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Abstract: A new roller compacted concrete dam of Fengman Hydropower Station is to be built in the toe of the old dam, which was
identified as a dangerous dam. The new dam during construction would be influenced by the high-speed flow discharged from the
old dam, which is an important problem to be considered for the first time in China, and which would affect the construction of the
whole project. Therefore, a series of erosion experiments were conducted in this article. A high-speed flow erosion test apparatus was
developed for the erosion experiments of the new dam materials. The maximum jet velocity goes up to 40 m/s and the section area of
the nozzle is 0.0025 m®. In the process of experiments, the equipment shows a good performance. Erosive wear tests for two types of
materials used in the new dam, a roller compacted concrete and a distorted concrete with four kinds of ages were carried out with the
flow velocity in the range of 30 m/s-35 m/s. Erosion parameters and erosion laws for the two types of concretes with different ages
were determined, and a general relationship between the erosion rate and the flow velocity is obtained as: N =cv”, with the

velocity exponent P between 3.33 and 3.93. It is concluded that the erosion resistance of the distorted concrete is better than that of
the roller compacted concrete and the mechanical properties of the concretes of over 14 d age are influenced slightly by the water
impact. The test results might serve as a practical technique guide for the safety of this project during its construction in the flood
season.
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Introduction

Fengman Hydropower Station, located in the
second Songhua River northeast of China, was identi-
fied as a dangerous dam. After a large number of stu-
dies, it was decided that a new roller compacted con-
crete dam would be built behind the old dam. The dis-
tance between the axis of the two dams is 120 m and
the distance from the upstream face of the new dam to
the flip bucket terminal of the old dam is 6 m-7 m. As
a result, during the construction of the new dam, the

New dam

Fig.1 Schematic diagram of the new dam impacted by discha-
rged flow from the old dam
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discharged flow through the old dam in the flood
period would directly impact the new dam, just as
shown in Fig.1. According to hydraulic model tests
and numerical analyses, the speed of the impact flow
exceeds 30 m/s and the maximum value is close to
35 m/s. Therefore, it is very possible that the erosive



damage would occur for the concrete of different ages
during construction while being impacted by the high
speed flow. This is a technical problem to be faced for
the first time in the repair project for an old dam at
home and abroad, and it is also a key factor to deter-
mine whether the construction could be carried out
smoothly.

The erosive wear of hydraulic discharge structu-
res has always been a well concerned problem“].
From the first research article on erosion published by
Wabhl and Hartstein in 1940s, the erosion resistant per-
formance of materials and the relationship with its
inner factors have been much studied Worldwide[z],
including the definition of the brittle and ductile mate-
rials and the influence of the hardness, the flow velo-
city, the flow angle, and the sediment concentration
on the erosive wear. For example, the relationship
between the erosion rate and the flow velocity of the
metal material under a flow angle of 45° was deter-
mined in many experiments”), accelerated erosive
wear experiments using the particle-water mixture
flow generated by high pressure water jet equipment
were carried out to study the effect of the flow velo-
city and angle™, the erosive resistant performance of
several metal materials used in turbine and the erosive
mechanism were investigated based on wear morpho-
logy™®, the erosion resistance of two types of hydrau-
lic concrete, a plain concrete and a concrete reinforced
with a low volume of steel fibers, was studied with
flow velocity up to 230 m/s and with flow angles of
15° and 90°"*) the erosion tests of nine types of high
strength concrete with compressive strength of
75 MPa-120MPa were conducted and the erosion resi-
stance of these materials was determined against the
compression strength, the modulus of elasticity, the
fiber material and the dimensions[9], a mathematical
model of erosion wear of high performance concrete
was proposed based on erosion experiments''.

Although many kinds of aPlﬁ)aratus were develo-
ped for materials erosion tests!'), none of them was
suitable for this water impact test. Thus, based on pre-
vious studies, according to the features and require-
ments of the test, a new kind of high-speed impact test
equipment is developed in this article, and some impo-
rtant conclusions are obtained from a series of flow
impact tests under different conditions. The test resu-
Its might serve as a practical technique guide for the
safety of this project during construction in the flood
season.

