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Abstract：Reinforcing the earth dam in the zone near the crest using geo-grid is a seismic engineering measure suggested by many 

researchers. However, there lacks systematic experimental study on the effectiveness of this method. Therefore, this study aims to explore 

the effect of geo-grid reinforcement on the seismic response of earth dams. A series of dynamic centrifuge tests was performed using the 

horizontal-vertical shaker. The experimental results demonstrate that the geo-grid reinforcement method has minor influence on the rough 

distribution of the upstream-downstream acceleration coefficient in the cross-section of the dam. The rough distribution suggests that the 

upstream-downstream seismic response at a height in the slope is stronger than that at the same height in the axis of the dam. Moreover, 

due to the enhancement of the soil stiffness using geo-grid reinforcement, the dam crest zone exhibits stronger seismic response in both 

upstream-downstream and vertical directions. 

Keywords： Earth dam, Seismic response, Centrifuge tests, Horizontal-vertical shaker, Geo-grid reinforcement 

1 Introduction 

Reinforcing the earth dam in the zone near the crest is a seismic engineering measure suggested by many 

researchers (e.g., [1-2]; and see the reviews by [3] and [4]). Due to ease of construction of geo-grid, geo-grid has 

been applied in reinforcing earth dams (e.g., Ma 2007). The effectiveness of using reinforcing the earth dam as a 

seismic measure has been studied using numerical methods (e.g., [3][5]). However, there lacks systematic 

experimental study on the effect of reinforcement on the seismic response of earth dams.  

This study aims to investigate the effect of geo-grid reinforcement on the seismic response of earth dams. A series 

of centrifuge dynamic tests was performed using the IWHR (China Institute of Water Resources and Hydropower 

Research) horizontal-vertical shaker. The preliminary results of those tests are reported in this paper. 

2 Experimental details 

Two dynamic tests were performed on a geo-grid reinforced earth dam and a non-reinforced earth dam models. 

The two soil models were bu

mm in length, width, and height. Fig. 1 shows the setup of the geo-grid reinforced earth dam model. Note that the 

dimensions presented in Fig. 1 are in model scale. At a 40g gravitational acceleration field, the models simulated 

a prototype earth dam of 7.8 m in height and 32.3 m in width founded on rock. The geo-grid reinforcement was 

simulated by placing three layers of window screens in the zone close to the dam crest with a spacing of 15 mm. 

The total height of the reinforced area was 45 mm. The non-reinforced earth dam model had the same setup with 

the geo-grid reinforced dam model except that no window screens were placed in the dam. 

In order to measure the accelerations in the dam, accelerometers (Model# 3225F1, Dytran Instruments, Inc., 

Chatsworth, California, USA) were installed along the axis of the cross section and along the upstream slope. The 

photos of these accelerometers were shown in Fig. 2. As shown in Fig. 1, the last letter of the mark of the 

accelerometer demonstrates the direction of the motions which the accelerometer monitor. For example, “A1x” 

and “A2y” respectively measure the accelerations in the upstream-downstream and vertical directions. 

 



 

Figure 1. Setup of the geo-grid reinforced earth dam model (unit: mm). Dimensions are in model scale. 

 

Figure 2. Photos of the accelerometer (Model# 3225F1). 

For each test, after completing preparation of the centrifuge model, the model container was transferred to the 

table of the IWHR centrifuge horizontal-vertical shaker (Model R500B, Anco Engineers, Inc., Boulder, Colorado, 

USA), which was installed on one of the centrifuge arms. Fig. 3 gives a photo of the shaker, details of which can 

be found in [6]. Afterwards, the model was subjected to a 40g acceleration field. After that, both models were 

subjected to the same input motion. Note that a pair of accelerometers were mounted on the shaking table to 

measure the upstream-downstream and vertical accelerations of the shaking table. During shaking, measurements 

form the accelerometers on the shaking table and in the dam were recorded every 0.2 ms. 
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Figure 3. A photo of the IWHR centrifuge horizontal-vertical shaker. 

3 Results and analysis 

To verify that the two dams were subjected to similar ground motions, the measurements from the accelerometers on 

the shaking table are firstly compared. After that, to understand the influence of geo-grid reinforcement on the rough 

distribution of upstream-downstream acceleration amplification coefficient in the cross-section, the distributions of the 

two dams were presented. At last, the seismic responses in the dam crest zone of the two dams are compared. Note that 

the response records are presented in prototype units in the following discussion. 

3.1 Comparison of the ground motion 

Fig. 4 presents the comparison of the acceleration time histories of the ground motion of the non-reinforced dam and 

that of the geo-grid reinforced dam. Fig. 5 shows the comparison of the Fourier spectra of the ground motion of the 

two dams. Even though the waveforms of the ground motions of the two dams are not identical, they are quite similar 

in the time domain (Fig. 4) and agrees well in the frequency domain (Fig. 5) in both upstream-downstream and vertical 

directions. This ensures that the seismic responses of the two dams are comparable. 

 

Figure 4. Comparison of the acceleration time histories of the ground motion of the non-reinforced dam and that 

of the geo-grid reinforced dam: (a) upstream-downstream direction; (b) vertical direction. 
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Figure 5. Comparison of the Fourier spectra of the ground motion of the non-reinforced dam and that of the geo-

grid reinforced dam: (a) upstream-downstream direction; (b) vertical direction. 

3.2 Distribution in the cross-section 

A rough distribution of the upstream-downstream acceleration amplification coefficient in the cross-section can be 

shown by the comparison of the coefficients in the axis and in the slope in the same height. Figs. 6a and 6b respectively 

show the upstream-downstream acceleration amplification coefficients in the slope and axis of the cross-section of the 

non-reinforced earth dam and geo-grid reinforced earth dam. Note that the height of the accelerometers, y, is normalized 

by the total height of the dam H. The acceleration amplification coefficient at a specific position is the ratio of the peak 

acceleration at that position over the peak ground acceleration. Both figures indicate that the coefficient at a height in 

the slope is larger than that at the same height in the axis. This indicates that both dams exhibit similar rough distribution 

in the cross-section. This demonstrates that the geo-grid reinforcement has minor effect on the rough distribution of 

upstream-downstream acceleration amplification coefficient in the cross-section. 



 

 

Figure 6. Distributions of the upstream-downstream acceleration amplification coefficient in the cross-section of the 

(a) non-reinforced earth dam and (b) geo-grid reinforced earth dam. 

3.3 Comparison of the seismic response in the dam crest zone 



Fig.7 shows a comparison of the distribution of the upstream-downstream acceleration amplification coefficient along 

the axis of cross-section and along the slope of the two dams. Fig. 8 gives a similar comparison of the distribution of 

the vertical acceleration amplification coefficient. As shown in Figs. 7 and 8, compared with the non-reinforced earth 

dam, the geo-grid reinforced dam exhibits larger acceleration amplification coefficient in both the upstream-

downstream and vertical directions in the zone close to the crest. This is due to the fact that the geo-grid reinforcement 

increases the stiffness of the soil in the dam crest zone, and then larger acceleration amplification coefficient can be 

observed in the zone.  

The experimental results are consistent with the results of 2D finite element method (FEM) simulations on dams 

reinforced using steel bars by [3]. Based on the simulation results on [3], the relatively large acceleration amplification 

coefficient is accompanied by relatively small permanent settlement in the dam. This suggests that the reinforcement 

reduces the risks of subsidence and cracking of dams subjected to an earthquake shaking. 

 

Figure 7. Comparison of the distribution of the upstream-downstream acceleration amplification coefficient (a) along 

the axis of cross-section and (b) along the slope of the two dams. 

 

Figure 8. Comparison of the distribution of the vertical acceleration amplification coefficient (a) along the axis of cross-

section and (b) along the slope of the two dams. 

4 Concluding remarks 



This study aims to explore the effect of geo-grid reinforcement on the seismic response of earth dams. To reach those 

aims, a series of dynamic centrifuge tests was performed using the IWHR centrifuge horizontal-vertical shaker. The 

ground motions of the two dam models were carefully compared to verify that the ground motions of the two dam 

models are similar. The salient findings in the study are summarized as follows. 

The geo-grid reinforcement at the zone close to the crest has minor influence on the rough distribution of the upstream-

downstream acceleration coefficient in the cross-section. The similar distribution suggests that the associated seismic 

response at a height in the slope is stronger than that at the same height in the axis of the dam. 

The geo-grid reinforcement at the zone close to the crest increases the seismic response in both the upstream-

downstream direction and vertical direction in the reinforcement zone. This is due to the enhancement in the stiffness 

by reinforcing the dam crest zone using geo-grid. 
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加筋土石坝地震响应的离心模型试验研究 
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摘要 

坝顶加筋是众多学者推荐的一项工程抗震措施。目前，对这一措施的

抗震效果的系统试验研究较少，因此，探究土工格栅加固对土石坝地

震响应的影响是十分必要的。本文利用水平向-垂向双向离心机振动

台，开展了一系列动力离心模型试验。试验结果表明加筋坝体和不加

筋坝体在地震作用中表现出相似的动力响应分布形式，即同一高程

处，坝坡的动力响应强于坝轴线处的动力响应。另外，由于布置土工

格栅加强了坝顶区域的土体刚度，较之不加筋坝体，加筋坝体在坝顶

区域表现出较强的顺河向和垂向动力响应。 
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An improved hybrid data-driven model and its application in daily 

rainfall-runoff simulation 
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Nanjing 210098, China； 4. Department of Civil Engineering and Environmental Science, University of Oklahoma, Norman, OK, United States) 

Abstract： In previous literatures, a coupled data-driven rainfall-runoff (RR) model, NU-PEK, has been proposed and successfully 

applied in hourly RR simulation task. However, numerical experiments show that its performance for daily RR simulation is 

unsatisfactory. It is noticed that the poor performance is due to the inability of the original model to capture the much higher non-linear 

characteristics contained in the daily data. In order to improve the non-linearity simulation capability of the original model, an improved 

model named NU-PKEK and its calibration methodology are developed in this paper. The improved model is constituted by adding a K-

means clustering module and utilizing multiple NU-PEK modules instead of using only one NU-PEK model. This study applies the 

improved model, the Xinanjiang model, and the original model for daily RR simulation in Chengcun catchment for intercomparison and 

verification. The simulation results prove that the NU-PKEK performs best, and has better simulation and forecasting capability. 

Keywords： Hydrological forecasting; Rainfall-runoff simulation; Data-driven model; NU-PKEK; Xinanjiang model 

1 Introduction 

Data-driven hydrological models have been proved to be effective, simple, and concise methods in recent years 

(Piotrowski et al., 2013). They have been used widely in hydrological forecasting, water resources management, 

and environmental simulation (Shouke et al., 2012; Mohammad et al., 2013; Vahid et al., 2013). Applications 

indicate that the data-driven model is an effective and robust method for the RR simulation and forecasting on 

the up-dating mode, which can forecast discharge one-time-step ahead. On the other hand, multi-time-step 

simulation is also studied by some hydrologists (Li et al., 2014; Kan et al., 2015). 

The recently proposed NU-PEK model (Kan et al., 2015) aims at the implementation of non-updating RR 

simulation with higher accuracy and better stability than traditional conceptual models such as the Xinanjiang 

and the IHACRES models. Nevertheless, numerical experiments show that when applying the NU-PEK model 

for the daily RR simulation tasks, the model performance is degraded. For the purpose of ameliorating the non-

linearity simulation capability of the NU-PEK model and improving model performance in daily RR simulation, 

an improved model named NU-PKEK and its calibration methodology are developed in this paper. The NU-

PKEK model is constituted by adding a K-means clustering module into the original NU-PEK model and 

utilizing multiple NU-PEK modules instead of using only one NU-PEK model. The input vectors are classified 

into several categories by the K-means clustering module to weaken the non-linearity contained in the input 

data. Multiple NU-PEK modules are adopted to simulate their corresponding category of input-output data to 

generate more precisely forecasted results. This study applies the improved model, the Xinanjiang model, and 

the original model for daily RR simulation in Chengcun catchment for the purpose of comparison and 

verification. 

2 Study area and data description 

We carry on the daily rainfall-runoff simulation in Chengcun catchment (290km2), which lies in the Qiantang 

River basin, Anhui province, China. There are ten rainfall gauges located in this area. Observed daily rainfall, 

evaporation, and average discharges range from 1986 to 1994 were utilized as the calibration data, while data 

from 1995 to 1999 were utilized as the validation data. The Thiessen polygon map for the Chengcun catchment 

are shown in Figure 1. 



 

Figure 1. Thiessen polygon map for the Chengcun catchment. 

3 Methodology 

3.1 PKEK approximator 

3.1.1 K-means clustering 

The K-means clustering (Grigorios and Aristidis, 2014; Kapageridis, 2015; Rehab and Mohammed, 2015) is a 

famous and widely used partitioning and clustering method (MATLAB, 2012). The K-means method is usually 

calibrated or trained by the iterative method. 

3.1.2 PEK approximator 

The PEK approximator is a hybrid data-driven model and it can be applied for the simulation of the multi-input 

single-output (MISO) system mapping relationship. Detailed principle of the PEK approximator can be found in 

the corresponding literatures (Kan et al., 2015). 

3.1.3 PKEK approximator 

PKEK approximator is an improved version of the previously proposed PEK approximator. It is combined by 

the PMI (partial mutual information) based IVS (input variable selection) module, the K-means clustering based 

input variable clustering module, and the ENN (ensemble artificial neural network) and KNN (K-nearest 

neighbour) simulation module. The PKEK approximator can be seen as a hybrid approximator that composed 

by a K-means clustering module and multiple PEK modules. The architecture of the PKEK approximator is 

demonstrated in Figure 2. 

The simulation and calibration method of the PKEK approximator is as follows: The input variables are selected 

by the PMI-based separate IVS scheme to generate the selected input vectors. After that, each selected input 

vector is fed into the K-means clustering algorithm to determine which category it belongs to. For each selected 

input vector, we choose a corresponding PEK module to calculate the output. In the PEK module, the output is 

estimated by the ENN, and the output error is estimated by the KNN regression. The final simulated output is 

the sum of the estimated output and output error. The calibration of the PKEK approximator is almost the same 

with the PEK approximator. The difference is that we need to calibrate the K-means clustering before calibrate 

PEK modules by an iterative method (Grigorios and Aristidis, 2014; Kapageridis, 2015; Rehab and Mohammed, 

2015). 



 

Figure 2. The architecture of the PKEK approximator. 

