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STUDY ON THE EFFECT OF REINFORCEMENT ON THE

EARTHQUAKE - RESISTANCE OF XIAOWAN ARCH DAM

Chen Houqun, Guo Yonggang, Tu Jin

(China Institute of Water Resources and Hydropower Research, Beijing 100044, China)

Abstract: Based on the design and its requirements of the seismic reinforcement measure of Xiaowan arch

dam, this paper studied the effect of reinforcement on the seismic behaviors of high arch dam. The analysis

includes several important problems on earthquake - resistance measure of Xiaowan arch dam such as com-

parison of reinforcement alternatives, influence of temperature effect of concrete variation, location, place-

ment, quantity and kind of the steel bar. The optimization of the reinforcement alternatives is also discussed

in this paper.
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Xiaowan hydroelectric power station is locat-

ed in middle reaches of Lancang River in the west

of Yunnan province of China. It is the second

power plant in the cascade of eight power stations

in the up - middle reaches of Lancang River with

an arch dam of 292 m high. It will be the highest

arch dam in the world. The basic seismic intensity

is vm degree at the dam site with a designed peak

ground acceleration of 0 .308g. The total installed

capacity is 6 x 700 MW while the storage capacity

of reservoir is 151 X 108 m3 with designed flood

discharging of 15 666 m3/ s and the verified flood

discharging of 20 683 m3/ s. The aseismatic secu-

rity of Xiaowan arch dam has caused much concern

as there is a lack of experience in aseismatic de-

sign of 'such high arch dam in area of high seismic-

ity. And the high uncertain nature of earthquake

increases that concern. Obviously, further study is

needed to deal with a number of technical prob-

lems to construct a highly aseismatic dam. The

critical issue for the designer and constructor is

how to implement aseismic measures to the pro-

ject[l]. Some previous studies have made it clear

that fixing aseismic reinforced steel in arch dam

between opening joint is not aimed at maintaining

the integrity of dam by avoiding joint opening

caused by the strong tensile stress of dam along

arch direction during strong earthquake. The joint

opening of high arch dam is inevitable in the event

of strong earthquake, especially in the case of

lower operating water level. To ensure safe opera-

tion after the earthquake, aseismatic reinforced

steel is proposed to be fixed in dam mainly for the

purpose of reducing the joint opening degree so as

to avoid the situation that the sealing device is se-

riously damaged to the extent that repairs won't be

easy.

1 Selection of the Kind of Reinforced Steel

The aseismic reinforced steel fixed in the up-

per of dam, which is different from that of common

reinforced steel in concrete, must function within

the yielding limits. Thus, The reinforced steel can

keep its original physical property and dam joint
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can be reinstated properly after earthquake. Yield

strength of reinforced steel influenced the length of

free part in both sides of joints and the total quan-

tity of steel. Therefore, a soft type steel with ex-

plicit yielding limit and high yield strength is

needed. A vanadium alloy - type reinforced steel

has been developed in China since 1980. The re-

inforced steel with fine - grained vanadium alloy

has a high yield strength of 410 -500 MPa with an

average of 455 MPa, which is higher than that of

Grade IT 20MnSi reinforced steel listed in the De-

sign Code for Hydraulic Concrete Structure (DUT

5057 - 1996) and considerably beyond that of

Grade III . According to the Design Code, the de-

signed tensile and compressive strength of Grade

III reinforced steel is 360 MPa while the tensile

strength of vanadium reinforced steel can reach

600 - 700 MPa. Moreover, vanadium reinforced

steel has many other advantages such as large ulti-

mate strain and well lower cyclic fatigue resis-

tance, a higher resistance to time effect deforma-

tion, a good ductility of against impact, a good

welding property and a fine technical index, all of

which make vanadium reinforced steel suitable for

being aseismic reinforced steel of high arch dam.

Its cost is only 5 percent more than Grade IT rein-

forced steel. In a total, to use the former will be

more economical due to reducing its quantity.

Considering mentioned all above, the types of

vanadium reinforced steel HRB400 or HRB500,

whose yield strengths as are 400 MPa and 500 MPa

respectively, are suitable to be used in a seismic

measure for Xiaowan arch dam.