1. Test apparatus development

At present, the devices used for erosion tests are
mainly of particle-water type, with small nozzle, for
ultrahigh velocity (over 200 m/s), to accelerate the
erosive wear of materials. A comparison among diffe-
rent materials was the main method to determine the
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erosion resistance. However, the discharged flow from
Fengman old dam is clean water without particles and
the velocity of the attack water on the new dam is in
the range of 30 m/s-35 m/s. The problem that we are
facing is the erosion wear of the new dam under the
real impact velocity with clean water and is not the
accelerated erosive parameters. Therefore, the new
erosion test and the test apparatus have to be specially
designed.

Fig.2 Power apparatus

Fig.4 Delivery pipes and test section

The laboratory conditions, such as the power, the
reservoir, and the site, are to be considered for the
design of the whole impact test model. The test equi-
pment includes the power machine, the water conve-
yance piping, the pressure stabilized apparatus, the
exhaust piping, the by-pass piping (for flow control),
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Table 1 Mixing proportions of roller compacted concrete used for the new dam

Water Aggregate Sand Content Vv, Gas Material contents of one cubic concrete (kg/m®)
binder gradation ratio offly ., content
ratio (%) ash ©) (%) Cement Fly Total Water SK-2 SK-H Sand Stone
(%) ash  amount
of
adhesive
material
0.42 two 35 45 7.3 53 105 86 191 81 0.573 0.0573 721 1368

the test section and the backwater system. The power
machine contains two three-phase motors with 100 kw
rated power to drive a high pressure multistage centri-
fugal with 200 m water head and 50 L/s rated flow
individually, and they supply water for the system as
shown in Fig.2. Due to the high pressure of the whole
equipment system, the high pressure seamless steel
tubes with reinforced welding are used for all pipes
and the high pressure valves are used for valves in the
pipes, which could bear a pressure of 25 kg per square
centimeter. The pressure gauges are placed in the
pipes to monitor the flow pressure. Figure 3 illustrates
the pressure regulation, the exhaust, and the flow con-
trol apparatus. The numerical calculations and the
model tests for the deflecting flow of the old dam
show that the velocity of the deflecting flow of the old
dam attacking the new dam is in the range of
30 m/s-34 m/s. So in the test section, the nozzle is
made in the solid curve constriction with the outlet
section dimension of 0.05 mx0.05 m. The maximum
jet velocity could be up to 40 m/s, which would com-
pletely meet the requirement of the test. The concrete
specimen is fixed in the impacted location with a dis-
tance of 0.3 m to the nozzle. According to previous
research results, the erosion rate increases with the
increase of the flow angle for brittle materials''>'*), As
a result, the flow angle of 90° is selected in the test for
safety consideration, that is, the high speed flow
would vertically impact the right side of the test speci-
men. The delivery pipes and the test section are shown
in Fig.4. The high velocity flow would fall into the
backwater system after impacting the specimen. A
sharp edged rectangular weir is installed in the outlet
of the return flume to measure the flow, and then the
jet velocity of the equipment could be computed. The
advantages of this equipment include: the increased jet
area under the real velocity, the easy control of the test
jet velocity by using the by-pass piping, and without
the need to stop the pumps in the process of replacing
specimens.

2. Experimental approach

The Roller Compacted Concrete (RCC) and the
Distorted Concrete (DC) specimens are made acco-
rding to the concrete mix proportion used for the new

dam as listed in Table 1. The distorted concrete is
obtained through mixing the cement paste and the
roller compacted concrete, and the paste accounts for
6% of the RCC volume. Because of the two aggregate
gradation of the concrete, the dimension of the test
specimen is determined as 0.15 mx0.15 mx0.3 m. All
these steps to make concrete specimens, such as
mixing, forming, maintenance and so on, follow the
standard. These specimens are put in water to soak for
48 h to full saturation before experiments, and then,
wiping the specimen surface with rags, the surface
dried saturated specimens are weighted by the TG320
balance of 10 mg in graduation. The rectangle side of
the specimen(0.15 mx0.3 m) is chosen as the impa-
cted surface and the specimen is to be taken out to
observe and take a photo for comparison at the end of
every hour. The specimen’s surface is also wiped,
before being weighted after experiments. The para-
meters, such as mass loss, erosion rate, erosion resi-
stant strength, could be calculated, and the erosion
rate of the concrete is estimated as follows

_MO_M:
St

N

where N is the erosion rate, that is the mass loss
after impact in unit area and unit time, M, is the

specimen mass before the erosion, M, is the speci-

men mass after being impacted for ¢ hours, ¢ is the
experimental time, S is the impacted area of the
specimen, The elasticity modulus and the axial com-
pressive strength of the concrete specimens after im-
pact are determined by related tests.