3.2 NU-PKEK module 

3.2.1 Non-updating RR simulation of the NU-PKEK model 

The non-updating modelling approach of the NU-PKEK model is similar to the previously proposed NU-PEK 

model. The difference is the addition of the K-means clustering. The modelling approach of the NU-PKEK 

model is as follows: 
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tX
 denotes the candidate simulated antecedent discharge (SAD) input vector; 
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candidate sliding window cumulative rainfall (SWCR) input vector; 
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the SWCR with sliding window width i; nQ and nP denote the order of the SAD and the SWCR respectively; 

IVSQ_SIM denotes PMI-based IVS for candidate SAD input vector; IVS_SWCR denotes PMI-based IVS for 

candidate SWCR input vector; 
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denotes the simulated output discharge and it is the final prediction of the output discharge; FEBPNN denotes 

the EBPNN discharge estimation; FKNN denotes the KNN discharge error estimation; FK-means denotes the 

K-means clustering. The non-updating simulation procedure of the NU-PKEK model for each flood event is 

almost the same with the NU-PEK model. The difference is that after the PMI-based separate IVS, the K-means 

clustering is executed to classify the input vector and fed it to different PEK module to calculate the forecasted 

discharge value. 

3.2.2 Calibration of the NU-PKEK model 

The calibration of the NU-PKEK model is almost the same with the NU-PEK model. The difference is the 

addition of the calibration of the K-means clustering. The K-means algorithm is calibrated by the iterative 

method and this calibration process is repeated for 100 times with different initial parameters to avoid the local 

minimum issue. The optimal number of classes is determined by the Silhouette value. In this paper, 

approximately 70% of the flood events are utilized to create the calibration data and the remaining events are 

utilized to create the validation data. 

3.3 Xinanjiang model 

The Xinanjiang model (Zhao et al., 1980, 1984, 1992) is a conceptual RR model which has been successfully 

and widely used in China. The flowchart of the Xinanjiang model is demonstrated in Figure 3 (Yao et al., 2009). 

 

Figure 3. Xinanjiang model flow chart (Yao et al., 2009). 

4 Results and discussion 

4.1 Calibration of the NU-PKEK and NU-PEK models 

4.1.1 Input variable selection 

Considered that we are studying the daily simulation, we set the order of SWCR and SAD (i.e. nP and nQ) 

equal to 10, and 10 is large enough and rational for daily RR simulations. This means that the rainfall will 

becomes runoff with a lag at most 10 days. After the IVS we have found that the lag time of most selected 

SADs are less than 10. Therefore, this result conform that the order of 10 is large enough to describe the 

mapping relationship between the daily rainfall and runoff data of the Chengcun catchment. 



4.1.2 K-means clustering module 

We use the Silhouette value to determine the optimal cluster number. The Silhouette refers to a method of 

interpretation and validation of consistency with clusters of data. The technique provides a succinct graphical 

representation of how well each object lies within its cluster (Rousseeuw, 1987). The classification results of the 

K-means clustering algorithm is shown in Figure 4. Figure 4 (A) demonstrates the relationship between the 

cluster number and the Silhouette value. It can be seen from the figure, when we dividing the input samples into 

3 clusters, the Silhouette value reaches the maximum value. Therefore, we divide the input sample into 3 

clusters. Figure 4 (B) shows the Silhouette value distribution when the input samples are divided into 3 clusters. 

We can see that the Silhouette value distributes evenly and the clustering results is rational good and acceptable. 

 

Figure 4. The classification results of the K-means clustering algorithm. (A) Relationship between the cluster 

number and the Silhouette value; (B) The Silhouette value distribution when the samples are divided into 3 

clusters. 

4.1.3 The PEK module 

The PEK module is calibrated by a NSGA-II, Levenberg-Marquardt (LM), and leave-one-out cross-validation 

coupled method. The arithmetic parameters of the NSGA-II algorithm are set as: population size pop=90, 

evolution generation total number gen=1000, crossover probability pc=0.85, and mutation probability pm=0.15. 

The arithmetic parameters of the LM method are set as follows: minimum performance gradient min_grad=1-

10, initial mu=0.001, mu decrease factor mu_dec=0.1, mu increase factor mu_inc=10, and maximum mu 

mu_max=110. The lower and upper boundaries of K for the KNN algorithm are set to 1 and 300. 



 

Figure 5. The optimized Pareto first front of the ENN. (A) The first cluster for the NU-PKEK model; (B) The 

second cluster for the NU-PKEK model; (C) The third cluster for the NU-PKEK model; (D) The NU-PEK 

model. 

The optimized Pareto first front of the ENNs for the NU-PKEK and NU-PEK models are shown in Figure 5. 

Because we divide the input samples into 3 clusters, we construct three PEK modules for the NU-PKEK model. 

Figure 5 (A), (B), and (C) demonstrate the Pareto first front for the first, second, and third cluster. Figure 5 (D) 

demonstrates the Pareto first front for the NU-PEK model. The objective function used for the NSGA-II 

algorithm is mean squared error (MSE), mean squared value of the network parameters (MS), and hidden layer 

neuron number. As we can see, all of the four Pareto fronts distribute evenly which means that the optimization 

results is reasonable. It can be seen that the configuration of the Pareto fronts in (D) seems like a combination of 

Pareto fronts in (A), (B), and (C). This fact implies that the improved model ((A) + (B) + (C)) contains the 

simulation capability of the original model (only (D)) and can simulate more precisely by utilizing three Pareto 

fronts. 

4.2 Calibration of the Xinanjiang model 

The Xinanjiang model parameters are optimized by the SCE-UA (Duan et al., 1992, 1993, 1994) method. The 

algorithmic parameters are set as: p (number of complexes)=15, maxn (maximum number of objective function 

evaluations)=100000, kstop (number of shuffling loops in which the objective function must improve by the 

specified percentage pcento)=10, pcento (percentage by which the objective function must change in the specified 

number of shuffling loops kstop)=0.1, and peps (minimum parameter space allowed)=0.001, respectively. 

4.3 Model performance comparison 



We use the scatter plots of the observed and simulated discharges and the regression R values to inspect the overall 

performance of the three models (see Figure 6). 

 

Figure 6. The scatter plots of the observed and simulated discharges and the regression R values: (A) NU-

PKEK model, (B) Xinanjiang model, (C) NU-PEK model. 

As demonstrated in Figure 6, as for the calibration period, the NU-PKEK model obtains the best result (R = 

0.9634), the NU-PEK model obtains the moderate result (R = 0.9539), and the Xinanjiang model obtains the worst 

result (R = 0.9197). It can be noticed that the data scatters of the NU-PKEK model intensively lie close to the 45 

degree line. The distribution of the data scatters of the NU-PKEK model is relatively more uniform for small, 

middle, and large discharge values. These results indicate that the NU-PKEK model generates the best result and 

obtains the most stable performance in the calibration period. 

As for the validation period, the NU-PKEK model obtains the best result (R = 0.9296), the Xinanjiang model 

obtains the moderate result (R = 0.9169), and the NU-PEK model obtains the worst result (R = 0.8912). As 

demonstrated in the Figure 6, the data scatters of the NU-PKEK model distributed normally around the 45 degree 

line. This result indicates that the simulation results of the NU-PKEK model do not have bias to be larger or 



smaller and shows a very stable property. However, the simulated discharges of the Xinanjiang model is smaller 

than the observed values, while the simulated discharges of the NU-PEK model is larger than the observed values. 

This phenomenon becomes more obvious especially for large discharge values. 

After analyzing the accuracy in calibration and validation period, the accuracy declination is also compared. The 

Xinanjiang model obtains the best accuracy declination value (0.9169/0.9197 = 0.9970), the NU-PKEK model 

obtains the moderate accuracy declination value (0.9296/0.9634 = 0.9649), and the NU-PEK model obtains the 

worst accuracy declination value (0.8912/0.9539 = 0.9343). The results show that although the NU-PKEK model 

obtains worse accuracy declination value than the Xinanjiang model, it outperforms the original NU-PEK model 

and generates better forecasted results. 

The analysis of the three models shows that the NU-PKEK model can generate better overall results than the 

original NU-PEK model and the Xinanjiang model. Especially for peak values, the NU-PKEK model is much 

better than other two models. The comparison results indicate that the NU-PKEK model outperforms other models 

in Chengcun catchment and prove its satisfactory accuracy and stability. 

5 Conclusions 

An improved hybrid data-driven model, named NU-PKEK, is proposed in this paper to overcome the 

disadvantages of the previously proposed NU-PEK model in daily RR simulation. For the purpose of comparing 

performances of different models, the NU-PKEK, Xinanjiang, and NU-PEK models are applied to daily RR 

simulation in Chengcun catchment. It can be remarked that the NU-PKEK model is able to simulate generally 

much better runoff hydrograph than other models. From the application and analysis of the NU-PKEK model, we 

can conclude that: 

(1) The NU-PKEK model have all the advantages of the previously proposed NU-PEK model, including better 

calibration and validation non-updating simulation accuracy, automatic calibration without much impact from 

human experiences, good compromise between the sufficiency and parsimony of the input data, and good 

compromise between the simulation accuracy and topology complexity, and so on. 

(2) Compared with the original NU-PEK model, the performance of the NU-PKEK model becomes much better 

for the daily RR simulation. The improvement in the goodness-of-fit to the observed discharge of the NU-PKEK 

model is owed to the addition of the K-means clustering method combined with the utilization of multiple PEK 

modules. With the clustering method and multiple PEK modules, the NU-PKEK model can simulate the 

characteristics of the RR relationship much precisely and it’s forecasting capability and stability becomes better. 
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摘要 

耦合数据驱动降雨-径流 NU-PEK 模型已广泛应用于场次洪水模

拟，取得了良好的效果。但数值实验表明，该模型难于准确捕捉

日水文气象资料中蕴含的高度非线性关系，在日降雨-径流模拟

中精度有所下降。为了改进 NU-PEK 模型在日降雨-径流模拟中

的预报能力和可靠度，本文提出了一种改进的 NU-PKEK 模型及

其参数优选方法。改进的模型由 K 均值聚类模块与集成多 NU-

PEK 模块耦合而成。将改进的 NU-PKEK 模型、新安江模型和

NU-PEK 模型应用于呈村流域日降雨-径流模拟中进行比较与验

证。模拟结果显示，改进的 NU-PKEK 模型性能最优，具有更好

的模拟和预报能力。 

 

关键词:水文预报、降雨-径流模拟、数据驱动模型、NU-PKEK、

新安江模型 
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ABSTRACT:Based on the Shali River comprehensive improvement project in Inner Mongolia as an example, the article compares the 

advantages and disadvantages of the commonly used low head dam like plate sluice, rubber dam, flap gates, steel gate driving by bottom 

shaft, rubber dam with hydraulic elevator dam—the newly developed moveable dam in the last several years. The principle structural of 

the hydraulic elevator dam combines the mechanics of hydraulic structures for dump truck with the buttress of the dams, which means the 

dam gate is lift up or drop down by the hydraulic bars standing at the back of the gate. For high latitudes rivers locations, the analysis 

shows that the hydraulic elevator dam has the outstanding advantages of saving investment cause of the materials and civil work needed, 

higher capacity for flood discharging since its operation is the fastest in its kind, a superior ability to flush the sand away which could reach 

a thickness of 1.8 m after the raining season, preferable floaters discharge as it can works independently and high resistant to branches and 

debris, among others. To sum up, the hydraulic elevator dam is the most suitable dam for this project with the main purpose is to solve the 

problem of flood control, improve the environment of the river and build up an ecological, beautiful and modern water system in the city. 

Key words: Hydraulic elevator dam; Moveable dam; Dam type selection; Sandy river; River landscape improvement 

1 Introduction of Shali River 

The comprehensive rehabilitation project of Shali River is located in the southwest of Lindong town of Bairin 

Left Banner in Chifeng city in Inner Mongolia in China, is an important branch of Uligmulun River. The project 

will build three barrage which will shape three artificial lakes along Shali River between Lindong Bridge and 

Land Bridge sector (spacing 1.45 km, elevation difference 5 meters) in order to solve the problem of flood control 

of new planning city, improve the environment of the river, and build up an ecological water system for a modern 

city under six aspects: water safety, water environment, water landscape, water culture, water economic, water 

management. 

This river basin is in temperate continental monsoon climate zone with four annual season: windy, dry and large 

temperature difference between day and night in spring; high temperature in wet summer; windy, big frost comes 

early in autumn; severe cold, north wind blows in winter.  

The annual average temperature is 3~6 ℃, the extreme minimum temperature is -40 ℃, and the extreme 

maximum temperature is 42 ℃. Average annual rainfall is 350.00 ~ 400.00mm, seasonal rainfall are significant, 

mainly concentrated from June to August which accounts for about 77% of total annual rainfall, while there is 

less rainfall in winter, about 2.5% of annual precipitation. The flood is 375.00 m3 / s under a flood frequency of 

3.33%, which means, that flood quantity only can be reached 3 years in 100 years.  . 

Shali River passes by dune area since its womb, the whole basin vegetation was destructed due to a serious 

desertification. The maximum sediment concentration is 72.70 kg/m3 according to the hydrological yearbook, although 

it is lack of measurement in many years, specifically when the great flood, so the information about the sedimentation 

peak is almost lack of test. According to the field investigation, Shali River met a flood case in the 90s, after which the 

deposition was extremely serious and the siltation reached about 2.00m from 1 km distance of Land bridge, with actual 

measured flow is 660.00 m3 / s contained sediment. 

The dam site is located in a region with relatively stable tectonic activities and without medium/strong earthquakes in 

recent years. There have no been depredation fractures and baleful geological processes due to the new tectonic 

movement to the rock mass and buildings in the survey area.. 



The 3 barrages located on the same geomorphic unit, and stratal configurations are almost consistent. Site layer is river 

alluviated and alleviated stratum of Holocene and Pleistocene series of Quaternary system, stratum distribution is 

continuous, stable, mainly in sandy soil, silty clay lens exposed partially. The layer mainly consists of medium sand, 

gravel sand and round gravel etc with in large permeability coefficient and all of the layer is media to strong permeable. 

2 Dam type design 

According to the channel renovation planning, the total elevation difference of the three barrages is 5.00 m, and it plans 

to build up 3 barrages 2.00m height each, which is a comprehensive comparison with the height of the embankment. It 

is required three barrages to retaining water in dry season, draining and desilting in flood season, and reduces flood 

discharge adverse effects as much as possible at the same time. 

