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EXPERIMENTAL STUDIES ON THE SEEPAGE CONTROL EFFECTs OF SUSPENDED CUTOFFS IN DIKE FOUNDATION
Ding, L.Q.1, Yao, Q.L.1, Sun, D.Y.1
1. China Institute of Water Resources and Hydropower Research, Beijing, China 
Abstract: Physical model tests in a flume were conducted to study the seepage control effects of suspended cutoffs in the two-stratum dike foundation. The piping processes were observed that involved the occurrence, development and finally dike failure, and the mechanisms were analyzed. The seepage control effects of cutoffs with different locations and depths were studied respectively. The effects of cutoffs on decreasing the risk of piping failure and increasing the holistic stability of dike foundations were demonstrated. The results of the tests indicate that, suspended cutoff can effectively increase the critical gradient of dike failures caused by piping and improve the foundation resistance to piping failure. The seepage control effect of the cutoff increases when increasing the depth of the cutoff, and is more efficient when it is located in the landside than in the riverside.
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1. introduction
According to traditional seepage theory, suspended cutoffs, which are constructed in permeable stratum and not extended to beneath impermeable stratum in two-stratum dike foundation, have little effects on decreasing seepage and hydraulic head of top ground layer in landside. Meanwhile, the construction of suspended cutoffs will cost much money. Therefore, it is usually not recommended to apply suspended cutoffs in traditional dike project design. After the 98’ flood in China, suspended cutoffs were adopted to prevent piping in some dike tentatively. Some scholars oppose this application for the reason that its functions are not clear and there is no design rule based on scientific principles. Some scholars have done physical model tests to evaluate its effects. ZHANG (ZHANG Jia-fa et al., 2002) concluded that suspended cutoffs failed to prevent piping occurrence, but they can prevent piping development. Mao’s studies (MAO Chang-xi et al., 2005) show that suspended cutoffs can prevent piping channel from extending toward the river, and cutoffs with certain depth are beneficial to dike safety. In this paper, physical model tests are conducted to simulate piping processes in two-stratum dike foundation with suspended cutoffs. Several test schemes are carried out with different cutoff depths and locations. Its action mechanisms and seepage control effects of suspended cutoffs in two-stratum dike foundations are analyzed. In addition, reasonable depths and locations of suspended cutoffs are discussed and a new concept for suspended cutoffs design is put forward.
2. Test schemes and model design 
The model tests are conducted in a toughened glass flume, and the setup of the models is shown in Figure 1. The dimension of the sand sample is 2.25×0.8×0.6m. The physical properties of sand are listed in Table 1. To simulate the natural sedimentation process of the dike foundation, samples are made by depositing sand in water in thin layers. In order to obtain conservative results and observe piping development phenomena conveniently during the tests, one sheet of transparent perspex of 2.25m long is used to fully cover the sand sample functioned as dike body and top clay layer. The joints between the perspex sheet and the flume are sealed up by glue. The outflows can only run out from a preformed circular hole of 4 cm in diameter opened in the middle axis of the perspex sheet which is 1.4m far from the water tank. This circular hole simulates the piping hole. Some perspex sheets with different lengths are used to simulate cutoffs.
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Figure 1: The Setup of Models
Table 1: Physical properties of model sand
	sample
	d60
(mm)
	d20
(mm)
	dry density

 (g/cm3)
	Specific density
	porosity

n
	seepage coefficient

(cm/s)

	
	
	
	
	
	
	

	sand
	0.28
	0.13
	1.59
	2.70
	0.41
	2.6×10-3


3. Typical test processes and phenomena

During the tests, the hydraulic head is increased step by step from a low original head. Under certain hydraulic head, when the seepage deformation stops and the seepage discharge and the piezometer head keep invariable, the hydraulic head can be raised to next step.