Taking advantage of the fact that the erosion test
equipment is developed by ourselves, a series of pre-
paration tests for different jet velocities and impacting
times are conducted at first, and it is shown that the
morphology of the concrete specimen surface is
almost not changed under a low jet velocity while the
erosion wear can be observed to some extent but
without severe damage even under a high velocity. It
is also shown that the main erosion wear occurs in the
first hour of the initial impacting stage and becomes
stable in the second hour. Therefore, the real flow
velocities 30 m/s-35 m/s that the new dam may be im-



pacted are selected for the erosion test and the impa-
cting time is determined to be 2 h for every specimen.
The water jet impact with different speeds is shown in
Fig.5.

(@) v=30m/s

(b) =35 m/s

Fig.5 Water jet impact with different speeds

Table 2 Experimental conditions

Concrete Age Water flow velocity (m/s)  Specimen
@ o 30 315 33 35  Dumber
14 N A NN N 5x5=25
28 N W NN N 5x5=25
RCC
60 ~ NN N 5x5=25
90 v NN N 5x5=25
DC 14 N A NN N 5x5=25

Experimental conditions are listed in Table 2.
They cover two types of concrete, with four different
concrete ages and five water flow velocities, that is,
14 d, 28 d, 60 d and 90 d, 0 m/s, 30 m/s, 31.5 m/s,
33 m/s and 35 m/s. So 25 cases of conditions are con-
sidered all together and 5 group experiments are
carried out to obtain an average for every condition.
Therefore, the group number of erosion tests is 4x
5%5=100 and the number of tests for materials pro-
perties is 5x5x5=125.

3. Experimental results
3.1 Erosion modes

According to the above experimental conditions,
a series of water jet impact tests for roller compacted
concretes with different ages and different flow velo-
cities were carried out. In the process, the developed
equipment displays its good performance during long
time continuous running. The jet is stable and the
maximum velocity can reach up to 40 m/s, which
could satisfy the experiment requirements very well.
The erosion damages are determined through a com-
parison of the photos taken before and after the expe-
riment. Figure 6 illustrates the morphology changes of
a group specimens with different ages and with flow
velocity of 35 m/s for an hour’s impact. The following
conclusions could be drawn from these photos:

35

The impact action of the high speed flow to the
roller compacted concrete can be described by the jet
abrasion and the erosion wear of the refracted flow.

After a continuous impact of the water flow of
35 m/s for 2 h, these different age specimens were not
severely damaged and only the cementing material on
the surface was denudated to some extent.

(a)y 14 d age

{d) 90 d age

Fig.6 Surface feature comparison of different age specimens
impacted by a flow of 35 m/s for 1 h (image width of
about 0.03 m)
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Table 3 The average erosion parameters

Flow velocity

Average mass loss (g)

Average erosion rate (g/m*/h)

(enis) 14d 28d 60d 90d 14d 28d 60d 90d
30.0 14.10 7.43 231 2.88 156.64 82.51 25.67 32.00
31.5 16.76 8.70 3.07 3.47 186.22 96.64 34.06 38.51
33.0 19.60 10.49 343 4.13 217.79 116.58 38.14 45.86
35.0 23.56 13.12 4.34 4.91 261.72 145.77 48.18 54.51

Among those locations of the surface defects,
large aggregates or concentrated aggregates in the sur-
face layer were more easily denudated.
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Fig.7 The relationship between erosion rate and flow velocity

With the increase of the concrete age, the erosion
degree is gradually reduced.

3.2 Relationship between flow velocity and erosion
rate

Table 3 shows the average concrete erosion para-
meters under different conditions obtained from a
series of experiments. The following conclusions
could be drawn from the data in the table:

For a given flow velocity, with the increase of
the concrete age, the average mass loss and the ero-
sion rate are basically decreased and become stable
after the age of 60 d.

For the concrete of same age, the average mass
loss and the erosion rate increase as the water flow
velocity increases. Figure 7 shows the relationship
between them. The influence of the flow velocity on
the erosion rate is nonlinear

P
N=cv

where ¢ is a constant, v is the flow velocity, P
is a power exponent. The constant ¢ and the power
exponent P, estimated by a regression analysis, take
values of 4x107°-2x10 and 3.33-3.93, respectively.