Uses of conventional fixed weir will decrease the flood discharge and will increase the standards of embankment for 

flood control and sedimentation problems which are difficult to solve. The conventional sluice, like steel arch-gate and 

flat steel gate, may have large discharge capacity, a flexible operation schedule and a flood discharge diversity through 

a gate programmed intervention, but the quantities of metal structure and civil works are larger, it needs the installation 

of alignment equipments and a hoist room above the gates, so the investment is higher, the construction is more 

complex , construction time is longer, the management is difficult , cost of operation and maintenance is higher. Besides, 

it also requires a professional manager to operate and break the ice in winter and disable to drain water floater and it is 

ugly in appearance. Therefore, the design is ruled out for the fixed dam and the conventional flat steel gate.. 

Considering the domestic commonly used and developed types in recent years, the design drawn up four different types: 

rubber dam; flap gate with hydraulic automatic and a control combined motion roller slide rail; steel gate, operated by 

a horizontal axis turning over; and the hydraulic elevator dam. Four kinds of dams have similar layout for retaining 

dam and energy dissipation facilities of downstream, in which rubber dam, steel gate and hydraulic elevator dam are 

equipped with control facilities. 

3 Dam type comparisons 

3.1 Dam type analyses 

According to the preliminary proposed four moveable dam types, combining the meteorology, hydrology and landscape 

planning requirements of Shali River, the article makes a comprehensive comparison analyses among the above 

mentioned four kinds of dam type. 

3.1.1 Rubber dam (RD) 

Advantages: the deflated of the dam bag sticks to the river bed and is resistance for flood. It has a simple structure with 

large span, light weight, good seismic performance and beautiful shape. 

Faults: poor safety and reliability, short service life; a matching construction for the pumping station is required, 

mechanical and electrical equipment, dam bag is easily damaged by floater or sharp objects; difficult to coordinate 

discharging and retaining schedule in flood period, operation and management is difficult since it needs to check with 

frequency the upstream water level to decide filling or deflating the dam bag and it needs professional personnel for 

daily management and for breaking the ice in winter operation. The water inflated dam bag may also be easily damaged 

in frost winter while the air inflated is hard to adjust the height or control discharge and there is an uncertain local scour 

risk in the riverbed by flow concentration.  

3.1.2 Flap gate with the hydraulic automatic control combines a motion roller slide rail (FG) 

Advantages: automatic control gate according to the upstream water level, low cost, simple structure, construction 

period is short, convenient operation and management. 

Faults: blocking the water and yielding to the impact of the huge flood, the shutter doors get stuck and cause a lot of 

water leakage after flooding. 

3.1.3 Steel gate operating by horizontal axis turning over (SG) 

Advantages: beautiful shape, flexible operation, adjustable to the height, nearly no influence on flood discharge 

and navigation.  



Faults: high investment, the mechanical structure is unreasonable for its driving by the bottom shaft torque which 

maybe bending or displacing on large span gate, and difficult to lifting synchronously; The structure is sensitive 

to foundation settlement with serious leakage problems in the bottom of the shaft; huge reliable pump house is 

needed to built up in wide river and has adverse influence on flood discharge. 

3.1.4 Hydraulic elevator dam (HED) 

Advantages: owns the respective advantages of rubber dam and flat gate, and improves the shortcomings, as 

strong and durable as steel gate, low cost, solid and reliable structure, long service life, strong flood discharge 

capability, high degree of automation. 

Faults: regularly anticorrosion for the exposed metal structure, hydraulic bars need factory repairing once oil seal 

is broken, oil leakage happens and may pollute river once the control system is broken. 

 

(1) Rubber dam                                 (2) Flap gate 

 

(3) Steel gate driving by bottom shaft               (4) Hydraulic elevator dam 

Figure 1 Alternative dam types 

3.2 Design Feature Analysis 

The advantages and disadvantages of moveable dams are more obvious, but the above four kinds of dam type can 

still meet the engineering requirement through a reasonable design, the following makes a comparison combined 

with the specific features of Shali River. 

3.2.1 Flood control and water storage  

Shali River is a typical seasonal river with a wide difference of discharge in flood and dry season, so to coordinate 

the flood control and water storage, it requests a barrage which can quickly collapse in flood season and promptly 

lift up for water retaining after it. The flap gate, steel gate and hydraulic elevator dam can satisfy this requirement 

through the engineering setting. The rubber dam needs to analyze the hydrological upstream and downstream data 

to decide the inflation or not and maybe inflate when the flood has not yet passed, having to be deflated again, or 

can also happen that is inflated without any inflow so the artificial lake is lack of water later. 



The hydraulic building should be designed with the less channel section as far as possible for flood discharge. In 

this case the flap gate relatively occupy more river section for flood discharge and the steel gate needs at least 2 

relay control houses (nearly 12 meters) in the river for flood blocking. Therefore, the design of flap gate and steel 

gate must meet certain requirements for the channel width, while hydraulic elevator dam and rubber dam (the 

influence of blocking water by the pier is negligible) are falling to riverbed and nearly does not affect on flood 

discharge. 

Besides, the dam should have the ability to be forced and put down in case of the automatic falls down in order 

to preserve the urban resident life and safety. Rubber dam, steel gate and hydraulic elevator dam all have the 

above mentioned features. 

3.2.2 Sediment 

Sediment concentration is high in Shali River, and there is not much difference in discharging both water and 

sediment in flood season for the four types of dams, but the rubber dam should overcome the wear problem when 

sediment passes by, especially when the bottom trawling passes by at higher velocity in the great floods. 

Four kinds of dams response differently to the sediment deposition after the flood. When sediment deposition is 

thin and relatively loose, the flap gate can normally flush the sand away but once the silting become thicker or 

harden, the gate may not stay up to block the water because the sedimentation cannot be removed and it narrows 

the flow section increasing its velocity. As long as one of the gates cannot get back to blocking state, the artificial 

lake is consequently disabled for water retention.  

Once the thick silt is deposited on the top of the rubber dam bag, it puts forward much higher demands of water 

(air) inflating equipment or needs artificial cleaning, or else dam bag cannot be inflated and lift up normally. Steel 

gate and hydraulic elevator dam’s gate may be forced to lift up through hydraulic devices, and there is no special 

requirement for the hydraulic elevator dam lifting the equipment since it has considered the working condition of 

lifting the dam surface with design water level pass-by in design period. And the gate of HED can be raised or 

lowered respectively to form the concentrated high velocity flow for sediment discharging after the flood. 

3.2.3 Ice 

Despite the freezing has little impacts on water inflated rubber dam by decreasing the internal and external 

pressure ratio in operation in theory, generally, the actual operation is implemented by artificial ice breaking to 

ensure the safety of the rubber dam, and the floating ice also has potential insecurity problems on the dam bag 

(water or air inflated) at the same time. 

Flap gate and steel gate uses vertical structure and is greatly influenced by freezing, and for later third and fourth 

generation of flap gates has adopted the downstream inclined structure and has greatly improved the influence of 

structure by the freeze. 

Hydraulic elevator dam absorbed tilting advantages of flap gate, its downward sloping is about 15 °, the ice is not 

likely to cause damage to the structure in winter in north of China. 

3.2.4 Floater 

Although the management department may clean the regular floaters elements around the artificial lake in urban 

areas, the flap gate may get stuck and have difficulties to turn up or down because of them (especially the 

branches), and if there is no compulsory operation facilities, it is likely a threat for flood safety; Floater (especially 

sharp objects) can impale or damage dam bag. 

All of the above mentioned potential will not happen to steel gate or hydraulic elevator dam, and hydraulic 

elevator dam can easily discharge the floaters with the minimum water loss. 

3.2.5 Other factors 

From the point of engineering investment, the total investment for the movable dams are almost the same except 

for the steel gate, and save a lot money compared to conventional sluice; however from the point of the flood 



discharge and dissipation of energy, rubber dam, steel gate and hydraulic elevator dam are better than the flap 

gate. 

According to the operation and management functions, the cost of flap gate is the most optimal being the hydraulic 

elevator dam in second position; Stability regarding, conventional sluice gate and hydraulic elevator dam are the 

most optimal, flap gate has poor stability, and steel gate is most sensitive to the sand layer.  

Therefore, hydraulic elevator dam has the advantage of saving investment, good flood discharge effect, a superior 

ability to flushing out the sediments and is easier to assemble with automatic control system which make it more 

suitable for the channel and has the feature of suitability for water shortage, serious freezing and sediment. Shali 

River comprehensive renovation engineering project determined to adopt hydraulic elevator dam as a barrage.  

4 Hydraulic elevator dam 

Hydraulic elevator dam is successfully applied in sandy and high latitude river-Shali River. As the technology is 

newly developed and promoted for the dams in the recent five years in China, the following article will give a 

detail introduction on both, working principle and features, of the new structure for the related target. 

4.1 Introduction of Hydraulic Elevator Dam 

The basic operation principle of hydraulic elevator dam is that it combines the dump truck mechanics principle 

with hydraulic structure of buttress dam to retain or discharge water. 

The structure of hydraulic elevator dam is composed by an arc (or flat) dam surface, hydraulic bars, fixed 

supporting bars, embedded parts, water stop, oil pipes and hydraulic pump station.  The hydraulic elevator dam 

adopts hydraulic bars to operate the dam gate which rotates along the bottom shaft in order to lift up for retaining 

water and dropping down for discharging flood.  

The fixed support bar stand up on the back of the dam gate to form a stable buttress dam once the dam gate reaches 

the design height. The two main hydraulic cylinders cooperate with another two auxiliary hydraulic cylinders 

under the fixed bars to realize the lifting and dropping activities exchange of the dam gate. The hydraulic elevator 

dam can easily be designed with different control system like buoy control, PLC button control, or computer 

remote control. 

The dam has a scientific mechanical structure, not influenced by the flood, beautiful dam shape, not effect by 

sediment siltation and floater; lifting up or dropping down fast and do not affect the security in flood control; solid 

and reliable structure, strong flood shock resistance ability. It is fully considered the defect of traditional moveable 

dam; it operates without blocking flood as rubber dam clings to the riverbed; it works in a similar fashion to a 

flap gate in automatically dropping down for flood discharge or lifting up for blocking water, and it is as durable 

as conventional sluices and as beautiful as steel gate. 

4.2 Characteristics of Hydraulic Elevator Dam 

4.2.1 Low cost 

The dam gate can be made of reinforced concrete or galvanized steel sheet, the minimum width of concrete bed 

parallel to the flow direction should be only the same to the height of dam gate, and the control system requires a 

much smaller house compared to the water inflated rubber dam, therefore, total investment (civil work included) 

is lower. 

4.2.2 Stable structure performance 

When the dam gate stands up, two hydraulic or fixed bars form two triangles supporting a statically indeterminate 

structure and the scientific mechanical structure shows a strong ability for the impact of flood water. Taking the 

hydraulic elevator dam built in Suizhong County as an example, the overflow is nearly 1 m higher than the design 

level caused by bad management and the influence of typhoon Damrey in 4th Aug. 2012, the gates are almost all 

in good condition except the retaining wall.   

4.2.3 High flood discharge capacity 



The dam gate is only about 20 cm higher than the concrete bed for Shali River project and there are not piers or 

control houses in the river to realize a similar flood discharge effect as rubber dam. Flood discharge and sand 

flushing, floater effect is good due to the material of the dam gate, and it may not damage the structure even in 

catastrophic floods. 

4.2.4 Superior sand/debris flushing ability 

After rainy season there maybe thick sand or gravel on the top of the dam gate, and it can be lifted up easily with 

hydraulic bars. And if there is any debris in the upstream, the gate can operate for removing it. There was nearly 

1.8 m thick sand on the top of dam gate after the big flood of Shali River in July 2012, and the gate also could be 

lifted up since the hydraulic bar tried to lift up and drop down for several times and the gate rotated slightly to 

make the covered sand come loose so the water flushed the sand easily. 

4.2.5 Automation 

The whole structure is compatible with all kind of automations control measures like PLC control system, remote 

computer control or automatically dropping when water level comes to the warning level to achieve the convenient 

unattended management. 

4.2.6 Maintenance management 

Main parts are durable and easily replaced due to the factory assembly, so the maintenance and management cost 

are less. But it needs regularly antirust maintenance, hydraulic system and repairing maintenance once the 

hydraulic cylinder works unstable provoking leaking.  

4.2.7 Beautiful dam shape 

Dam gate may have arch, flat or other shapes, and also can be painted in different color, text and logos. Dam 

height can adjust at will. As long as the easily control of hydraulic system, the upstream floater like garbage, 

branches, can easily flush out to make the river clear. The dam shapes a beautiful waterfall landscape and water 

gallery scenes for visitors once the inflow is enough. 
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摘要 

Abstract: Based on the Shali River comprehensive improvement project in 

Inner Mongolia as an example, the article compares the advantages and 

disadvantages of the commonly used low head dam like plate sluice, rubber 

dam, flap gates, steel gate driving by bottom shaft, rubber dam with 

hydraulic elevator dam—the newly developed moveable dam in the last 

several years. The principle structural of the hydraulic elevator dam 

combines the mechanics of hydraulic structures for dump truck with the 

buttress of the dams, which means the dam gate is lift up or drop down by 

the hydraulic bars standing at the back of the gate.  

For high latitudes rivers locations, the analysis shows that the hydraulic 

elevator dam has the outstanding advantages of saving investment cause of 

the materials and civil work needed, higher capacity for flood discharging 

since its operation is the fastest in its kind, a superior ability to flush the 

sand away which could reach a thickness of 1.8 m after the raining season, 

preferable floaters discharge as it can works independently and high 

resistant to branches and debris, among others. To sum up, the hydraulic 

elevator dam is the most suitable dam for this project with the main purpose 

is to solve the problem of flood control, improve the environment of the 

river and build up an ecological, beautiful and modern water system in the 

city. 
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Abstract：Both drip system uniformity and spatial variability in soil are important factors affecting deep percolation and nitrate leaching. 

