
Sensors & Transducers, Vol. 168, Issue 4, April 2014, pp. 30-36 

 30 

   
SSSeeennnsssooorrrsss &&& TTTrrraaannnsssddduuuccceeerrrsss

© 2014 by IFSA Publishing, S. L. 
http://www.sensorsportal.com 

 
 
 
 
 

Rainfall Simulation Detection Based on Sensor 
Information Fusion 

 
1 Zhijian Li, 2 Kaisheng Zhang  

1 College of Light Industry and Energy, Shaanxi University of Science and Technology,  
Xi’an, 710021, P. R. China  

2 College of Electrical and Information Engineering, Shanxi University of Science and Technology 
Xi’an, 710021, P. R. China  

1 Tel.: 029-86168236, fax: 029-86168236 
1 E-mail: skdzks@sina.com 

 
 

Received: 5 January 2014   /Accepted: 28 February 2014   /Published: 30 April 2014 
 
 
Abstract: Water resources are important natural resources for national economic and social development. They 
are the basic material conditions for human survival and development. This Paper studies rainwater resources 
from the perspective of urban planning and urban resources development and utilization. It can not only 
supplement urban water resources to a great extent, but also has multifaceted profound significance in many 
aspects, such as easing urban flood disaster and underground water level lowering, improving the urban 
ecological environment, and enhancing the urban sustainable development. Based on the background of 
Xianyang meteorological and hydrological data, the study establishes a groundwater recharge model through 
observing laboratory rainfall simulation and analyzing grey system theory. It attempts to find a balance value in 
the model and predict the future development so as to promote quick, efficient, healthy, and coordinated 
development of the system, and provide theoretical reference for urban planning in our country.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Water resources, Underground water, Rainfall simulation, Grey model, Urban planning.  
 
 
 
1. Introduction 
 

Groundwater is the water of urban life and an 
important industrial and agricultural water supply, 
and about two-thirds of the city and part of the 
farmland depend on groundwater as an important 
source of water supply [1, 2]. With the scale of urban 
construction is more and more big, the city ground 
forming impermeable layer area is increasing, 
imperfect urban drainage system, urban water 
consumption increases, these three factors further 
accelerate the decline in groundwater level. People in 
order to beautify the environment and have a 
convenient travel, the pedestrian trails and paths 

between buildings are covered with impermeable 
concrete pavement, even use marble paved square 
ground, further increased the proportion of 
impermeable area affects of the city. This causes that 
small rainfall can form surface runoff during the 
rainy season. This make the proportion of water 
seeping into the underground greatly decreases in the 
total rainfall, and the groundwater can not be timely 
added. Meanwhile, with the growing urban 
population and production development, urban water 
consumption is also increasing, it exacerbate the 
amount of obtaining groundwater, also led to falling 
water tables, and water has become increasingly 
tense [3, 4].  
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Now, in the urban planning and construction the 
rain of the underground water supplement rarely is 
considered. And not enough channels are set aside for 
the rain permeating to underground. Asphalt 
pavement, cement road, many-storied buildings are 
artificially blocking rain added to the underground 
water. With the development of city construction, 
city covering layer of impervious area accounted for 
the proportion of city will be more and more. These 
impervious surfaces directly affect the penetration of 
rainwater into the ground [5, 6]. Urban drainage 
facilities supporting projects as urban construction, 
rainwater is taken to the "discharge" oriented. In 
urban planning, if the economy is allowed, rainwater 
design flow are generally designed to maximize the 
use of a higher return period calculated, and strive 
drainage system to drain away maximum rainwater in 
the shortest possible period of time. What little do 
they know is that draining away rainwater will also 
make precious water drain away in vain.  

It is foreseeable that in the not too distant future 
urban planning and construction, rainwater resources 
will further get the community's attention, it's 
environmental, social and other comprehensive 
benefits will be more fully exploited. This topic from 
the city planning and development and utilization of 
city resources to see rainwater resources, it can not 
only complement the city water resources to a large 
extent, but also for the decline, flood relief city and 
underground water level to improve the city's 
ecological environment, enhance the city the ability 
of sustainable development has far-reaching 
significance level. Here in Xianyang city 
meteorological, hydrological data as the background, 
through the simulation of rainfall observation in 
laboratory, and combining with the analysis of the 
grey system theory, study the groundwater recharge 
and explore the factors influence on water 
supplement. Finally using the method of grey system 
theory to correlate the experimental data and 
establish GM (1, 2) mode, under the condition of 
water can replenish groundwater conditions to 
explore the city planning in hard cover and not 
covered (permeable part) the best proportion, and 
provide a theoretical reference for the city planning 
and rainwater infiltration scheme.  
 