Table 4 Velocity exponent of different materials

Material Metal Ceramic Polymer Concrete
Velocity 5 555 55 3 >5 2.75-3.07
exponent

The relationship between the erosion rate and the
flow velocity was much studied, with the velocity
power exponents for different materials being estima-
ted through regressions of the experimental results. As
shown in Table 4, the power exponents are between
2.25 and 2.55 for metalsm], about 3 for ceramicsm,
more than 5 for polymers''™ and between 2.75 and
3.07 for concretes'®). It could be concluded from the
experimental results of this paper that the velocity
exponent of the erosion rate for the roller compacted
concrete used for the new dam is between 3.33 and
3.93 under the clean water impact without particles
with the flow angle of 90°.



(©)v=33ms

(d)v=35m/s

Fig.8 Erosive wear of distorted concrete (image width of about
0.03 m)

3.3 Comparison between RCC and DC

The paste content of the distorted concrete is
higher than that of the roller compacted concrete by
about 6%. The erosion wear of the distorted concrete
under four different flow velocities are shown in Fig.§,
from which it can be seen that the distorted concrete
surface is smoother and denser due to the higher paste
content. The erosion wear of the specimen surface is
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obviously decreased as compared with the roller com-
pacted concrete and their average erosion parameters
are listed in Table 5. The relationship between the ero-
sion rate and the flow velocity is obtained by a power
exponent fitting as shown in Fig.9. The velocity
power exponent is 3.613, well in the range of 3.33-
3.93.

Table 5 Erosion wear comparison between RCC and DC of the
same age of 14 d

Flow Average mass loss (g)  Average erosion rate
velocity (g/m’/h)
(m/s)
RCC DC RCC DC
30.0 14.10 1.41 156.64 15.69
31.5 16.76 1.96 186.22 21.79
33.0 19.60 2.15 217.79 23.90
35.0 23.56 2.54 261.72 28.19
30F
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Fig.9 The relationship between erosion rate and jet speed

3.4 The influence of the flow impact on the mechani-

cal properties of the material

Table 6 lists the mechanical parameters obtained
from experiments of the concrete specimens impacted
and not impacted. It could be seen that the difference
of the axial compressive strength and the elasticity
modulus between the specimens impacted and not
impacted is slight. For a given concrete age, there is
no pronounced relationship between the material
mechanical parameters and the flow velocity. There-
fore, the mechanical properties of concretes are nearly
not influenced by the flow impact.

4. Conclusions

The following conclusions can be drawn from
this investigation:

(1) The high-speed flow erosion test apparatus is
developed for erosion experiments for the new dam
materials. The maximum jet velocity can reach up to
40 m/s and the section area of the nozzle is 0.0025 m’.
In the process of experiments, the equipment shows a
good performance.
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Table 6 Materials mechanical parameters

Velocity Axial compressive strength (MPa)
(en/s) RCC 14 RCC 28 RCC 60 RCC 90 DC 14
0 11.70 16.73 19.39 23.02 14.01
30.0 11.73 17.27 21.16 24.14 14.95
315 11.58 17.21 20.53 23.94 14.28
33.0 11.73 17.64 21.45 22.98 14.18
35.0 11.76 16.67 20.83 23.41 14.40
Velocity Elasticity modulus (GPa)
(r/s) RCC 14 RCC 28 RCC 60 RCC 90 DC 14
0 23.47 28.09 30.33 33.14 23.67
30.0 23.77 29.73 30.18 31.75 23.38
315 23.87 29.06 31.23 29.88 23.53
33.0 23.64 29.62 32.28 31.83 24.58
35.0 24.20 29.42 30.92 33.73 24.10

(2) Continuously impacted by the water flow of
35m/s for 2 h, these different age specimens are not
severely damaged and only the cementing material of
the surface is denudated to some extent. Among the
locations of the surface defects, large aggregates or
concentrated aggregates in the surface layer are more
easily denudated.

(3) An empirical relationship is found between
the erosion rate and the flow velocity: N =cv”. The
velocity exponent P takes values between 3.33 and
3.93 for the water flow without particles.

(4) The erosion resistance of the distorted con-
crete is better than that of the roller compacted con-
crete. The mechanical properties of the concretes of
age over 14 d is influenced slightly by the water im-
pact.
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