The effects of the two factors on deep percolation and nitrate leaching for a typical irrigation quota of maize were assessed using a water 

and solute transport model HYDRUS-2D. The evaluation on the influence of the variability in soil on nitrate leaching using a global 

analysis approach demonstrated that the spatial variabilities of saturated hydraulic conductivity, saturated water content, and initial water 

and nitrate contents in soil imposed significant effects on nitrate leaching. Deep percolation and nitrate leaching were then simulated under 

five Christiansen uniformity coefficients (CU) of 50%, 60%, 70%, 80%, and 95% under different variabilities of the four soil properties 

mentioned above. The results indicated that nitrate leaching decreased slightly with increase in CU while it increased considerably with 

spatial variability of soil properties. For a typical irrigation event of maize, the nitrate nitrogen (NO3-N) leaching rate decreased from 2.0 

to 1.1 kg ha-1 and from 6.2 to 5.5 kg ha-1 as CU increased from 60% to 95% for an assumed homogeneous field and a field having medium 

variability, respectively. A considerable increase of NO3-N leaching rate was observed as the system uniformity decreased from 60% to 

50% although the effect of system uniformity on nitrate leaching was damped by the spatial variability in soil. Drip irrigation system 

uniformities as low as 60%, which are lower than the current standards, might be used without negatively affecting nitrate leaching. 

Key words: Deep percolation, Microirrigation, Nitrogen loss, Simulation, Uniformity. 

1. Introduction 

Excessive application and unreasonable management of nitrogen (N) in intensive agriculture have led to nitrate 

pollution of groundwater and surface waters in many regions around the world (Diez et al., 1997; Zhu and Chen, 

2002; Gheysari et al., 2009). Improved management of water and N are urgently needed for high crop yield with 

minimal water quality deterioration. Drip irrigation has been recognized as a widely accepted efficient irrigation 

method to improve water and N use efficiency and minimize the nitrate leaching due to its advantages of precise 

application in amount and at location through the field (Bar-Yosef, 1999). Nevertheless, the potential risk of 

nutrient leaching beyond the root zone is still a concern associated with drip irrigation (Gärdenäs et al., 2005; 

Rajput and Patel, 2006; Doltra and Muñoz, 2010).  

Drip system uniformity is an important parameter in the design, maintenance, and management of drip irrigation 

systems (Barragan et al., 2006). A more uniform distribution of water and nutrients in the soil and less nitrate 

leaching would probably be observed with a high level of uniformity. However, the initial installation and 

maintenance costs of systems are usually high at high uniformity values (Wilde et al., 2009). Hence an optimal 

design and evaluation standard of drip system uniformity is a necessity for the rapid development of the drip 

irrigation. Chinese National Standard SL 103-1995 (1995) suggests a design Christiansen uniformity coefficient 

(CU) of greater than 80%. ASAE Standard EP405.1 (2003) recommends a design emission uniformity (EU) of 

70%–95% depending on the source (point or line source), crop, emitter spacing, and field slope. During the past 

several decades, there has been considerable interest in studying the effect of system uniformity on crop yield. 

Several researchers reported that the effect of system uniformity on crop yield was not as important as expected 

(Stern and Bresler, 1983; Mateos et al., 1997; Bordovsky and Porter, 2008; Wang et al., 2014a). The insignificant 

effect of system uniformity on crop yield was attributed to the improvement of the uniformity of the water in soil 

produced by a non-uniform water application due to redistribution of water and nutrients in soil, accumulated 

irrigation water received, uniform natural precipitation, and the development of the plant roots (Perrens, 1984; Li 

and Kawano, 1996; Li et al., 2005). An encouraging conclusion obtained was that a uniformity that is lower than 
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the values recommended by current standards may be used. However, it remains unclear whether the drip system 

uniformity lower than the recommended values produce significant nitrate leaching.  

Soil hydraulic properties might be additional factors that affect deep percolation and nitrate leaching in drip-

irrigated field. Cote et al. (2003) reported that the leaching most probably occurred in a coarse-textured soil under 

subsurface drip irrigation and the differences in soil hydraulic properties should be considered when an irrigation 

and fertigation management strategy was designed. Using the HYDRUS-2D software, Gärdenäs et al. (2005) and 

Ajdary et al. (2007) simulated the effects of fertigation strategies that were defined as the application order of 

fertilizer solution and fresh water as well as the respective application duration to the total irrigation duration 

ratios and soil types on nitrate leaching. Both studies demonstrated that the effects of soil type on nitrate leaching 

were more important than fertigation strategy. Nevertheless, the spatial variability of soil properties, which have 

proved to be a common natural phenomenon in the field (Russo, 1984; Lei et al., 1988), was not considered in the 

aforementioned studies. Russo (1984) evaluated the effect of spatial variability of the soil transport properties on 

salinity management and control in agricultural fields and concluded that the amount of water required for 

leaching could be reduced by 38% when the soil spatial variability was considered comparing when the field 

which was considered as homogeneous. Hu et al. (2005) evaluated the effect of spatial variability of the soil 

saturated hydraulic conductivity (Ks) on nitrate leaching and found that the risk of nitrate leaching was always 

obscured when the soil spatial variability was ignored. The abovementioned studies have confirmed the important 

effect of soil spatial variability on nitrate leaching. Moreover, there exists an additional spatial variability of water 

applied in a drip irrigation field that was caused by manufacturing variability of emitters, emitter clogging, and 

hydraulic loss. It is of great interest to study the interactive effects of soil spatial variability and drip system 

uniformity on nitrate leaching, which will be helpful for developing water and N management practices. 

Direct measurements of simultaneous migration of water and N under drip fertigation at a field scale are labor 

intensive, time consuming, and expensive. Simulation models were thus adopted widely by researchers to assess 

the effects of design and management parameters on nitrate leaching (Pang and Letey, 1998). HYDRUS-2D has 

been extensively used for evaluating the effects of soil hydraulic properties and drip irrigation management on 

water and N transport (Šimůnek et al., 2008). This model was therefore selected for the present study to simulate 

the nitrate leaching under varying drip system uniformities and spatial variabilities.  

Sensitivity analysis is an efficient method to evaluate the variation of model output to different sources of variation 

(Crosetto and Tarantola, 2001; Saltelli et al., 2005). A combination of local and global sensitivity analyses are 

advantageous because the former examines the local derivatives of a model output to one single input factor which 

generally deviated up to 10-20% away from a given value while the latter examines the global response of the 

model output to input factors varying within their entire domains. The realistic and comprehensive view of the 

model behavior provided by global sensitivity analysis makes it feasible to identify the relative importance of the 

varying soil properties on nitrate leaching at a field scale. The objective of the present study was to investigate 

the interactive effects of drip irrigation system uniformity and soil spatial variability on nitrate leaching through 

simulation at a field scale using a water and solute transport model HYDRUS-2D. 

2. Model Description 

HYDRUS-2D package was developed by Šimůnek et al. (2008) to simulate the two or three-dimensional flow of 

soil water, heat, solute, and root water and nutrient uptake based on finite-element numerical solutions of flow 

equations. In the present study, this model was applied for the simulation of deep percolation and nitrate leaching 

under varying system uniformities and soil spatial variabilities. The domain geometry used to characterize a 

typical maize field in which two rows of maize (with a row spacing of 50 cm) were irrigated with one dripline is 

illustrated in fig. 1. The domain geometry was defined as 150 cm deep and 50 cm wide with a dripline on the 

upper left corner and a plant of maize in the middle of the domain surface (fig. 1). The dripline was considered as 

a line source because a relatively small emitter spacing (40 cm) along the dripline was assumed. The movement 

of water and N was thus simulated in a two-dimensional vertical plane as performed by Skaggs et al. (2004). The 

water and N transport in the domain were simulated during a typical irrigation quota of maize that was set as 25 

mm based on the field experimental studies conducted in the North China Plain in 2011 and 2012 (Wang et al., 



2014a). The discharge rate of the non-pressure compensating drip emitter was set equal to 1.65 L h-1. In the present 

study, NO3-N was selected as the N source and applied at a rate of 37.5 kg ha-1 which approximated the 

conventional N usage for a typical fertigation event of maize (Wang et al., 2014a). For properly designed and 

managed drip irrigation systems, water percolation and nitrate leaching most likely occurred immediately 

following the cease of an irrigation/fertigation event even if no rainfall occurs (Lamm et al., 2007; Wang et al., 

2014c). A simulation duration of four days (96 h), which was considered covering possibly occurring deep 

percolations for a typical irrigation event (Wang et al., 2014c), was therefore selected in this study. The HYDRUS-

2D simulations were carried out on hourly basis for the typical irrigation event.  

 

Fig. 1. The conceptual geometry, boundary conditions, and normalized root water uptake distribution (b(x1, z1)) used for HYDRUS-2D simulations. The 
geometry covers one half of the area irrigated by one dripline with interval of 100 cm. The dripline is depicted on the upper left corner of the geometry. The 

maize plant is located in the middle of the simulated domain surface. 

2.1. Water Flow and Solute Transport Equations 

The modified form of Richards’ equation is used to describe the two-dimensional soil water movement in the 

model as follows (Šimůnek et al., 2011): 
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where θ is the volumetric water content (L3 L-3); t is the simulating time (T); x is the horizontal coordinate (L); h 

is the soil water pressure head (L); K(h) is the unsaturated hydraulic conductivity (L T-1); z is the vertical 

coordinate taken positive upward (L); and S(x, z, h) is the root water uptake (T-1). The van Genuchten-Mualem 

model of soil hydraulic properties (Mualem, 1976; van Genuchten, 1980) was selected in the numerical 

simulations: 
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where θr and θs are the residual and saturated water contents (L3 L-3), respectively; Ks is the saturated hydraulic 

conductivity (L T-1); Se is the effective water saturation (dimensionless); α (L-1), n, and m (both dimensionless) are 

empirical shape parameters where m=1-(1/n). The root water uptake sink term S(x, z, h) was determined by Feddes et 

al. (1978) equation: 
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where  is the soil water stress response function (dimensionless) that prescribes the reduction in water uptake 

due to drought stress; b(x1, z1) is the normalized root water uptake distribution (L-2); W is the width of the soil surface 

associated with the atmospheric boundary (L); Tp is the potential transpiration rate (L T-1). The  was obtained 

from the HYDRUS-2D database for maize (Šimůnek et al., 2011). As most of the maize root was concentrated in 0-60 

cm layer of the soil (Zhou et al., 2008; Gheysari et al. 2009), the depth of the root zone we set as 70 cm in this study. 

The b(x1, z1) was prescribed using a root distribution function proposed by Vrugt et al. (2001): 
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where x1m is the maximum rooting length in horizontal direction, set equal to 25 cm with an assumption that the roots 

distributed in the width of the domain; z1m is the maximum rooting depth in vertical direction, being equal to the depth 

of the root zone (70 cm); x1
* and z1

* are parameters that describe the location of maximum water uptake occurred in 

horizontal and vertical directions, set equal to 0 and 10 cm according to the root distribution (Zhou et al., 2008), 

respectively. The px and pz are the empirical parameters that describe nonsymmetrical root geometries in horizontal and 

vertical directions, both were set to 1.0 (Vrugt et al., 2001) to represent a symmetrical root that was considered in this 

study. The variation of b(x1, z1) in the simulation domain is illustrated in fig. 1. 

The modified advection-dispersion form is used to describe the two-dimensional transport of NO3-N in HYDRUS-

2D (Šimůnek et al., 2011): 
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where c is the NO3-N concentration of in soil solution (M L-3); qx and qz are the components of the volumetric flux 

density (L T-1); Dxx, Dzz, and Dxz are the components of the dispersion tensor (L2 T-1); Sc is sink term, which generally 

includes the local passive NO3-N uptake, mineralization, microbial immobilization, and denitrification (M L-3 T-1). In 

the present study, the mineralization, microbial immobilization, and denitrification of N during a typical irrigation event 

were ignored because of its relatively short period. The Sc was thus calculated by: 

( , , )c sS c S x z h                                                          (8) 

where cs is the NO3-N concentration taken up by plant roots (M L-3); S(x, z, h) is the root water uptake (T-1). The solute 

transport parameters including longitudinal dispersivity (DL, L), transversal dispersivity (DT, L), molecular diffusion 

(DW, L2 T-1) were determined according to the values reported in the literature (Gärdenäs et al., 2005, Ajdary et al., 

2007). In the present study, the DL, DT, and DW were set equal to 20 cm, 2 cm (one-tenth of the DL), and 0.06 cm2 h-1, 

respectively. 

2.2. Initial and Boundary Conditions 

The initial water and NO3-N contents in different soil layers within the flow domain were assumed to be uniform 

in the horizontal direction. In the vertical direction, the initial soil water content was assumed to increase linearly 
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with depth while the initial NO3-N content was assumed to decrease linearly with depth. The initial soil water and 

NO3-N contents in the simulated domain were defined as:  
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where θ0 and c0 are the initial soil water content (L3 L-3) and NO3-N concentration (M L-3) at the surface layer (z=150 

cm), respectively; k1 and k2 are the gradient of soil water content and NO3-N concentration along the vertical direction, 

respectively, which were set equal to 0.0002 and -0.0002 in the present study according to the results of a field test 

(Wang et al., 2014b).  

To account the emitter discharge during the irrigation, a constant width of saturation zone, which were determined 

as 20 cm according to the field observation (Wang et al., 2014b), was prescribed as the entrance of the water and 

solute during the irrigation. The constant flux ( ( )t , cm h−1) in the saturation zone (W) during an irrigation event 

was defined as:  
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where Q(t) is the discharge rate of an individual emitter (L3 T-1); Le is the emitter spacing along the dripline (L). During 

the no irrigation period, the saturation surface zone was treated as atmospheric condition. 

The potential evapotranspiration rate ETp (L T-1) was partitioned into an evaporation component Ep (L T-1) and a 

root water uptake component Tp (L T-1):  

exp( )p p p PE ET T ET LAI                                                           (11) 

where η is the fixed light extinction coefficient that was equal to 0.65 for maize according to Allen et al. (1964); LAI 

is the leaf area index (L2 L-2). For a typical irrigation at filling stage of maize, ETp and LAI were set equal to 0.0166 

cm h-1 and 3 cm2 cm-2, respectively, according to the field measurements (Wang et al., 2014a). 

The bottom boundary was considered as free drainage boundary while the water table was assumed to be situated 

far below the simulation domain. No flux boundary was considered through the vertical sides of the domain. 