2 Influence of Concrete Temperature

During construction, the temperature of con-

crete rises to its highest value due to hydration

heat and then drops down to the steady tempera-

ture. The stresses in concrete on both sides of the

joints have to be changed from compressive to ten-

sile during this period. It must effect on the state

of reinforced steel embedded in concrete. The

temperature difference can be estimated prelimi-

narily as t =20 CC in preliminary calculation[2] .
To take the average width between the dam mono-

liths L = 20 m, and the free part of reinforced

steel going through the joints I =4 m, the strain in

reinforced steel due to the cooling shrinkage of

concrete is as follow;

6t =a ( L - l) t =1 x 10- 5(20 - 4) x 20

=3.2 x 1O-3m (1)

Where, a is linear coefficient of expansion of

concrete (1 x 10 - 5( 11 CC) ), and E s is elastic mod-

ulus of reinforced steel (2. 1 x 105 MPa). There,

the stress in reinforced steel corresponding to 6t is:

at = Es x 6t/ 1= 2.1 X 105x 3.2 X 10-3/

4 = 168MPa (2)

There means that 42 percent of strength in

reinforced steel is compensated by the temperature

effect if HRB400 with yield strength of 400 MPa is

used. There is only 58 percent strength left to re-

sistance joint open, corresponding to the maximum

allowed opening of joint of 4. 5 mm.

3 Comparison of Reinforcement Steel Schemes

In order to verify the effect of aseismic rein-

forced steel, a dynamic FEM program of arch dam

with consideration of joint opening was used, a

contact force satisfying the condition of border con-

tact is applied to computer program. Moreover,

the effect of the location, interval and quality of

reinforced steel going through joints on the dam re-

sponses and joint opening were evaluated.

The purpose of arranging aseismic reinforced

steel in up part of dam is to reduce the joints open-

ing and avoid the damage of waterstop at joints.
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According to preliminary design alternative, 6 lay-

ers of reinforced steel along arch direction are fixed

in the up part of dam with a height of 106m. There

are 96 ~40 steel bar at each layer on both upstream

side and downstreamside. (Fig 1) .

1235.Om

Figure 1 preliminary reinforcement plan
of Xiaowan arch dam

It is obvious that the actual placement of re-

inforced steel should be designed in more details

and adjusted in accordance with the location of

crest spillway. In the analysis the original steel

bar of @40 was replaced by HRB400 steel bar of

@32 with keeping the total tension force of about 3

x 104 kN at each point in Fig. 1 .

The analysis was carried out based on the

mathematic model and method from reference[ 1] .

Reinforced steel stiffness is added to corresponding

element node so as to simulate the effect of rein-

forced steel. The radiation damping and effect of

nonuniform seismic input are considered in the

dam - foundation system. Contact force model

with non - embeded condition and artificial trans-

mitting boundary method are applied in computer

program. There are 17 joints of dam in calculation

model (Fig.2).

In order to reduce the joint opening, the a

seismatic reinforced steels should be placed as

left right

Fig.2 Position of joints in calculate model

close as possible to the surface of dam. The rein-

forced steel is placed 3 - 4 m away from upstream

dam surface to keep avoiding the waterstop and

grouting system. The influence of location of the

reinforced steel is also compared in this paper.

In the event of strong earthquake, the maxi-

mum value of joint opening occurs at dam crest. It

becomes smaller gradually downwards. Obviously,

the reinforced steel at the top of dam functions

much better than that in other places below.

Therefore, the effects with and without the lower 3

reinforced layers are compared.

Based on above mentioned, following 4 were

compared in the analysis as shown in table 1.

( 1) 6 layer aseismic reinforced steels are put

both at upstream and downstream surfaces at same
time.

( 2) 6 layer aseismic reinforced steels are only

put in upstream surface.

(3) 6 layer aseismic reinforced steels are put

4 m away from upstream surface.

( 4 ) 3 layer aseismic reinforced steels are put

4 m away from upstream surface.

The maximum opening appears at the

eleventh joint. The results of eleventh joint open-

ing along different elevations are shown in table 2.

Table 1 clearly shows that the maximum of

joint opening is only 4. 59 mm even in the fourth

alternative. The maximum stress in steel bar is

within its yield strength crsof HRB400. The maxi-

mum allowable extension of the HRB400 steel bar



including the temperature effect 6.c is

eTs
( )

-3

6.c=E. I - 6.t= 7.6 - 3.2 x 10s

=4.4x 1O-3m (3)

The safety coefficient for the reinforced steel bar of

HRB500 will be 1.2.

