced cycle
length is between the values that prevail when the flow and sediment are halved
separately. The proportion of the straight channel becomes greater when the amount
of water and sand is halved and bigger than the value after the flow and sediment are
halved separately. This is partly because the longitudinal slope of alluvial fan has
increased, whichmakes the straight channel more sustainable. On the other hand, due
to the shorter fluvial cycle of river pattern, the proportion of straight channel increases
greatly. The influence of water and sediment conditions on the fluvial cycle is similar
to that of Straub and Wang (2013).
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4 Delayed Response of Alluvial Fan to Sudden Change
of Discharge and Sediment Condition

4.1 Delayed Response of Alluvial Fan to Scour

The incoming flow and sediment conditions of natural rivers are constantly changing
in natural environment.When the river system is disturbed by external changes, it will
always develop towards a new equilibrium state in order to adapt to the new boundary
condition, which reflects the equilibrium tendency of the alluvial system. However,
the change of flow and sediment conditions is often faster, while the corresponding
riverbed erosion and deposition are slower. The self-adjustment process of flow and
sediment condition always falls behind the change of external conditions, which is
called delayed response (Wu et al. 2007). The changing process is shown in Fig. 5.
The delayed response process is divided into three phases, which are the reaction
stage, the adjustment stage, and the equilibrium stage. Under some conditions, the
system response is so quickly, that the reaction stage can be ignored.

After the sand feeding rate is reduced to zero, the river bed was scoured in the
upstream and the sediment was accumulated in the downstream above the alluvial
fan. The sediment in the upstream channel was transported to the downstream. On
the one hand, the longitudinal profile of the sediment accumulation body was flatter
and the slope was decreased. On the other hand, the length of the fan was increased,
which caused the progradation process to accelerate. However, the acceleration was
short-lived. When the upstream scour was weakened, the sediment deposition in the
downstream decreased gradually. Finally, the progradation process of the alluvial
fan is gradually stopped because the upstream is no longer supplied with sediment.
The progradation process of alluvium fan was accelerated firstly and then stabilized
under the erosion of clearwater,which corresponds to the adjustment stage of delayed
response.

The delayed response of fluvial fan is quantitatively analyzed by the rate law
taking example of the thickness of sediment accumulation.

dy/dt = β(ye − y) (4.1)

where:

y the characteristic variable.
ye the equilibrium value of the characteristic variable;
t time.

β is a coefficient which is positive, whose dimension is 1/T. When β is larger, the
adjustment rate of riverbed characteristic variable is faster, therefore it is called the
adjustment speed parameter of river course.

According to the calculation condition and characteristic, three patterns are put
forward in the solution of the rate law of delayed response, which are the univer-
sal integration pattern, the single step analytic pattern, and the multistep recursive
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Fig. 5 Schematic diagram of adjustment process of river system characteristic variable after
disturbance (Knighton 1998)

pattern. In this study, the flow and sediment remained unchanged after they were
changed abruptly, until the alluvial fan reaches a new equilibrium. The reaction of
the fan had only one period, so the single step analytic pattern was applied to solve
the rate law of delayed response.

The single step analytic pattern can be computed as:

y1 =
(
1− e−β�t

)
ye1 + e−β�t y0 (4.2)

where:

y1 the computed value of characteristic variable after a time interval
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ye1 the equilibrium value of characteristic variable after a time interval
y0 the initial value of characteristic variable before the disturbing
�t the duration of the time interval.

Take the siltation thickness as the characteristic variable, y1 is siltation thickness
after a time interval, y0 is the initial siltation thickness, ye1is the equilibrium value
of the siltation thickness, �t is the time interval between the adjacent measurements
of topography, β is the adjustment parameter for siltation thickness.

For the alluvial fan test in a small tank, we selected all three sections of the
upstream, middle, and downstream of the alluvial fan for sediment thickness statis-
tics (x= 0.25m section, x= 0.75m section and x= 1.25m section) for eachworking
condition. In the midstream and downstream sections, we calculate the average sil-
tation thickness of the section. In the upstream section, we calculate the siltation
thickness of the channel bed.