3. Sensitivity Analysis and Simulation Approaches 

3.1. Sensitivity Analysis Methods 

3.1.1. Local Sensitivity Analysis 

Local sensitivity analysis is the most frequent sensitivity analysis method used for quantifying the importance of 

an input parameter while it could indicate how fast the output increases or decreases locally around given values 

of the parameter (Saltelli et al., 2005). In the present study, a local sensitivity analysis was conducted to investigate 

the effect of an individual soil parameter on deep percolation and NO3-N leaching. Local sensitivity analysis is 

based on the local derivatives of a model output with respect to a single input factor (Crosetto and Tarantola, 

2001). The relative deviation R (%) was used to illustrate the relative importance of the model parameters: 
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where O is the output of model simulation; F1, F2, Fk, and Fm are the input variables; 
kF  and O  are the absolute 

variations of the Fk input and the output, respectively. In the present study, the soil hydraulic properties of θr, θs, α, n, 

and Ks and the initial soil water content (θ0) and NO3-N concentration of the solute (c0) were selected in the local 

sensitivity analysis. A typical silt loam soil with 12.5% clay, 62.5% silt, and 25% sand (Shirazi and Boersma, 1984) 

was used and the bulk density of the soil was assumed to be 1.4 g cm-3. The soil hydraulic parameters including θr, θs, 

α, n, and Ks were then estimated by the Rosetta program (Schaap et al., 2001). The value of θ0 was set equal to 0.21 

cm3 cm-3 and c0 was set equal to 0.12 mg cm-3 (Li et al., 2008). During the sensitivity analysis, each parameter was 



varied by ±5% or ±10% sequentially while the other parameters were remained constant. Simulations were conducted 

using the soil property groups with the constructed soil water and solute transport model. The deep percolation and 

nitrate leaching below the root zone depth of 70 cm for each simulation was calculated on the basis of the water and N 

balance results. The relative deviation was then calculated using the equation (12). 

3.1.2. Global Sensitivity Analysis 

Since the effect of uncertainty of parameters on model outputs could not be quantified in the local sensitivity 

analysis (Saltelli et al., 2005), a global sensitivity analysis was conducted to investigate the effects of varying 

input parameters and their interactions on nitrate leaching. Extended Fourier amplitude sensitivity test (EFAST), 

proposed by Saltelli et al. (1999), has the combined advantages of the Fourier amplitude sensitivity test (FAST) 

and the Sobol method (Saltelli et al., 2005). The method was based on the variance of the model. For a given 

input factor Xi, the sensitivity index represents its fractional contribution to the variance of the model output due 

to Xi. In order to calculate the sensitivity indices, the total variance V of the model output is apportioned to all the 

input factors Xi as (Saltelli et al., 1999): 
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where Vi represents the variance aroused by the variation of the Xi; Vij represents the joint effect of the pair (Xi, Xj) on 

model output variance; Vijm represents the joint effect of the parameter group (Xi, Xj, and Xm) on model output variance;. 

The first order sensitivity index Si and the second order index Sij may be calculated as: 

Si=Vi/V                                                                                         

(14) 

Sij=Vij/V                                                                                        

(15) 

where Si represents the main effect contribution of each input parameter on the output variance; Sij represents the 

interaction contribution of (Xi, Xj) on the output variance. The total effect sensitivity index of Xi (STi) was then calculated 

as (Saltelli et al., 1999): 

. 12T i i ij ijm i kS S S S S                                                             (16) 

The estimation of the pair (Si, STi) is important to appreciate the difference between the impact of factor Xi alone 

on the model output and the overall impact of the factor Xi through interactions with the others on the model 

output.  

A soil having medium spatial variability of particle size components was selected in the global sensitivity analysis. 

In order to obtain a realistic group of soil hydraulic parameters including θr, θs, α, n, and Ks, the statistical 

characteristics of the clay and sand fractions and soil bulk density were firstly determined according to literatures 

(table 1) (Lei et al., 1988; Jury and Horton, 2004; Wang, 2014). Then, 1000 groups of soil particle size 

distributions (fractions of clay, silt, and sand) and bulk densities were generated by the Monte Carlo method (Pei 

and Wang, 1998) with the assumption that the distribution of fractions of clay and sand and soil bulk density 

could be represented by normal distribution functions (Li et al., 2008). Similarly, the soil hydraulic parameters of 

θr, θs, α, n, and Ks were estimated by the Rosetta program (Schaap et al., 2001) and are presented in table 2. The 

Kolomogorov-Smirnov test (SPSS, 2007) showed the distributions of the parameters indicated in the table 2 could 

be represented by a normal or log-normal distribution. The initial soil water content and NO3-N concentrations 

similar to local sensitivity analysis were used. Different coefficient of variation (CV) of θ0 and CV of c0 were set 

as the CV of NO3-N was generally much larger than the water content (table 2) (Jury and Horton, 2004; Li et al., 

2008). 

 

 



Table 1. The statistical characteristics of the clay and sand fractions and soil bulk density.  

Soil property Mean SD Min Max CV (-) Distribution type 

Clay (%) 12.5 2.5 0 25 0.2 N 

Sand (%) 25 5 0 50 0.2 N 
Soil bulk density (g cm-3) 1.4 0.14 1.1 1.7 0.1 N 

SD represents standard deviation; CV (dimensionless) represents coefficient of variation; N represents normal 

distribution. 

Table 2. The statistical characteristics of the soil properties including θr, θs, α, n, Ks, initial soil water content (θ0), and NO3-N concentration (c0) of the 
surface soil. 

Soil property Mean SD Min Max CV (-) Distribution type 

θr (cm3 cm-3) 0.055 0.006 0.041 0.073 0.116 N 
θs (cm3 cm-3) 0.393 0.028 0.334 0.485 0.078 N 

α 0.006 0.001 0.004 0.009 0.186 N 
n 1.657 0.051 1.465 1.750 0.031 N 

Ks (cm h-1) 1.375 0.760 0.222 4.224 0.553 LN 

θ0 (cm3 cm-3) 0.21 0.042 0.10 0.30 0.20 N 

c0 (mg cm-3) 0.12 0.048 0.06 0.30 0.40 N 

SD represents standard deviation; CV (dimensionless) represents coefficient of variation; N and LN represent normal 

and log-normal distribution, respectively.  

A total of 791 groups of soil properties including θr, θs, α, n, Ks, θ0, and c0 were generated using the EFAST 

method (Saltelli et al., 2005) with the statistical characteristics of soil properties listed in table 2. Then, 791 

simulations were conducted using the generated soil properties with a Matlab program (Version 7.0.0, MathWorks 

Inc.) for calling the HYDRUS-2D model. The deep percolation and nitrate leaching for each simulation was also 

calculated using Matlab programs developed. Finally, the first order and total effect sensitivity indexes of Xi were 

determined using the EFAST method (Saltelli et al., 2005). 

3.2. Consideration of Drip System Uniformity and Soil Spatial Variability 

After the quantification of the relative importance of parameters from sensitivity analyses, simulations were 

conducted using the constructed model to evaluate the effects of drip system uniformity and the spatial 

variabilities of soil properties selected on deep percolation and NO3-N leaching. Christiansen uniformity 

coefficient (CU) (Christiansen, 1941) was used to quantify the uniformity of the emitter discharge rate: 
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where xi is emitter discharge rate (L h-1); x is the mean of ix (L h-1); and N is the number of emitters. Five designed 

CU levels of 50% (CU-50%), 60% (CU-60%), 70% (CU-70%), 80% (CU-80%), and 95% (CU-95%) were considered. 

For each uniformity value, a field with equal length of 30 m driplines (75 emitters in each dripline) installed was 

simulated. A similar average emitter discharge rate of 1.65 L h-1 was assumed for the five drip system uniformities to 

obtain an equal irrigation duration. For simplicity, each dripline was divided into 25 segments, each having three 

emitters with a similar discharge rate. For each treatment, 25 different average discharge rates for the 25 segments were 

generated by the Monte Carlo method (Pei and Wang, 1998) with the assumption that the distribution of emitter 

discharge rates within a unit could be represented by a normal distribution function (Nakayama et al., 1979). The 

variation of the average emitter discharge rate for each segment along a dripline used in the simulation for the five 

uniformities evaluated is illustrated in fig. 2. Since the discharge rates of non-pressure compensating emitters decreased 

gradually from the inlet to the end of the dripline as affected by hydraulic loss and the increasing tendency of emitter 

clogging with increased distance from the inlet (Lamm et al., 2007), the exchange of water and solute between the 

adjacent segments was assumed to be negligible. Although is generally high for well-designed drip irrigation systems, 

subsequent emitter clogging during operation will decrease CU (Talozi and Hills, 2001; Lamm et al., 2007). It is noted 

that emitter discharge values indicated in fig. 2 might not always reflect a practical variation in emitter discharges along 
a lateral since the discharges for unclogged emitters might be overestimated especially when CU = 50%. These patterns 

were intended to be used to assess the influence of CU on nitrate leaching only.  



To address the interaction of drip system uniformity and soil spatial variability on nitrate leaching, simulations 

for the five uniformities were conducted with a homogeneous field and several other fields with different levels 

of spatial variability. According to the results of sensitivity analyses, several parameters with relative high 

important effect on nitrate leaching were selected to define the field spatial variability. Before the simulation, 25 

groups of soil properties were generated by the Monte Carlo method (Pei and Wang, 1998) with the statistical 

characteristics of the soil properties. Then, the 25 groups of soil properties generated were assigned to the 25 drip 

emitter discharge rates along the dripline (fig. 2). The deep percolation and nitrate leaching for the duration of 

simulation (96 h) was simulated for each of the 25 segments with different emitter discharge rates and soil 

properties varying along the dripline. For each dripline, the deep percolation and nitrate leaching for a given 

system uniformity was defined as the average value over all the 25 simulations. In order to avoid the random error 

produced by the generation of the soil properties, the soil properties for each heterogeneous field were generated 

for 100 times. The average deep percolation and NO3-N leaching along a dripline were obtained from the 100 

simulations to evaluate the effects of soil spatial variability and drip system uniformity.  

 

Fig. 2. The variation of average emitter discharge rate for each segment along a dripline for uniformity coefficient of 50% (CU-50%), 60% (CU-60%), 
70% (CU-70%), 80% (CU-80%), and 95% (CU-95%). 

4. Results and Discussions 

4.1. Local Sensitivity Analysis 

Figure 3 illustrates the relative deviations of the deep percolation and nitrate leaching rates with the variation of 

each parameter. The relative deviation of deep percolation caused by c0 is not illustrated in the figure because the 

deep percolation rate never changes with varying initial NO3-N concentration. The deep percolation rate is more 

sensitive to the parameters of θs, n, and θ0 than to other parameters. The deep percolation rate increased 

considerably with a decreasing θs and an increasing θ0. For instance, the deep percolation rate increased by 55% 

as θs decreased by 10% from the reference value, while it increased by 51% as θ0 increased by 10%. This could 

probably be attributed to the considerable effect of the water storage capacity, which was highly dependent on the 

difference between the saturated water content and initial soil water content, on the deep percolation. The high 

sensitivity of deep percolation to n suggested that the parameter of n was another important factor affecting the 

soil water holding capacity in the van Genuchten-Mualem model. The deep percolation rate generally increased 

linearly with Ks at a relatively small gradient of 0.6. Similarly, the weak effect of Ks on the simulated deep 

percolation, which could probably be attributed to the relatively short simulation term, was also observed in a 

sensitivity analysis of drainage to soil characteristics using HYDRUS-1D (Bah et al., 2009). Weak effects of θr 

and α on deep percolation were also observed in fig. 3. 
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Similarly, the impacts of the parameters of θs, n, and θ0 on NO3-N leaching were greater than other parameters, 

while relatively minor effects were imposed by the parameters of Ks, θr, and α (fig. 3b). Besides, the leaching rate 

is obviously controlled by the initial NO3-N content in soil (c0), increasing linearly with it.  

 

Fig. 3. The relative deviation of deep percolation (a) and nitrate leaching (b) rates with varying soil properties. 

4.2. Global Sensitivity Analysis 

The first order (Si) and total effect (STi) sensitivity indexes for each parameter are illustrated in fig. 4. Deep 

percolation was most susceptible to the initial soil water content θ0 since the STθ0 was as high as 0.86. The 

importance of the initial soil moisture on water cycle in soils was also reported by Merz and Plate (1997) and 

Sheikh et al. (2010). The STθs and STKs were 0.37 and 0.12, respectively, indicating the effects of θs and Ks on deep 

percolation were relatively less than θ0. The parameters θr, α, and n imposed minor effects on deep percolation as 

their total effect indexes were less than 0.1. The results are not fully in accordance with the results of local 

sensitivity analysis. A minor impact of the parameter of n on deep percolation was observed in global sensitivity 

analysis while deep percolation increased considerably with the value of n in the local sensitivity analysis. 

Compared with the local sensitivity analysis, consideration of the field-scale spatial variability of n (CV = 0.031) 

in the global sensitivity analysis, which was relatively lower than other parameters (table 2), could probably 

account for the difference between results of the two sensitivity analysis methods. In contrary, the parameter of 

Ks imposed a considerable effect on deep percolation and nitrate leaching at a field scale with a CV of 0.55 for Ks 

while only a slight increase of NO3-N leaching rate was observed with increasing Ks in the result of the local 
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sensitivity analysis. These results indicated that the relative importance of soil parameters to deep percolation 

might be related to the degree of variability of parameters at a field scale.  

The total effect sensitivity indexes of parameters showed that the sensitivity of NO3-N leaching to soil 

parameters was in the order of θ0 > Ks > c0 > θs (fig. 4b). Small sensitivity indexes were observed for the parameters 

of θr, α, and n. The present results confirmed the necessity of considering the spatial variability of soil parameters 

when hydrological processes were calculated at a field scale which has been reported by several studies (Merz 

and Plate, 1997; Sheikh et al, 2010). The total effect sensitivity indexes of all the four sensitive parameters except 

c0 are generally slightly greater than the first order sensitivity index, indicating limited interactions between 

parameters on NO3-N leaching.  

 

Fig. 4. The first order and total effect sensitivity index of soil property on deep percolation (a) and nitrate leaching (b). 

4.3. Deep Percolation and Nitrate Leaching along a Dripline 

According to the local and global sensitivity analyses, the four most sensitive soil properties: saturated water 

content (θs), saturated hydraulic conductivity (Ks), initial soil water content (θ0), and initial NO3-N concentration 

(c0) at the surface layer, were selected to define the field spatial variability of three fields with different levels of 

spatial variability (S2, S3, and S4). As a control, simulations were also conducted in a homogeneous field (S1). 