 

2. Survey of Xianyang Groundwater 
Conditions 

 

2.1. A Survey of Natural Environment 
 

Xianyang city is located in the middle of the 
Guanzhong Plain in Shanxi Province, Tongchuan 
Weinan East and Xi'an city and its suburbs of 
Gaoling County, Fuping County, is in the area 
adjacent to Yanan area at the junction of Huangling 
County, Zhengning county and County North and 
Gansu Province, bordering Lingtai and Baoji County 
of Gansu province and the West in Jingchuan 
County, Lin Yong County, Fufeng County, the South 

and the Xi'an City Zhouzhi County, adjacent  
to Huxian.  

Xianyang city is in Heilu soil and brown soil 
zone, with the loess, wide distribution, accounting for 
more than 32.8 % of the entire city area. Deep soil 
loose, good permeability, corrosion resistance is 
weak, easily lost; behind loess loam soil, alluvial 
plains, loess tableland are distributed, the soil than 
the major gap is small, easy permeable.  

Xianyang City, belongs to Weihe River of the 
Yellow River, the city has a size of more than 
5400 river channel. Weihe River flows through the 
city from west to east, the south, most of the river is 
in Xianyang, Xi'an boundary river flowing through 
the city's most left bank tributary of the Weihe River, 
from west to east are mainly Qishuihe, Jinghe, 
Ishikawa a river three rivers, respectively, from north 
to south or from northwest to southeast into the 
Weihe River. The small size of the city on the right 
bank of Weihe, only New River, the Fenghe estuary, 
water and sand is rich [7, 8].  

Xianyang city average annual precipitation is 
519.2 mm, according to the average annual rainfall, 
rainfall mainly concentrated in the second half of the 
year, rainfall 6-10 months more, 12-2 month rainfall 
less. Monthly rainfall is the most in September, 
almost 100 mm, 7, 8 followed, these three months 
constitute the rainfall peak season. From the 
percentage of the monthly rainfall we can see that the 
total rainfall of the three months accounted for 
48.4 % of the annual rainfall. The average rainfall of 
month shown in Fig. 1. 
 
 

 
 

Fig. 1. The average rainfall of month.  
 
 

2.2. A Survey of Social and Economic 
Development 

 

Xianyang is located in the Guanzhong Plain in the 
hinterland of Shaanxi, has 2350 years of city history, 
is China Grade open city, a national historical and 
cultural city, the first batch of China Excellent 
Tourism City, National Advanced City in spiritual 
civilization. In 2004, it was awarded the first Chinese 
charm of the city. The city has jurisdiction over an 
Xingping City, Qindu, Weicheng two areas, martial 
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arts, Jingyang, Sanyuan ten counties, in 2002 the total 
population of 4.83 million.  

XianYangShi industry are mainly textiles, paper, 
machinery, electricity, coal, chemical industry, 
electronics, etc. In 2003 the city's industrial 
production grew rapidly, the annual industrial output 
value is 46.71 billion yuan, an increase of 17.7 % 
compared to 2002, the industrial economic efficiency 
improved significantly. Urban infrastructure, science 
and technology, education has developed rapidly, the 
city scale expands increasingly. Gross national 
product (GDP) for 2003 is 28.76 billion yuan, built 
area is 90 km2, growing urban functions, rapid 
urbanization process. In urban area in finance, 
insurance, commerce, trade, culture, entertainment, 
hotel, health, sports, radio and television services  
are readily available, and urban facilities are  
fully functional.  
 
 
2.3. Overview of Groundwater Resources  

in Xianyang City 
 

XianYangShi is the third largest city in Shaanxi 
province. In 2003 the municipal district population is 
834000 people, with electronics, textile, chemical, 
electric power and more than a dozen other large 
enterprises, industry and residents rely on 
groundwater. With the development of economy and 
society, the people's quality of life continues to 
improve, demand for water is increasing, causing 
severe groundwater overdraft. 2003 Urban Water 
Conservancy Bureau scope for over-exploitation 
zones were delineated, classified as over-exploitation 
of groundwater in urban areas, groundwater overdraft 
West Oaks area, Feng Dong-exploitation of 
groundwater over-exploitation of the three zones a 
total area 46.7 km2.  