Six tests as shown in Table 2 are carried out in which cutoffs have different depths and are constructed in different locations respectively. The No.1 scheme test is cited from former study by Ding Liuqian, et al (2007). The experimental results indicated that piping phenomena, development mechanisms and dike failure modes in all test schemes are similar. However, the average horizontal seepage gradient at a typical stage and the critical average horizontal seepage gradient of dike failure of each scheme are different from each other. To illustrate them, No. 2(b) scheme is introduced in detail as follows.
The test results of No. 2(b) scheme are shown in Table 3, where N is the number of hydraulic head step, H is the hydraulic head, T is the total time from test beginning to the time recording, 
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 is the average horizontal seepage gradient, 
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 is the seepage gradient near the piping hole, Q is the seepage quantity, 
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is piping channel length or the horizontal distance between piping hole and the front end of piping channel. 
Table 2: Test Results with Suspended Cutoffs

	No.
	Location
	X/L
	Penetration

t/T
	Critical average horizontal gradient
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	Percent of 
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 increment
	Vertical efficiency
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	1
	no cutoff
	/
	0/60
	0.214
	0%
	/

	1(a)
	at riverside
	35/140
	6/60
	0.254
	19%
	4.4

	1(b)
	
	35/140
	12/60
	0.407
	90%
	10.5

	2(a)
	at landside
	105/140
	6/60
	0.310
	45%
	10.5

	2(b)
	
	105/140
	12/60
	0.431
	101%
	11.8

	2(c)
	
	105/140
	18/60
	0.551
	157%
	12.2

	2(d)
	
	125/140
	6/60
	0.34
	59%
	13.7

	Note: X represents the distance from the cutoff to piping hole.
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 is the vertical efficiency defined in equation (2).


Several typical stages can be summarized by observation during piping development and typical test phenomena are described as follows.

(1)
Heaving and sand boiling in the piping hole

Under the first step of hydraulic head, muddy water flows out from the piping hole and the surface of the sand sample in the piping hole heaves. When the hydraulic head comes to 13.3 cm, sand boiling appear with some grains being taken up and falling down continuously in the piping hole. If keeping this hydraulic head unchanged, sand boiling will calm down after a while.
(2)
Piping channels propagate toward riverside and get to the cutoff
When the hydraulic head is raised to a new step, sand boiling in the hole refresh and even become more active. If the hydraulic head is high enough, sand grains of the surface layer under the perspex sheet will be pushed by the hydraulic seepage force and brought out by the flow from the hole. Then some narrow and shallow piping channels are observed along the interface of the perspex sheet and the sand layer. Along the increase of the hydraulic head step by step, piping channels propagate toward riverside and stop intermediately. When the hydraulic head comes to 44.4 cm and the average horizontal hydraulic head is 0.317, the main piping channel gets to the landside of the cutoff. If keeping the hydraulic head unchanged, piping propagation will stop finally.

Table 3 The Test Results of No. 2(b) Scheme 
	N
	H(cm)
	T(h:m)
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	Q(ml/s)
	lp(cm)

	1
	10.8
	0:10
	0.077 
	/
	/
	0

	2
	13.3
	1:05
	0.095 
	0.713 
	/
	<20

	3
	15.2
	1:20
	0.109 
	0.838 
	0.55 
	<20

	4
	18.0
	1:45
	0.129 
	0.350 
	1.70 
	<20

	5
	20.6
	2:10
	0.147 
	0.300 
	3.30 
	40

	6
	23.0
	2:25
	0.164 
	0.338 
	3.65 
	45

	7
	25.4
	2:50
	0.181 
	0.325 
	4.35 
	50

	8
	27.8
	3:55
	0.199 
	0.238 
	5.30 
	/

	9
	29.7
	7:15
	0.212 
	0.288 
	6.80 
	70

	10
	32.3
	25:00
	0.231 
	0.238 
	7.50 
	70

	11
	34.6
	26:50
	0.247 
	0.250 
	8.20 
	/

	12
	37.9
	29:20
	0.271 
	0.288 
	9.30 
	/

	13
	40.0
	31:30
	0.286 
	0.263 
	10.30 
	/

	14
	42.1
	47:00
	0.301 
	0.263 
	11.40 
	/

	15
	44.4
	76:10
	0.317 
	0.275 
	15.80 
	105

	16
	46.8
	93:29
	0.334 
	0.275 
	16.00 
	105

	17
	50.3
	100:54
	0.359 
	0.213 
	19.00 
	105

	18
	52.7
	101:39
	0.376 
	0.200 
	20.10 
	105

	19
	54.8
	104:09
	0.391 
	0.200 
	/
	105

	20
	59.2
	104:14
	0.423 
	0.313 
	/
	140


 (3)
Piping channels propagate along the direction perpendicularly to the flow

When the hydraulic head is raised again, sand boiling in the piping hole appears and sand grains are brought out from the hole again. However, piping channels propagate to both sides horizontally in plane along the direction perpendicularly to the flow due to the prevention of cutoff as shown in Figure 2. Until the hydraulic head gets to 54.8 cm, keeping the hydraulic head unchanged, piping channels fail to get over the cutoff and stop finally.