The soil hydraulic properties of θr, θs, α, n, Ks of the homogeneous field were taken from a silt loam, which were 

set equal to 0.034 cm3 cm-3, 0.410 cm3 cm-3, 0.0117 cm-1, 1.406, and 1.211 cm h-1, respectively, according to 

Wang et al. (2014b). For the three heterogeneous fields (S2, S3, and S4), the values of θr, α, and n similar to the 

homogeneous field were used. The spatial variability of θs, Ks, θ0, and c0 for the S2, S3, and S4 fields were 

determined according to the measurements at a field scale (Lei et al., 1988; Hu et al., 2005; Li et al., 2008; Wang, 

2014). The statistical characteristics of all the four soil properties are presented in table 3. 
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Variations of the simulated deep percolation and NO3-N leaching along a dripline under five system uniformities 

for the fields with different levels of spatial variabilities are illustrated in fig. 5. Both deep percolation and NO3-

N generally decreased as the distance from the dripline inlet increased, being highly dependent on the variation 

pattern in emitter discharge rates (fig. 2). A great emitter discharge rate tended to result in a large amount of deep 

percolation and NO3-N leaching rate. For instance, the variation in deep percolation and NO3-N leaching rates 

along a dripline in the homogeneous field (S1) decreased greatly as the uniformity increased from 50% to 95%. 

The NO3-N leaching rate decreased from 14.1 kg ha-1 at the beginning of the dripline to 0 kg ha-1 at the end of the 

dripline with a range of 14.1 kg ha-1 for the system uniformity of 50% in a homogeneous field (S1), while a 

considerably small range of 1 kg ha-1 (from 0.7 to 1.7 kg ha-1) was observed for the high uniformity of 95%. These 

results suggested a substantial influence of system uniformity on the variation of deep percolation and NO3-N 

leaching along a dripline. Great concern should be paid on the high deep percolation and NO3-N leaching rates at 

the first half of dripline with extremely low system uniformities (e.g., 50% and 60%) (fig. 5). 

Table 3. The statistical characteristics of the selected soil properties. 

 Property Mean SD Min Max CV (-) Distribution type 

S1 

θs (cm3 cm-3) 0.410 - - - - - 

Ks (cm h-1) 1.211 - - - - - 
θ0 (cm3 cm-3) 0.210 - - - - - 

c0 (mg NO3-N cm-3) 0.120 - - - - - 

S2 

θs (cm3 cm-3) 0.410 0.021 0.29 0.53 0.05 N 

Ks (cm h-1) 1.211 0.061 0.10 10.0 0.05 LN 
θ0 (cm3 cm-3) 0.210 0.011 0.10 0.30 0.05 N 

c0 (mg NO3-N cm-3) 0.120 0.006 0.06 0.30 0.05 N 

S3 

θs (cm3 cm-3) 0.410 0.041 0.29 0.53 0.10 N 
Ks (cm h-1) 1.211 0.121 0.10 10.0 0.10 LN 

θ0 (cm3 cm-3) 0.210 0.021 0.10 0.30 0.10 N 

c0 (mg NO3-N cm-3) 0.120 0.012 0.06 0.30 0.10 N 

S4 

θs (cm3 cm-3) 0.410 0.082 0.29 0.53 0.20 N 
Ks (cm h-1) 1.211 0.485 0.10 10.0 0.40 LN 

θ0 (cm3 cm-3) 0.210 0.042 0.10 0.30 0.20 N 

c0 (mg NO3-N cm-3) 0.120 0.048 0.06 0.30 0.40 N 

SD represents standard deviation; CV (dimensionless) represents coefficient of variation; N and LN represent normal 

and log-normal distribution, respectively. 

Obvious increases of deep percolation and NO3-N leaching were observed with increasing soil spatial variability 

for a given system uniformity along the dripline. For instance, the NO3-N leaching rates ranged from 0.7 to 1.7 

kg ha-1 along the dripline for the high uniformity of 95% in homogeneous field (S1) while the range expanded to 

4.6 kg ha-1 (from 3.4 to 8.0 kg ha-1) when the soil spatial variability reached medium level (S4). This indicated 

that the spatial variability of soil properties would probably aggravate the risk of deep percolation and NO3-N 

leaching. A similar result was reported by Hu et al. (2005).  

Compared with the variation of NO3-N leaching rates in the homogeneous field, the effects of system uniformity 

on deep percolation and NO3-N leaching were damped by spatial variability. The decreasing tendency of deep 

percolation and NO3-N leaching along the dripline in the field with medium spatial variability (S4) was not 

consistent with that in the homogeneous field. Occasional increase of NO3-N leaching occurred in several 

segments of the dripline with decreasing emitter discharge rates (fig. 5). This result probably indicated that the 

spatial variability of soil would became a dominant factor affecting deep percolation and NO3-N leaching when 

the spatial variability of soil reached a high level. 

4.4. Deep Percolation and Nitrate Leaching in the Field Scale 

The deep percolation and NO3-N leaching rates at a typical irrigation quota of maize under different system 

uniformities and soil spatial variabilities are summarized in table 4. Kernel density estimation, which is a non-

parametric approach to estimate the probability density function of a random variable (Botev et al., 2010), were 

conducted using a Matlab program (Version 7.0.0, MathWorks Inc.) to illustrate the distribution of NO3-N 

leaching rates of the 100 simulations for the soil with varying soil properties (fig. 6). For a homogeneous field 

(S1), the average deep percolation ratios over all the emitters along the dripline were 9.1%, 7.4%, 6.4%, 5.5%, 



and 4.3% for the system uniformity of 50%, 60%, 70%, 80%, and 95%, respectively; and the NO3-N leaching 

ratios were 6.7%, 5.3%, 4.4%, 3.8%, and 2.8%, respectively. Deep percolation and NO3-N leaching occurred even 

in the field with a high system uniformity of 95%. This could probably be attributed to the relatively coarse texture 

of the soil and the redistribution of the irrigation water and fertilizer at the typical irrigation quota (Gärdenäs et 

al., 2005). For a given system uniformity, a slight increase of deep percolation and NO3-N leaching rates were 

observed in the S2 field compared with that in the homogeneous field. This indicated that a relatively low spatial 

variability (the coefficient variation of all the parameters were 0.05) imposed minor effect on deep percolation 

and NO3-N leaching. However, the effect of spatial variability on deep percolation and NO3-N leaching rates 

increased considerably with increasing degree of variability. For example, the average deep percolation and NO3-

N leaching rates over the five system uniformities for the S3 and S4 fields were 3.3 and 6.0 kg ha-1, respectively, 

being 1.9 and 3.5 times of the value for the homogeneous field. Moreover, the probability densities were found 

extremely high around the average NO3-N leaching rates in the heterogeneous field of S2 (fig. 6a) while they 

decreased considerably for the fields of S3 (fig. 6b) and S4 (fig. 6c). This suggested a considerable effect of soil 

spatial variability on nitrate leaching again. 

The NO3-N leaching rate in the homogeneous field increased by 90% and 141% as drip system uniformity 

decreased from 95% (CU-95%, 1.05 kg ha-1) to 60% (CU-60%, 2.00 kg ha-1) and to 50% (CU-50%, 2.53 kg ha-

1), respectively (table 4). For a given system uniformity, however, greater increases of NO3-N leaching with spatial 

variability were found. The leaching rates for the system uniformity of 95% increased by 159% when the soil 

spatial variability changes from homogeneous (S1, 1.05 kg ha-1) to a low spatial variability (S3, 2.72 kg ha-1); and 

a more than fourfold increase was observed when spatial variability reached a medium level (S4, 5.54 kg ha-1). 

These results indicated that soil spatial variability might have more important influence on nitrate leaching than 

the system uniformity. Moreover, the difference among the NO3-N leaching rates of different system uniformities 

decreased with increasing soil spatial variability. For instance, the NO3-N leaching rate increased by 90%, 56%, 

28%, and 12% as the system uniformity decreased from 95% to 60% for the S1, S2, S3, and S4 fields, respectively. 

The NO3-N leaching rates (NL, kg ha-1) were correlated to drip system uniformity (CU, %) and the summation of 

the SCVs of the four soil parameters of θs, Ks, θ0, and c0 (SCV, -) to quantify the relative importance of the two 

factors to nitrate leaching, yielding:  

NL = 3.63 － 0.03CU + 3.69SCV (r2 = 0.98, SE = 0.22)                                       (18) 

where r2 is the determination coefficient and SE (kg ha-1) is the standard error. Eq. (18) was statistically significant 

(F value = 633.1, p = 1.1E－16). The equation indicated that the nitrate leaching rate decreased with the improving 

system uniformity, whereas it increased with the accumulation of the CVs of the parameters. The significance 

levels of the coefficient for CU and SCV showed that the summation of the CVs (p = 3.7 E－17) had a more 

importance influence on nitrate leaching than the system uniformity (p = 6.2 E－8). This result indicated that the 

effect of system uniformity on NO3-N leaching was damped by soil spatial variability. The damped effect of 

system uniformity was also confirmed as the difference of density of NO3-N leaching rates tended to become less 

with increasing soil spatial variability (fig. 6). 

The NO3-N leaching rate increased slightly when the system uniformity decreased from 95% to 80% in either 

homogeneous field (S1, 0.36 kg ha-1) or heterogeneous field with medium spatial variability (S4, 0.17 kg ha-1). 

Similar increases of NO3-N leaching rates were observed while the system uniformity decreased further from 80% 

to 70% and from 70% to 60%. However, a considerable increase occurred when the system uniformity decreased 

from 60% to 50%. For instance, an increase of 0.53 and 0.47 kg ha-1 was detected for the NO3-N leaching rate 

when the system uniformity decreased from 60% to 50% for the S1 and S4 fields, respectively. This indicated 

that the nitrate leaching might increase greatly when the system uniformity decreased further from a relative low 

level of 60%.  

The design and evaluation standards of drip system uniformity were arbitrarily set with a value as high as possible 

(Barragan et al., 2006). However, a high drip system uniformity usually represents a high initial installation cost 

of the system. Moreover, the maintenance of a constructed drip system for a very high uniformity is costly, 

laborious, and time consuming (Lamm et al., 2007). The necessity of maintaining a very high system uniformity 



is becoming questionable as various experimental studies have demonstrated that system uniformity imposed an 

insignificant effect on crop yield (Bordovsky and Porter, 2008; Zhao et al., 2012; Zhang and Li, 2011; Wang et 

al., 2014a). A previous study conducted by Wang et al. (2014b) have suggested the precipitation during the crop 

growing season should be considered when the standard of drip system uniformity is established since the uniform 

rainfall could probably compensate for the negative effects of non-uniformly applied water and fertilizers on crop 

yield. Another experimental study has concluded that the effect of system uniformity on nitrate leaching was not 

as important as expected in the North China Plain (Wang et al. 2014c). The present study indicated that the effect 

of drip system uniformity on nitrate leaching was damped by soil spatial variability. This provided another 

important factor attributing to the insignificant effect of system uniformity on nitrate leaching which was 

demonstrated in a field experiment conducted by Wang et al. (2014c). It is suggested that a drip system uniformity 

that is lower than the values recommended by the current standards might be used, when the potential negative 

effect of non-uniformly applied water and fertilizers on crop germination and yield could be compensated by 

redistribution of water and nutrients in soil, and uniform rainfall. An extremely low drip uniformity of less than 

60% is not recommend due to a risk of considerable increase of nitrate leaching. 

Table 4 The deep percolation and NO3-N leaching rates in a typical irrigation quota of maize under different 

system uniformities and fields with different levels of spatial variability.  

 Drip system 

uniformity CU (%) 

Deep percolation (mm)  NO3-N leaching (kg ha-1) 

 Mean SD Max Min  Mean SD Max Min 

S1 

50 2.28 -- -- --  2.53 -- -- -- 

60 1.86 -- -- --  2.00 -- -- -- 

70 1.61 -- -- --  1.67 -- -- -- 

80 1.39 -- -- --  1.41 -- -- -- 

95 1.07 -- -- --  1.05 -- -- -- 

S2 

50 2.57 0.37 3.41 1.43  2.85 0.44 3.83 1.55 

60 2.14 0.33 2.93 1.12  2.33 0.38 3.25 1.17 

70 1.88 0.28 2.54 1.07  2.01 0.32 2.78 1.09 

80 1.62 0.26 2.32 0.91  1.70 0.29 2.49 0.91 

95 1.45 0.24 2.05 0.85  1.50 0.26 2.19 0.84 

S3 

50 3.53 0.89 6.10 1.93  3.95 1.01 6.95 2.01 

60 3.15 0.83 5.46 1.55  3.47 0.93 6.09 1.57 

70 2.92 0.78 4.93 1.32  3.18 0.86 5.25 1.27 

80 2.68 0.73 4.80 1.18  2.90 0.80 5.23 1.14 

95 2.53 0.69 4.63 0.94  2.72 0.75 4.83 0.97 

S4 

50 5.68 1.91 10.72 1.48  6.70 2.33 12.75 1.45 

60 5.32 1.82 10.53 1.53  6.23 2.21 12.47 1.51 
70 5.12 1.70 10.07 1.47  5.99 2.07 11.68 1.49 

80 4.90 1.67 9.99 1.44  5.71 2.03 11.56 1.37 

95 4.76 1.59 9.74 1.58  5.54 1.96 11.18 1.46 
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Fig. 5. The variations of the deep percolation and NO3-N leaching along a dripline under system uniformity of 50% (CU-50%), 60% (CU-60%), 70% (CU-70%),80% (CU-80%), and 95% (CU-95%) for fields with 

different level of spatial variability.  
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Fig. 6. Kernel density distribution of NO3-N leaching rates of 100 simulations for the soil with varying soil properties.  
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5. Conclusions and Summary 

The effects of drip system uniformity and spatial variability in soil on deep percolation and nitrate leaching for a 

typical irrigation quota of maize were assessed using a water and solute transport model HYDRUS-2D. The 

following conclusions were drawn from the present study: 

(1) The evaluation on the influence of the variability in soil on nitrate leaching by using a global analysis approach 

demonstrated that the spatial variabilities of saturated hydraulic conductivity, saturated water content, and initial 

water and nitrate contents in soil imposed important effects on nitrate leaching.  