From the current resources development and 
utilization and exploitation in above quota of 
groundwater in the Xianyang downtown, exploitation 
and utilization of groundwater resources should be 
reasonably and scientifically, use water to 
supplement of ground water is an important measure 
to solve the underground water level dropped 
dramatically and prevent the Xianyang urban  
funnel extension.  
 
 
3. Laboratory Simulation of Natural 

Rainfall to Replenish Groundwater 
 
3.1. The Main Technical Parameters  

of Simulated Rainfall 
 

Rainfall is random, its rainfall intensity, rainfall 
duration, times of rainfall, daily rainfall, total rainfall, 
etc. are not the same. In a strict sense, the above 
various factors are random variables, among them, 
rainfall duration, rainfall intensity and rainfall form 
are the main factors. The relationship between 

rainfall intensity and rainfall duration are inseparable, 
both has certain function relation, and the form of 
rainfall has a very big influence on groundwater 
supplement. This paper mainly focuses on the several 
factors of the above.  

1) Rainfall. 
Rainfall refers to the absolute amount of rainfall 

rainfall, i. e. precipitation depth. With H said that the 
unit in mm. Precipitation can also be a volume 
(L/104 m2) on said unit area. The experiment 
indicates rainfall with rainfall volume per unit area.  

2) The rainfall duration. 
Refers to the period of continuous rainfall, can 

refer to a rain all rainfall time, can also refer to the 
individual. With t said to min or h. This experiment 
adopted rainfall the 10, 15, 20, 25, 30 min four times.  

3) The rainfall intensity. 
The rainfall intensity refers to a continuous 

rainfall period, the average rainfall per unit of time, 
the average rainfall depth with i said.  

 

min)/(mm
t

H
i =  

 
Commonly used in engineering, per unit time per 

unit area rainfall volume q (L/s. 104 m2). Conversion 
relationship between q and i are as follows: 

 

i
i

q 167
601000

100010000 =
×

×= , 

 
where q is the rainfall intensity (L/s. 104 m2); 167 is 
the conversion factor. 

The experimental set 0.35 mm/min (rain), 
0.5 mm/min (small to moderate), 1.0 mm/mim (rain) 
three rain intensity.  
 
 
3.2. Experiment 
 

Being set in XianYangShi meteorological and 
hydrological data parameters, through the laboratory 
simulation rainfall observation, at the same time 
combining grey system theory analysis, studied the 
groundwater recharge and explored the rain on the 
influence factors of groundwater recharge. Finally 
using the grey system theory to the experimental data 
for correlation analysis, establishing the model of 
GM (1, 2), under the condition of ensuring the rain 
can replenish groundwater, explore hard cover and 
not covered in the urban planning (permeable) the 
best proportion of provide theoretical reference for 
city planning and the rain infiltration scheme.  
 
 
3.2.1. Experimental Factors and 

Experimental Conditions 
 

The purpose of this experiment is to observe the 
affection of rainfall on groundwater recharge by 
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experimental observations, specifically refers to 
through the simulated rainfall experiment measure 
affection of the change of water seepage area on rain 
water recharge of groundwater, the area of rainwater 
seepage of groundwater recharge, subjects were 
compacted loess. This experiment mainly consider 
the following factors: one is the rainfall duration, the 
different rainfall duration can be determined through 
the experiment on the influence of the groundwater 
recharge; Second is rainfall intensity, through the 
rainfall intensity change, seeking the rain penetration 
curve change rule. The regulations on the weather: 
rainfall within 24 hours termed daily rainfall, rainfall 
said in 24 hours every day under 10 mm rainfall 
called light rain, 10.0~24.9 mm to moderate rain, 
25.0~49.9 mm for the heavy rain, the rain is 
50.0~50.0 mm, torrential rain is 100.0~100.0 mm, 
more than 250.0 mm are called the rainstorm. 
According to the characteristics of the experimental 
model, combining with the actual situation to 
establish corresponding experimental conditions are 
as follows: One, considering a rainfall duration of 
10 min, 15 min, 20 min, 25 min, 30 min; Second, the 
rainfall intensity was 0.35 mm/min (rain), 
0.5 mm/min (small to moderate rain), 1.0 mm/min 
(rain) respectively, and combining with the 
accumulation of different rainfall duration consider 
different rainfall. The initial moisture content of the 
soil of experiments is extremely difficult to precisely 
control, so the initial soil water content by the 
experimental design to control moisture, but when 
filling the water content measured as the standard. 
When you need to do a parallel experiment, the 
preparation increases, paying attention to protect the 
remaining moisture content of soil and being 
corrected before the parallel experiments.  
 