4 Effect of Reinforced Steel on Behaviors of

Contraction Joints

In order to study the effects of reinforced

steel bars on the contraction joints which across

the joints opening response histories during earth-

quake for cases without and with 3 layer aseismic

reinforced steels placed at 4 m away from upstream

dam surface, are shown in Fig. 3 and Fig. 4 re-

spectively .The response histories of slippage at the

top of eleventh joint for these two cases are show

in Fig. 5 and Fig. 6 .

5 Conclusion

Based on the results of analyses, some con-

clusions can be drawn as follows:

( 1) Reinforcement across joints may be one of

the feasible and reliable measure to reduce the

contraction joint opening during strong earth-

quake. However, its disturbing to construction

must be consider~d.

(2) If vanadium aseismic reinforced steel bar

of HRB400 or HRB500 with high yield strength is

applied on the top layers near the upstream surface

with a length of 8 - 9 m for each joint, the total

amount of steel consumption can be decreased by

90 percent with nearly the same effect in compari-

son with the original designed alternative.
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Table 1 Maximum value of joints open degree in all calculation schemes mm

Free joints First scheme Second scheme prestress bind scheme Third scheme Fourth scheme
Joint

Up Down Up Down Up Down Up Down Up Down Up Down

No. stream stream stream stream stream stream stream stream stream stream stream stream

1 3.69 5.22 1.96 2.99 2.40 4.67 2.01 4.53 2.54 4.31 2.50 4.24

2 3.08 2.96 2.15 1.84 2.04 3.08 1.68 2.95 2.52 3.08 2.61 3.09

3 3.50 0.80 2.65 0.60 2.59 0.65 2.28 0.71 3.13 0.66 3.16 0.70

4 4.50 1.87 3.34 1.32 3.38 1.86 3.13 1.89 3.85 1.80 3.89 1.80

5 2.44 2.71 2.06 1.77 2.01 2.68 1.67 2.48 2.22 2.45 2.20 2.45

6 3.50 3.48 2.36 2.32 2.43 3.45 2.09 3.46 2.76 3.21 2.74 3.21

7 4.05 4.15 2.83 2.47 2.74 3.60 2.56 3.59 3.34 3.28 3.33 3.22

8 3.34 4.55 2.88 2.82 2.83 3.99 3.32 4.41 3.55 3.86 3.54 3.86

9 4.00 5.54 2.77 3.11 3.11 5.32 2.49 4.94 3.48 4.79 3.48 4.70

10 3.92 5.37 2.92 3.14 3.37 5.95 2.88 5.72 3.79 5.38 3.85 5.51

11 6.77 5.54 3.41 2.98 3.79 5.04 3.22 4.88 4.50 4.68 4.59 4.69

12 4.72 3.46 2.98 1.67 3.14 2.60 2.99 2.47 3.58 2.55 3.63 2.54

13 3.36 2.21 2.68 1.14 2.63 1.57 2.57 1.42 3.05 1.53 3.11 1.55

14 2.94 2.15 2.01 1.89 2.20 2.39 1.73 2.43 2.60 2.18 2.59 2.16

15 2.17 0.83 1.86 1.03 1. 75 0.89 1.37 0.99 2.10 1.04 2.06 0.97

16 4.79 4.09 2.75 2.42 2.79 3.63 2.33 3.35 3.46 3.45 3.53 3.50

17 3.55 4.29 2.40 2.77 2.36 3.88 2.05 3.70 2.76 3.64 2.65 3.64

Table 2 Opening at eleventh joint mm

Joints free Third alternative Fourth alternative

Elevation/ m Up stream Down stream Upstream Down stream Up stream Down stream

\11 245 6.77 5.44 4.50 3.38 4.59 3.45

\11 210 3.16 1.17 2.39 0.11 2.55 0.20

\11 090 0.18 0.00 0.06 0.0 0.06 0.00

\11 050 0.00 0.00 0.0 0.0 0.00 0.00
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Response history of joint opening in joints without reinforced steel (m)
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Fig.4 Response history of joins opening with reinforced steel case (m)
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