(2) The NO3-N leaching decreased slightly with an increasing CU while it increased considerably with increasing 

spatial variability of soil properties. A considerable increase of NO3-N leaching rate was observed as the system 

uniformity decreased from 60% to 50%. Drip irrigation system uniformities as low as 60%, though lower than 

the current standards, may be acceptable in terms of nitrate leaching, but still could have potential negative effects 

of non-uniformly applied water and fertilizers on crop germination.  
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滴灌均匀系数和土壤特性空间变异对农田土壤氮素淋失的模拟研究 

王珍，李久生，栗岩峰 

中国水利水电科学研究院 流域水循环模拟与调控国家重点实验室，北京 100038 

摘要 

滴灌均匀系数和土壤特性空间变异均会对农田尺度水分渗漏和硝

态氮淋失产生影响。本研究利用土壤水氮运移模型 HYDRUS-2D 软件，

研究典型灌水施肥过程中滴灌均匀系数和土壤特性空间变异对农田尺

度水分渗漏和硝态氮淋失的影响。模型参数的全局敏感性分析结果表

明，土壤饱和导水率、饱和含水率及初始土壤含水率及含氮量会对农田

尺度硝态氮淋失产生明显影响。在此基础上，利用模型模拟了 5 种滴灌

均匀系数（克里斯琴森均匀系数 Cu=50%、60%、70%、80%和 95%）系

统在不同变异程度土壤条件下（以敏感参数的变异程度表征）的水氮淋

失特征。结果表明，硝态氮淋失量随滴灌均匀系数的增加而减少，随土

壤特性空间变异程度的增加而增加。典型灌水施肥过程中，当滴灌均匀

系数从 60%增加到 95%时，均质土壤和中等变异程度土壤条件硝态氮淋

失量变化范围分别是 2.0~1.1 kg/hm2 和 6.2~5.5 kg/hm2。土壤特性空间变

异会降低滴灌均匀系数对农田尺度硝态氮淋失的影响，但研究结果仍表

明当滴灌均匀系数从 60%降低到 50%时，硝态氮淋失量有急剧增加趋

势。在半湿润地区将现有滴灌均匀系数标准（Cu≥0.8）降低至 Cu≥0.6 左

右是偏于安全的，不会造成农田尺度硝态氮淋失的急剧增加。 
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关键词文字：深层渗漏，滴灌，氮素淋失，模拟，均匀系数 

 

 

 

王    珍 

报告人即第一作者简介： 

王珍，工程师，2014 年 6 月中

国水科院博士毕业，长期从事

节水灌溉原理与技术方面研

究。目前主持国家自然学基金

青年项目一项，中国水科院青

年专项一项，并参与多项国家

级课题。硕博及工作期间，共计

发表学术论文 22 篇（其中第一

作者 16 篇），其中第一作者发

表 SCI 收录论文 4 篇，EI 收录

论文 6 篇。 

注：论文已发表于 Transactions of the ASABE 期刊  2016 年 59 卷 1 期（279~290 页）。 

  



 

中国水利水电科学研究院  第13届青年学术交流会论文 

 

Correlation Dimension analysis of groundwater dynamics based on the 

Chaos and Fractal theory 

Miaomiao Maa,b*, Gunnar Lischeidb,d, Christoph Merzb,c 

a Research center on Flood & Drought Disaster Reduction of the Ministry of Water Resources, China Institute of Water Resources and 

Hydropower Research (IWHR), Room 713, Building D, No.1 Yuyuantan South Road, Haidian District, 100038Beijng, China 
b Institute of Landscape Hydrology, Leibniz Centre for Agricultural Landscape Research (ZALF), Eberswalder Straße 84, 15374 

Müncheberg, Germany. 
c Institute of Geological Science, Free University Berlin, Germany 
d Department of Earth and Environmental Science, Potsdam University, Germany 
*Corresponding author: Miaomiao Ma 

E-mail address: mamm@iwhr.com 

ABSTRACT:The Correlation Dimension analysis has been widely used on chaos investigation as the development of chaos and fractal 

theory, however, its another important application, which investigates the number of dominant processes underlying the system dynamic, 

has not caused enough attention. One reason is attribute to its own method limitation, such as semi-automatic algorithm and time 

consuming work, subjective judgment of scaling range, noise pollution etc. Another reason is lacking the corresponding method to 

identify the real dominate processes. The Correlation Dimension analysis utilize inherent information of data, can be a promising 

catchments classification method regarding groundwater dynamics. In this study, the Correlation Dimension method is applied to the 

hourly groundwater and lake level data in the biosphere reserve Schorfheide-Chorin region, the Federal State of Brandenburg, Germany. 

The correlation dimension of groundwater level ranged from 0.9 to 5, while lake level performed smaller variations, around 1.57 to 2. 

The correlation dimension values of groundwater level exhibited no correlation with the screening depth of groundwater wells, but 

displayed spatial patterns for confined and unconfined aquifer, respectively. It seems that high correlation dimension values indicate 

partly confined conditions. The results indicate that the Correlation Dimension analysis is a robust quantification method to distinguish 

the confined and unconfined aquifer.  

Keywords: correlation dimension, unconfined aquifer, dominate process, chaos, fractal 

Introduction 

The complex nature of geophysical phenomena has been realized for centuries. They exhibit significant variability 

on temporal and spatial scales and are governed by inherently nonlinear and inter-dependent mechanisms. In order 

to understand and describe complex geophysical phenomena, the “system” concept was introduced. A widely 

accepted classification is that of deterministic systems and stochastic systems. The deterministic supporters argue 

that geophysical phenomena are deterministic in nature. On the other hand, the stochastic supporters argue that 

geophysical phenomena are obviously random in nature due to the highly variable complex nature of geophysical 

phenomena and our limited ability to understand such variations. Indeed, most geophysical phenomena are neither 

steady nor periodic. Some are not as irregular and as complex as the others. Their behavior can be classified between 

regular and stochastic behavior, called “chaotic” motion. Their describing theory is known as “chaos theory”.  

The chaotic system was first found by Lorenz (1963) when he studied a simplified system of convection rolls in the 

atmosphere to investigate the predictability of the weather. He found that this system was neither stochastic nor 

periodic and never settled down to equilibrium or to a periodic state. However, this system is sensitively dependent 

on the initial conditions. For instance, small errors in initial conditions (such as those due to rounding errors in 

numerical computation) yield widely diverging outcomes, rendering long-term prediction impossible in general. This 

is in contrast to the usual understanding of the physical laws, where small perturbations cannot produce arbitrarily 

large consequences (Rodriguez-Iturbe et al., 1989). Thus, chaotic motion should be viewed as a separate motion 

regarding the deterministic and stochastic motions. Sivakumar (2004a) suggest that the chaos theory might connect 

deterministic and stochastic systems theory, taking into account the advantages of the two systems as well as their 

limitations. 

The fundamental idea of the chaos theory is that many phenomena appear to be complex but may be prone to very 

few degrees of freedom. Since the development of the chaos theory, it has been applied to a variety of geophysical 

time series, including oxygen isotope records, tree-ring thicknesses, surface pressure, sunshine duration, wave 

amplitude, geo-potential values, temperature, rainfall and wind velocity (e.g. Sivakumar, 2004a; Sivakumar, 2009). 

Among them, hydrological phenomena (e.g. rainfall, runoff, groundwater flow) are often regarded as paramount 

examples for highly non-linear and apparent complex systems. However, they can be regarded as the outcome of 

simple systems with only a few nonlinear interdependent variables with sensitive dependence on initial conditions 
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(Sivakumar, 2004a). Therefore, using the chaos theory to explore the useful information of hydrological systems will 

forward our understanding of the systems. 

Hydrologic phenomena arise as a result of interactions between climate input and landscape characteristics that occur 

over a wide range of space and time scales. Due to tremendous heterogeneities in climate inputs and landscape 

properties, such phenomena may be complex at all scales. Thus complexity is a central and fundamental characteristic 

of the hydrological system. To assess the complexity of hydrological system dynamics, diverse nonlinear time series 

analysis methods based on the chaos and dynamic theory were developed, such as the correlation dimension (CD) 

method (Grassberger and Procaccia, 1983a), Kolmogorov entropy (Grassberger and Procaccia, 1983b), recurrence 

quantification analysis (Marwan et al. 2007), and the Lyapunov exponent (Wolf et al., 1985).  

General speaking, the complexity of a system with deterministic dynamics depends on the number of degrees 

of freedom and on how many of them are associated with sensitive dependence on initial conditions 

(Koutsoyiannis, 2006). The former is assessed by the dimensional analysis, while the latter is quantified by 

positive values of the so called Lyapunov exponents. The dimensional analysis has great generality and 

mathematical simplicity. It offers an approach for reducing complex physical problems to the simplest form and 

obtaining a quantitative answer (Sonin, 2001). At the heart of dimensional analysis is the concept of similarity, 

which refers to some equivalence between two things or phenomena that are actually different. A certain type 

of dimensional analysis method based on the temporal similarity of different periods in a data set is used to 

assess the “intrinsic dimensionality” or the “degrees of freedom” of data, which is defined as the minimum 

number of free variables (i.e. dominant process proposed by Grayson and Blösch l(2000) )required to generate 

the data without any significant information loss. In this catalog, the CD method (Grassberger and Proccacia, 

1983a) has attracted considerable interest of scientists in atmospheric and hydrologic sciences (e.g. Sivakumar, 

2004a). The obtained CD value is extremely sensitive to slight changes in the complexity of the underlying 

deterministic structure (DeCoster and Mitchell, 1991). The higher the CD values, the more complex the 

underlying system dynamics appear to be. This information is helpful for classifying catchments regarding the 

observed runoff behavior and for distinguishing different dynamics in groundwater aquifer systems. 

The CD method has been used to detect the low-dimensional chaotic process of time series (e.g. Rodriguez-

Iturbe et al., 1989; Jayawardena and Lai, 1994; Porporato and Ridolfi, 1997; Kim et al., 2001; Sivakumar, 2002; 

Hossain and Sivakumar, 2006; Gaume et al., 2006), and to estimate the missing data and to disaggregate the 

rainfall and stream flow time series from one temporal scale to another (e.g. Sivakumar et al., 2001; Sivakumar 

et al., 2004; Elshorbagy et al., 2002b). It has been used to assess the number of dominant processes (e.g., Tongal 

et al., 2012) and to classify the catchment regarding the runoff (Sivakumar et al, 2007). In conclusion, the 

Correlation Dimension analysis has been widely used on chaos investigation, however, its another important 

application, which investigates the number of dominant process underlying the system dynamic, has not caused 

enough attention. We assume the Correlation Dimension analysis can be a promising catchments classification 

method regarding groundwater dynamics. Thus in this study, the method is applied to the hourly groundwater 

and lake level data in the biosphere reserve Schorfheide-Chorin region, the Federal State of Brandenburg, 

Germany. Their correlation dimension values were compared between different aquifer conditions. This paper 

aims at using the intrinsic dimension information (e.g. correlation dimension values) to classify the catchment 

regarding the groundwater dynamics. 

Correlation Dimension method 

The correlation dimension (CD) is a measure of the number of “active nodes” in the system or of the 

effective number of degrees of freedom (Theiler, 1986). In physical terms, the CD gives a lower bound on the 

effective number of degrees of freedom activated in a physical process (Ding et al. 1993). It is a special case of 

the Renyi dimension 
qD  (Renyi, 1970; Wang and Gan, 1998), defined as  
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Where ( )M   is the number of boxes with a discrete probability distribution 0iP  ;   is the side length of 

the box; q  is any real number, but usually an integer number; 0D  is the box-counting dimension; 1D  is the 



 

information dimension; 
2D  is the correlation dimension (CD) and 0 1 2D D D   (Ding et al., 1993; Wang 

and Gan, 1998). 

The box-counting dimension (i.e. the capacity dimension or the Hausdorff dimension) was first proposed by 

Mandelbrot (1977) to define the dimension of a fractal set. The simple concept of this dimension is counting 

the number of boxes that contain one or more data points. This dimension is commonly based on narrow and 

intuitive definitions (Wan and Gan, 1998). The information dimension makes a step forward and takes amount 

of information contained in each box into consideration. This is achieved by measuring the irregularity or 

entropy based on the Shannon formula for a discrete probability (Wan and Gan, 1998). These two dimensions 

described are impractical to implement on high dimensional data, because the number of boxes increases 

exponentially with the dimensionality of the data, and consequently requires heavy computational load (Buchula 

et al., 2005). In contrast, the CD can better deal with high dimensional data compared with box-counting and 

information dimensions. Therefore, the CD attracts more interests of scientists. The CD method introduced by 

Grassberger and Proccacia (1983a) can assess the “intrinsic dimensionality” or “degree of freedom” of time 

series according to Taken (1981), that is, the minimum number of dominant processes required to map the 

observed dynamics.  

The CD method can be used as a nonlinear time series analysis method based on the theory of dynamic systems. 

The dynamical system can be defined as a deterministic mathematical prescription for evolving the system state 

forward in time (Ott, 1993). It is characterized by: (1) a phase space in which the motion of the system takes 

place; (2) a time evolution law that describes what future states follows from the current state; (3) a time set that 

can describes the moments at which movements from one position to another take place (Koutsoyiannis, 2006). 

The phase space is a coordinate system with the coordinates representing the dominant variables to completely 

describe the state of the system at any moment (Sivakumar, 2007). The elements or points of the phase space 

represent possible states of the dynamic system. The path in phase space followed by the system as it evolves 

with time is so called “orbit” or “trajectory”. In dissipative dynamic systems, the trajectory of the system, after 

some transient time, is attracted to some subsets of the phase space. This set itself is invariant under the 

dynamical evolution and is called the attractor of the system (Kantz and Schreiber, 2004). One goal of estimating 

the intrinsic dimensionality is to extract the properties of underlying attractors based on observed or simulated 

time series and a reconstruction of the phase space. 

2.1 Phase space reconstruction using the time delay embedding method 

The idea behind such a phase space reconstruction is that a nonlinear system is characterized by self-interaction, 

and that time series of a single variable can carry the information of the entire multi-variable system dynamics. 

Takens’ theorem (1981) guarantees that original and reconstructed attractors can be considered to represent the 

same dynamical system in different coordinate systems. 

The time delay embedding method is a commonly used phase space reconstruction method. It takes a scalar 

time series ( )ix t  and its successive time delays to embed in the m  dimensional phase space defined by 

  ( ) ( ), ( ), ( 2 ), ( 3 ), , ( ( 1) )i i i i iY t x t x t x t x t x t m          (2) 

where   is delay time or time lag; and m  is the embedding dimension. For practical purposes, the most 

important embedding parameter is the product m   rather than any single parameter, because m   is the 

time span represented by an embedding vector (Kantz and Schreiber, 2004). In this study, the heuristic method 

with experimenting different   and embedding dimension m  are preferred. 