 
3.2.2. Experimental Equipment 
 

The whole experiment system includes two parts: 
rainfall simulator (including water supply system) 
and the state of nature soil simulation model. 
Combined needle rainfall simulation device: The 
device consists of needle-type rainfall, a peristaltic 
pump, water pipes, hob and pressure control valves 
and other several parts. Needle tube rainfall is the 
main component of the rainfall simulation device, 
made of organic glass, floor size is 28.0×42.0 cm2, 
the base plate is equipped with 162 # 7 medical 
stainless steel needle on the bottom plate, pitch  
is 3.0 cm, as is shown in Fig. 2. Rainfall intensity can 
be adjusted through the valve of a pipe and  
the pump.  

Compared with other types of precipitation (such 
as side spray type, mutual spray type). The needle 
type rainfall instrument has the following advantages. 
First, constant-voltage peristaltic pump make the 
water pressure stable in the process of rainfall, so 
rainfall intensity is easy to control; Second, the 
rainfall uniform performance is good; Third, it can 
achieve uniform rainfall in a small area, which cannot 

be achieved by now commonly used side spray type, 
the spray type or swing type simulated rainfall 
instrument; Fourth, according to the different 
requirements of the experiment, the length and the 
with of rainfall zone can be changed by a 
combination of stitching or clogging too long and too 
wide part, so it has greater flexibility.  

Natural state soil simulation models: The 
simulator is made by organic glass, length is 300 mm, 
width is 300 mm and height is 200 mm. The soil 
samples were crushed and sieved experiments, 
loading into the device, so that the density of the soil 
is close to the actual state of the field.  

Soil samples taken from the nursery, Shaanxi 
University of Science and Technology, with a ring 
knife collecting surface without disturbing the soil. 
Due to limited laboratory conditions, soil used in this 
experiment was collected from 0-30 cm deep topsoil. 
In the determined sampling point, first, with a small 
shovel to remove surface soil about 3 mm, then tilt 
downward to cut sheet soil (see Fig. 2). The soil 
samples of different sampling points were 
concentrated and evenly mixed together, bagging by 
the requirement for use.  
 
 

 
 

Fig. 2. The structural sketch of needle rainfall device. 
 
 

 
 

Fig. 3. Soil sampling. 
 
 

Technical conditions: prevent evaporation – 
sealing the top of the plastic film for reducing or 
preventing evaporation. And in the process of the 
experiment temperature should be prevented from 
changing drastically to reduce the impact.  
 
 
3.2.3. Experimental Steps 
 

Complete rainfall device installation and debug, 
then begin each session. The experiment flow chart 
shown in Fig. 4. 
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Fig. 4. The flow of experiment. 
 
 

In Fig. 4: 1 – into the sink; 2 – peristaltic pump;  
3 – Pipeline valves; 4 – rainfall device; 5 – exhaust 
valve; 6 – syringe needles; 7 – the natural state of the 
soil simulation models. 

The basic steps are as follows: 
a) Determination of bulk density of soil sample.  
Capacity of soil is also bulk density of soil, which 

is refers to the dry weight per unit volume of soil 
under natural condition, usually expressed in g/cm3. 
In addition to calculate the total soil porosity givers, 
soil bulk density can be used to estimate soil 
tightness and structural condition.  

Its principle is: with a certain volume of steel ring 
knife, cut the natural state of soil, soil is just full of 
ring knife volume, then weighed and calculated dry 
weight per unit volume of soil based on soil moisture 
that is naturally soil bulk density. Steps are  
as follows: 

1) Weigh ring knife indoors and weighs 2400 g, 
its volume is 100 cm3.  

2) Bring the ring knife to the field and sample. 
Before sampling, soil surface of the sampling points 
should be leveled, the ring knife should be buried 
into the soil smoothly without swing. when the soil 
column emerge the upper ring knife, using a shovel 
dig surrounding soil, removing the ring knife filled 
with soil, and wiping outside the earth ring of knife, 
back to the room immediately weighed 2553 g.  