[image: image11]
Figure 2: Piping Channels Propagating in Plane and Perpendicularly to the Flow
(4)
Piping channels get over the cutoff and cause dike failure

When the hydraulic head reaches 59.2 cm, some pits are observed near the cutoff in the riverside (see Figure 3), and then more and more sand grains are moved by the flow and brought out from the piping hole. The piping channels get over the cutoff and propagate toward the river side acceleratively and finally connect to river water. Then mass failure of dike will occur under the scouring of high flow.
In this circumstance, the critical average horizontal gradient is 0.407, which is nearly twice the value of 0.214 that is gotten from the test with two-stratum dike foundation without cutoffs (Ding Liuqian, et al., 2007). This result indicates that cutoff can effectively reduce piping failure risk and increase foundation resistance to piping failure.



Figure 3: One Pit near the Cutoff in Riverside

4. test result Analysis

4.1 Relationship between the critical average horizontal seepage gradient and cutoff depths and locations
Figures 4 and 5 are worked out using the test results in Table 2. It can be concluded that the critical average horizontal gradient of piping failure increases along with the increase of the cutoff depth penetrated into the sand layer at a definite location. In addition, it shows that the critical average horizontal gradient of piping failure is higher when the cutoff is placed at the landside than that placed at the riverside with a definite penetration. Based on these, it can be inferred that it could be effective and reasonable when the cutoff is placed at the landside than at the riverside.
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Figure 4: Effects of Cutoff Depth
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Figure 5: Effects of Cutoff Location
4.2 The vertical efficiency of suspended cutoffs

If 
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 is the critical average horizontal gradient of piping failure in the two-stratum foundation without cutoffs, and 
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 is that with cutoffs, the following equation can be established:
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where 
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 is the vertical efficiency, then,
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From the results of the different test schemes, 
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 can be calculated as listed in Table 2. 
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 will be improved when the penetration of the cutoff increases whether the cutoff is placed at landside or at rive side. At a definite penetration, 
[image: image22.wmf]l

 will be higher when the cutoff is placed at landside than at riverside. This value could exceed 10 when the cutoff is placed at landside, which means that the seepage control effect of cutoff of 5m deep is equal to that of 50m wide landside seepage berm.

4.3 The action mechanism of suspended cutoffs

According to former experimental and calculated results, it is known that cutoffs could not effectively decrease the hydraulic head of top ground layer in two-stratum dike foundation before piping occurs (ZHANG Jia-fa et al., 2002). It means that cutoffs can not prevent piping occurrence. However, after piping occurs, cutoffs can effectively decrease this hydraulic head and increase the critical average gradient. Therefore, cutoffs can decrease the probability of dike failure in case of foundation piping events. This action mechanism of cutoffs can be summarized as follows according to piping development process in the tests. Firstly, cutoff can increase the seepage path after piping occurrence. Secondly, cutoff can prevent piping channel propagation toward riverside. Moreover, the seepage vectors at the front and the back sides of the cutoff are changed from horizontal to vertical direction. As a result, seepage resistance of dike foundation with cutoff can be significantly improved. Finally, when piping channel propagates to the landside of the cutoff, the effective seepage path will be composed of two parts, namely the horizontal distance from river water entry to the cutoff, as well as the product of vertical efficiency and cutoff depth. The seepage path can be lengthened if the cutoff is placed at landside in contrast to be placed at riverside. Therefore, it can be concluded that cutoff placed at landside will be more effective than at riverside.
5. Conclusions
Suspended cutoffs can not prevent piping occurrence. However, after piping occurrence, they can increase the seepage path and prevent piping channel propagation toward riverside, decrease the degree and scope of piping, and increase the foundation resistance to piping failure effectively.

Suspended cutoffs are more effective when placed at landside than at riverside. Therefore it is suggested that suspended cutoffs can be used for seepage control in future design. In addition, it is recommended that suspended cutoffs placed near the landside dike toe or the end of landside berm be taken as an alternative in the selection of possible seepage control measures.

It is suggested to take suspended cutoff as a new concept design that allows piping occurrence but prevents piping from getting over the cutoff and as a result of ensuring dike safety.
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