The comparison between measured results and simulated results of sediment
thickness response process is in Fig. 6. It can be seen that by choosing appropri-
ate parameters, we can use the rate law to better describe the actual response process

Fig. 6 Comparison betweenmeasured results and simulated results of sediment thickness response
process
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Fig. 6 (continued)

of the deposition thickness. The β value of the upstream section is often larger
than that of the middle and lower reaches, indicating that the adjustment rate of the
upstream deposition thickness is greater. This is because the flushing caused by clear
water in the upper reaches is the most severe, and the river bed needs to be adjusted
more to reach a new equilibrium form. Further downstream, the sediment content
of the flow recovers. The resulting erosive intensity gradually weakens and the bed
response process becomes slower.

4.2 Delayed Response of Alluvial Fans to Discharge Variation

In the small sink operating conditions W3S1 (Qs halved, Qw periodically changing),
the upstreamflow rate periodically varies between 1.11× 10−4 and 0.56× 10−4 m3/s.
Through this design, we studied the continuous response process of the deposition
thickness after continuous discharge changes. Two changes in upstream discharge
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Fig. 7 Simulation of delayed response of deposition thickness after flow change

are generalized into two separate response periods. The solution to the variability
equation still uses the single step analytic pattern. At the x = 0.25 m section, the
sedimentation thickness of the riverbed surface over time is shown in Fig. 7. We
use the rate law to simulate the two stages of the delayed response process, and the
calculated results agree well with the measured data.

Simulation of delayed response of deposition thickness after flow change is in
Fig. 7. The calculation results show that the two delayed response speeds of the
alluvial fan thickness are significantly different when the upstream discharge rate
changes continuously. At the first mutation, when the discharge increased from 0.56
× 10−4 to 1.11 × 10−4 m3/s, the bed surface response speed is very fast, β value is
about 5. At the secondmutation, the discharge decreased from 1.11× 10−4 to 0.56×
10−4 m3/s, and the riverbed response speed slowed down significantly. The β value
is only 1.3. On the one hand, this is related to the response of alluvial fans. When
the discharge suddenly increases, the bed is flushed and undercut. The undercut area
is concentrated in the channel, making the bed thickness more variable. When the
discharge suddenly drops, the channel is quickly filled with sediment. The water
flow covers most of the alluvial fan area, making the sediment deposition range
significantly larger and the deposition thickness change naturally smaller. On the
other hand, this may be related to the different state of the alluvial fan before the
two discharge mutations. Before the first discharge mutation, the alluvial fan has a
smaller size and a larger vertical slope. The evolution process is more sensitive to
changes in water and sediment conditions. Before the second discharge mutation,
the alluvial fan slope became very small and the velocity was slow. This means
that alluvial fans encounter more terrain resistance when responding, and are more
resilient to changes in the external environment.



Laboratory Study of Short Term Response of Alluvial Fans … 689

5 Conclusions

In this chapter, the influence of water discharge and sediment concentration on
the alluvial fan autogenic process is studied experimentally. Besides, alluvial fan’s
delayed response to external disturbances is demonstrated by changing discharge
and sediment feed rate during experiments. Conclusions are as follows:

(1) Fan progradation process becomes slower when either discharge or sediment
feed rate is reduced. When discharge and sediment feed rate are reduced simul-
taneously, the process is much slower. The widening process of alluvial fans is
less sensitive to water discharge and sediment feed rate variation.

(2) When sediment discharge is reduced, aggradation processes slows down along
the fan.When discharge is reduced, spatial distribution of sediment varies along
the fan, while the overall sedimentation amount stays the same. The upstream
aggradation process accelerates while downstream aggradation process slows
down.

(3) The reaction of the fluvial cycle and channel morphology to water discharge
reduction is the opposite of that to sediment reduction. When sediment is
reduced, thewater depth in the river channel increases and the velocity decreases,
the river cycle becomes longer and the proportion of straight channel increases.
When discharge is reduced, the river cycle becomes shorter. Although the dura-
tion of straight channel doesn’t increase, the proportion of straight channel
increases. When discharge and sediment feed rate decrease simultaneously, the
longitudinal slope of alluvial fans and flow velocity increases, while the river
cycle becomes slightly shorter. The duration of straight channel is longer, which
makes its proportion in the river cycle increase greatly.

(4) The rate law can be employed to describe the actual response process of the
deposition thickness. Calculated results demonstrate that the response speed
of upper-fan siltation thickness is bigger than that of mid-fan and lower-fan.
The response speed of fine-sand alluvial fan is larger than that of coarse-sand
fan. The response speed of deposition thickness to water discharge increase is
larger than that associated with the decrease of the water discharge. The fan
response rate to external disturbance is not only related to the response mode
of alluvial fans, but also related to the different state of the alluvial fan before
the disturbance.
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