3) In close to the cutting ring, sampling 10-15 g 
soil and putting into the aluminum tape to measure 
moisture content soil samples indoors, measured the 
moisture content of soil samples was 7.30 %.  

b) Adjust rainfall means using a peristaltic pump 
and pipeline valves control the  
rainfall intensity, so as to achieve planned  
rainfall intensity.  

According to the characteristics of the 
experimental model, combined with the actual 
situation of rainfall intensity by 0.35 mm/min (rain), 
0.5 mm/min (small to moderate), 1.0 mm/min (rain) 
were considered.  

c) Experiment according to the plan  
rainfall duration  

Rainfall duration were considered 10 min, 15 min, 
20 min, 25 min, 30 min.  

d) To determine the experiment index 

1) The determination of wetting front. The 
determination of wetting front are measured by using 
the range of 1 m, the measurement accuracy of 1 mm 
steel rule according to the coordinates.  

2) Determination of water content. This 
experiment measure soil water content by drying 
method, also called weight measurement, which soil 
samples placed in 105 0C  ± 2 0C oven drying to 
constant weight and all the water (including water 
absorption) contained in it can be evaporated in order 
to calculate demand. At this temperature, the 
decomposition of organic matter in general is not a 
large number of loss affect the determination result.  

e) Complete the experiment and prepare the next 
experiment. 
 
 
3.3. Experimental Results and Data Analysis 
 

Xianyang is located in the inland, and belongs to 
the semi-arid continental monsoon climate, rainfall is 
usually small to moderate rain. The rainfall intensity 
of this article is 0.5 mm/min, and analyze the 
penetration according to different hard cover and not 
covered (permeable) proportion. The following 
penetration curves are observed in one hour after the 
rain stopped, if the rain stops long time before 
observation, infiltration curve is more smooth, the 
effect of supplement will be better.  

1) Proportion of hard cover and not cover 
(available water seepage) is 8:1. 

The penetration curve of different rainfall 
duration as follows. Rainfall intensity is 0.5 mm/min 
(small to moderate rain)  curve shown in Fig. 5: 
 
 

 
 

Fig. 5. The infiltration curve after raining 10 min. 
 

 
 

Permeability curve above is observed after the 
rain stopped an hour, if the time of observation is 
longer and permeability curve will be more smooth. 
When the hard cover and not cover (available water 
seepage) ratio is 8:1, Wetting front (after 
precipitation passing rustic interface into the soil 
soon form a nearly saturated soil surface area, the 
contact area between saturated zone and the subsoil 
called wetting front) of the down speed is relatively 
slow, after 20 min beginning the emergence of local 
runoff, after 30 min a hard cover has been basically 
following the invasion wet, in this case, surface 
runoff runoff coefficient is relatively large, that will 
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result in forming a small rainfall runoff in the rainy 
season. At present the main purpose of urban 
drainage system design is that as long as there is 
surface runoff on the road, it will be drained away 
through the drainage system and prevent surface 
water as far as possible, which leads to groundwater 
of impervious surface without supplement for a long 
time. If in urban planning, the ratio of hard cover and 
uncovered part is so large, it is easy to form the road 
surface runoff, are bound to increase the burden on 
urban drainage systems, while during the rainy 
season rainwater can seep into the ground, the total 
rainfall proportion will be greatly reduced, so that the 
ground can not be an effective complement. The 
above analysis shows that this situation is difficult to 
adopt in urban planning.  

2) Proportion of hard cover and not cover 
(available water seepage) is 8:2. 

Rainfall intensity is 0.5 mm/min (small to 
moderate rain) curve shown in Fig. 6:. 
 
 

 
 

Fig. 6. The infiltration curve after raining 10 min. 
 

 
 

Observing the ratio of hard cover and uncovered 
(permeable) on the penetration curve after the rain 
stopped an hour, we observe that wetting front down 
speed is faster than 8:1, local runoff appears after 
25 min, but surface runoff pooled time obviously is 
longer than the ratio of hard cover and not cover is 
8:1. From the experimental phenomena can be 
learned, the hard cover is invaded wet after 20 min, 
hard cover may have observed the penetration depth 
after 25 min. But in this case, due to the early rains 
locally generated surface runoff, groundwater can not 
be adequately supplemented, the prevention of 
ground funnel and improvement of groundwater level 
is not very satisfactory, in urban planning it is not 
easy to adopt. The main idea of using rainwater is 
that through surface topography changes and changes 
in the way infiltration capacity to change the 
distribution of rainfall changes in the earth's surface, 
extend the collection of surface runoff time,  
and ultimately achieve the purpose of  
rainwater utilization.  

3) Proportion of hard cover and not cover 
(available water seepage) is 8:4. 

Rainfall intensity is 0.5 mm/min (small to 
moderate rain) curve shown in Fig. 7. 

 
 

Fig. 7. The infiltration curve after raining 10 min. 
 
 
The penetration curve is also observed after the 

rain stopped an hour. When the proportion of hard 
cover and not cover (available water seepage) is 8:4, 
the precipitation enter into the soil through the rustic 
interface and soon form a region close to saturation in 
the soil surface. Due to the effect of water suction, 
water diffuses through the wetting front, as rainfall 
infiltration continues constantly, wetting front move 
down continuously, wetting front directly with the 
surface boundary layer formed a relative uniform 
moisture content extension layer.  

4) Proportion of hard cover and not cover 
(available water seepage) is 8:5.5 

Rainfall intensity is 0.5 mm/min (small to 
moderate rain) curve shown in Fig. 8. 
 
 

 
 

Fig. 8. The infiltration curve after raining 10 min. 
 
 

From penetration curve that was observed after 
rain stopped an hour and ratio of hard cover and the 
uncovered (permeable) is 8:5.5, we can observe that 
the wetting front down speed is significantly faster 
than the ratio was 8:4, and permeability curve is 
relatively smooth. In the same rainfall duration and 
observation time there was basic no runoff, after 
10 min soil below hard cover was basic wet, and 
penetration depth can be clearly observed, in this case, 
rain replenish groundwater more fully, which 
preventing the funnel and enhancing the groundwater 
level is ideal.  

5) Proportion of hard cover and not cover 
(available water seepage) is 8:7. 

Rainfall intensity is 0.5 mm/min (small to 
moderate rain) curve shown in Fig. 9. 

The penetration curve is also observed after the 
rain stopped an hour. When the proportion of hard 
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cover and not cover (available water seepage) is 8:7, 
Wetting front moves down fast and fronts is smooth. 
Before the surface began to form water, the wetting 
front migration velocity is related to rainfall intensity, 
but after forming water, wetting front movement 
speed is related to water content profile and has 
nothing to do with the rainfall intensity. Within the 
given time duration and observation there is basically 
no runoff, after 10 min hard cover is basically wet 
and has the depth of penetration. This situation is 
very good for the rain added to groundwater, but in 
city planning hard cover and not cover ratio is not so 
big, this requires the permeable layer of large area, in 
the real world for land-scarce city is not very realistic. 
Taking into account the urban land use requirements, 
we believe that this situation exists only in some 
areas of the city, without extensive research 
significance.  
 
 

 
 

Fig. 9. The infiltration curve after raining 10 min. 
 
 

4. Conclusion 
 

1) By means of combining the experiment of 
laboratory simulation rainfall observation and 
theoretical analysis study groundwater recharge. 
Using grey correlation analysis get the proportion of 
not covered (available water seepage) and hard cover, 
rainfall duration and depth of penetration of the 
correlation coefficient, their value are respectively 

6915.001 =r , 5524.002 =r , 0201 rr > . Whereby 

the main factors influencing the rainwater infiltration 
depth is the proportion of the hard cover and not 
covered (water seepage section).  

2) The experiment mainly consider the following 
factors: one is the rainfall duration, measuring 
influence different rainfall duration have on the 
influence of the groundwater recharge through the 
experiment; Second, rainfall intensity, seeking 
change rule of the rain penetration curve through the 
rainfall intensity changes.  

3) Under different rainfall intensity, establishing 
the mathematical model of a penetration depth with 

the proportion of hard cover and not cover (available 
water seepage): 

 

11
1

5987.15063.1 RH
dt

dH =+  (0.35 mm/min) 

11
1

8511.32260.4 RH
dt

dH =+  (0.5 mm/min) 

11
1

9395.71842.9 RH
dt

dH =+  (1.0 mm/min) 

 
where R is the hard cover and not cover (available 
water seepage) ratio; 
H is the depth of penetration (mm); 

4) The use of gray system theory to establish the 
GM (1, 2) model predicted value and the original 
value has a high correlation.  
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