2.2 Correlation Dimension estimation 

Some systems may be constrained in the case of two variables that are highly correlated where all data points 

plot closely to a common regression line. That means the data points do not fill the whole 2D phase space more 

or less homogeneously. The CD method in fact checks how homogeneous the phase space is filled by the 

observations, accounting for highly non-linear relationships as well. According to Taken (1981), this method 

can be extended from multi-variate high-dimensional data sets to uni-variate time series. That is, the time series 

can be represented by a set of the same time series, but with different time lags. Then, again, this new 

reconstructed vector usually does not fill the available phase space homogeneously. That means, the next data 



 

point cannot be any value given a series of observed subsequent data points (e.g., discharge data). Instead, the 

more constrained, the lower degrees of freedom are. 

The CD method assumes that the data are spatially correlated in the respective phase space. The more 

correlations are in a data set, the smaller is the effective dimensionality of the data compared to the specified 

number of variables, so the smaller the inter-points distances tend to be (Lischeid and Bittersohl, 2008). The 

correlation integral ( )C r  is employed to measure the spatial correlation of a data set in the phase space. It is 

defined as the number of pairs whose distance is smaller than the threshold r . The equation is: 
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and ( ) ( )a bu r Y t Y t   . 

( ) ( )a bY t Y t  denotes the Euclidian distance between two geometrical points in the reconstructed phase space, 

r  stands for the radius of a sphere centered on ( )aY t  or ( )bY t  and N  is the number of data points in the 

spatial series (Grassberger and Proccacia, 1983a). 

For a large data set, there is a relationship between the correlation integral ( )C r  and the radius r as:  

 ( ) dC r r  (4) 

where   is a constant and d  is the correlation exponent. The value of d  is determined as the mean slope 

of scaling range in log ( )C r  versus log r  plot. 
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Plotting log ( )C r  against log r  yields a curved line that can usually be subdivided into three parts: (i) the 

depopulation range (an irregular pattern) for small values of log r , (ii) the scaling range (a linear part) for 

intermediate values of log r , (iii) the saturation range (slope approaches zero) for large values of log r . The 

correlation exponent value is estimated from the slope of the scaling range. It must be noted that the exact 

delineation of the scaling region can be difficult and often requires visual inspection. Moreover, the scaling 

region becomes smaller and smaller with increasing of m , and eventually vanishes for large m  (e.g. Ding et 

al., 1993; Hossain and Sivakumar, 2006). Hence the estimation of the correlation exponent partly is an empirical 

exercise. The correlation exponent is identified from the scaling range of log ( )C r  against log r  plot for 

different embedding dimensions. Then the values of the embedding dimension m  are plotted versus the 

correlation exponent ( )d m . The estimated CD value typically increases with m and reaches a plateau on which 

the dimension estimate is relatively constant for a range of large enough m . This saturation value is the 

estimated CD of the analyzed signal, while the embedding dimension corresponding to the plateau onset is 

sufficient to estimate the dimension of the attractor. That is to say, the nearest integer above the CD provides 

the minimum dimension of the phase space essential to embed the attractor, while the value of the embedding 

dimension at which the saturation of the correlation exponent occurs provides an upper bound on the dimension 

of the phase space sufficient to describe the motion of the attractor (Fraedrich, 1986). If there is no plateau in 

the ( )d m  curve, it indicates that the data could be stochastic in nature or severely affected by noise. In that 

case the CD value cannot be estimated. Therefore, the CD method is able to distinguish chaotic motion from a 

simple system and stochastic motion (Theiler, 1986). 

In this study, we tested different methods to identify the proper time lag and embedding dimension, such as the 

autocorrelation function method, the mutual information method, the phase portrait method, the false nearest 

neighbors and the correlation integral method. However, none of these methods was effective. Thus different 

  and m  were tested for each hydrograph. In this procedure, two vital plots need to be considered carefully 

in the application of CD method. One is the log ( )C r  against log r  plot, whose scaling range slope gives 



 

the correlation exponent. The other is the ( )d m  plot, whose saturation range can finally achieve the reliable 

CD values. These two plots directly determine the reliability of the final CD results and hence have to be 

evaluated thoroughly. 

The scaling range is defined as the linear part of log ( )C r  against log r  plot. Noise in the data will render a 

portion of the plot for low log r  unusable. The finiteness of the data set will further curtail the extent of the 

nearly linear range (DeCoster and Mitchell, 1991). In addition, the slope is often not absolutely constant within 

the scaling range for finite real-world data sets. Since no existing technique is able to identify the scaling range 

precisely, we suggest using the distinct windows technique (Fig. 1) to determine the slope of the scaling range. 

In our case, the slope has been determined for 50 subsequent windows separately (Fig. 1). This approach makes 

the scaling range more visible and subsequently helps to improve the visual inspection.  

 

Fig. 1. Distinct windows technique of log ( )C r  against log r  plot. 50 windows marked by different colors have been 

used to determine the slope of the scaling range (left figure). The slopes of these 50 segments are given in the right figure. 

Order of the segments is the same in both graphs, facilitating identification of the scaling range and subsequent 

determination of the corresponding mean slope for these segments. 

The saturation range of the ( )d m  plot determines the estimated CD value of the analyzed signal. This 

saturation range should be visible for at least three different time lags (Rodriguez-Iturbe et al., 1989; Sivakumar, 

2000). The reliable CD value could be estimated by the mean value of the saturation range of ( )d m
 

plot. The 

analysis was performed using the R package (R Development Core Team 2006). No automatic algorithm was 

found that could accomplish this task. Therefore, the CD algorithm remained a semi-automatic program 

requiring some expertise. In summary, the main steps of the CD method were: 

1) Reconstructing the phase space using the time delay embedding method to represent the underlying system 

dynamics. 

2) Calculating the Euclidian distances among the points in the reconstructed phase space. 

3) Plotting the log ( )C r  versus log r
 

and determining the scaling range slope in this plot using the distinct 

windows technique. 

4) Plotting correlation exponent d  versus embedding dimension m  for different values of time lags, and 

then estimating the CD value as the mean value of the saturation range in ( )d m  plot. 

The CD method is assuming that the time series is infinite. A small data size may result in a significant 

underestimation of the CD value. Sivakumar (2000; 2005b) suggested that the minimum data size required for 

the CD estimation may largely depend on the type and dimension of the attractor. Therefore, one reasonable 



 

way to determine the minimum sufficient data size is to compute the CD for different sample sizes until no 

significant changes can be observed.  

The CD method is designed under the assumption that the time series is noise free. Inaccurate estimations may 

be due to the presence of noise (e.g. Schertzer et al., 2002; Kantz and Schreiber, 2004). However, all 

hydrological or real measurements are to some extent contaminated by noise. Thus, the severity of the influence 

of noise on data analysis techniques depends largely on the level and the type of noise. Instead, given that the 

tolerant noise level of the CD method is small (Kantz and Schreiber, 2004), we preferred less noisy data for the 

CD analysis.  

Study area and data 

The study region (Fig. 2) is located within the biosphere reserve Schorfheide-Chorin, approximately 65 km 

northeast of Berlin, and 10 km northwest of the town of Angermünde. The region is centered on 53° 03′ 07″ N, 

13° 50′ 23″ E. Land use is forest predominantly (52% of the area), although arable land and small settlements 

cover another 36% of the area. The remaining 12% are covered by lakes and wetlands. Groundwater wells and 

lakes are located within an area of approximately 40 km2. The maximum distance between single measurement 

sites is less than 10 km. In general, groundwater flow direction in the uppermost aquifer is from the West to the 

East (Lischeid et al., 2010).  

Meteorological data were available from Angermünde, about 10 km southeast of the study area. The long-term 

(1951–2008) mean rainfall at Angermünde amounted to 606 mm per year, and mean air temperature to 8.6 °C 

(Lischeid et al., 2010). Potential evapotranspiration was about 570 mm per year during that period. In contrast, 

the year of 2007 was an extraordinary wet year with 747 mm of precipitation, whereas potential 

evapotranspiration was 547 mm. Consequently, the usual water level depression during the growing season was 

virtually absent in some groundwater wells and lakes in 2007 (Lischeid et al., 2010). Pressure transducers were 

installed at some of sites by the Institute of Landscape Hydrology, ZALF. They yielded hourly water level data. 

In this study, data of the growing season 2007 (March through August) were used (Fig. 3). The measurement 

error usually was less than 1 cm.  

 

Fig. 2. Study region map with 7 groundwater wells (red points), 3 lake level recording sites (red points), lakes 

(blue polygon), forests (green background), cities (white polygon) and roads (red and brown lines). 

Groundwater levels from all the wells in Redernswalder See decreased from March to August, where only Gw1 

increased after July. Those in Briesensee exhibited similar changing trends and seasonal characteristics. The 

short-term fluctuations of the groundwater level data were stronger in Redernswalder See than in Briesensee. 

The screening intervals of groundwater wells in Redernswalder See range from 14 to 24 m, deeper than those 



 

in Briesensee with screening depths between 7 and 15 m (Table 1). All the studied lakes levels showed similar 

behavior with more fluctuations from May to August. This is probably due to the occurrence of summer rainfall. 



 

 

Fig. 3. Studied groundwater and lake level time series, where “Red”, “Bri” and “Hei” are Redernswalder See, Briesensee and Heilsee, respectively. “Gw” denotes the 

groundwater level of recording wells, while “Lk” denotes the lake water level from recording sites. 



 

 

Results 

All of the three lakes levels time series showed almost similar CD values, around 1.5 to 2 (Table 1). In contrast, 

the CD values of 7 groundwater levels time series exhibited obvious spatial pattern (Fig. 4), with higher CD 

values ranging from 3.8 to 5 in the region of Redernswalder See and lower values in the region of Briesensee 

(1.8 for Bri_Gw3 and 0.9 for the other wells). There was no CD value obtained for Red_Gw2. In addition, the 

CD values displayed uncorrelated to their corresponding screening depth of groundwater wells. 

Table 1 The CD values of groundwater and lake level data. The screening interval is the distance below upper end of gauge 

[m]. 

ID Site Data type 
Screening  

CD 
interval 

Red_Gw1 Redernswalder See Groundwater level 15-17 5 

Red_Gw2 Redernswalder See Groundwater level 23-24 None 

Red_Gw3 Redernswalder See Groundwater level 23-24 3.825 

Red_Gw4 Redernswalder See Groundwater level 14-15 4.1 

Bri_Gw3 Briesensee Groundwater level 7-9 1.8 

Bri_Gw4 Briesensee Groundwater level 13-15 0.9 

Bri_Gw5 Briesensee Groundwater level 11-13 0.9 

Bri_Gw6 Briesensee Groundwater level 11-13 0.935 

Red_Lk1 Redernswalder See Lake level  1.57 

Bri_Lk1 Briesensee Lake level  2 

Hei_Lk1 Heilsee Lake level   1.63 

 

Fig. 4. Map of the sampling sites (7 groundwater wells and 3 lakes recording sites) with CD values (colour bar). 



 

 

Discussions 

No CD value could be obtained from Red_Gw2, probably due to insufficient resolution of the 

measurements and a high noise level of time series, which can clearly be identified in the empirical 

cumulative distribution function (ECDF) (Fig. 5). The insufficient resolution of measurements usually 

display the high stepwise in the time series and clear breakup points in the ECDF (Fig. 5), which induce 

the severe problem to get the reliable CD value. On the other hand, the presence of noise influences 

the CD estimation primarily from the identification of scaling region. Noise may corrupt the scaling 

behavior at all length scales, and its effects are significant especially at smaller length scales. Therefore, 

noise reduction methods are needed. However, in this case, even when noise reduction methods were 

employed to filter the data of Red_Gw2, we still cannot get the reliable CD values since those methods 

were not efficient with respect to the high noise level. 

 

Fig. 5. Left: Red_Gw2 groundwater level time series; Right: Its empirical cumulative distributed function (ECDF) 

The correlation exponents of Bri_Gw3 decreases rather markedly with increasing embedding 

dimension (Fig. 6). They might be influenced by the seasonal components of time series. The 

saturation value of the correlation exponents tends to decrease with increasing seasonality (Khan et al., 

2005). Therefore, the CD value of Bri_Gw3 is not reliable. From the CD results of the other wells in 

Briesensee (Table 1), it seems that there is only one process dominating the groundwater level of 

unconfined aquifer, less processes than for the lake level (i.e. 2). This process might relate to 

precipitation minus evaporation. Since the studied lakes do not exhibit any inlet or outlet stream, the 

lake level likely depends on groundwater dynamics as well as on local hydro-climatic conditions 

(Lischeid et al., 2010). 



 

 

 

Fig. 6. Correlation exponents versus embedding dimension plot for different time lags (i.e. 7, 8 and 10). 

From the CD analysis of groundwater level data, the corresponding numbers of dominant processes 

are 4 to 5 in the aquifer of the Redernswalder See and 1 in the aquifer of Briesensee. That is, the system 

dynamics of groundwater level in the region of Redernswalder See is more complex than that of 

Briesensee. The reason for the higher CD values in Redernswalder See aquifer might be that these 

groundwater wells are screened in a confined aquifer. In a confined aquifer, groundwater head data 

does not only reflect hydrological processes, but also fluctuates with atmospheric pressure which 

would yield larger CD values. In general, barometric effects and water level changes are greater and 

more pronounced in confined aquifers (e.g. Rasmussen and Crawford, 1997). Lischeid et al. (2010) 

showed that Red_Gw3 and Red_Gw4 were screened in a confined aquifer and their high-passed 

groundwater levels were strongly negatively correlated with barometric pressure. They also gave some 

evidences that Red_Gw1 was affected by atmospheric pressure fluctuations. It seems that high CD 

values indicate (partly) confined conditions which would make the CD method very promising. While 

the groundwater head within the open well is instantly affected by a barometric pressure change, the 

total head within the aquifer may or may not be affected by those changes (Rasmussen and Crawford, 

1997). Therefore, these CD values may represent the number of dominant processes of groundwater 

head measured in the groundwater wells instead of representing the complexity of confined aquifer 

dynamics. 

Furthermore, even in the same aquifer system, the CD method can also distinguish different 

complexities of underlying dynamics considering the variation of the CD values. The higher the CD 

values, the more complex the system dynamics turn to be. For example, the Red_Gw1 system 

dynamics is more complex than that of Red_Gw3, since the CD value of Red_Gw1 is 5, higher than 

the values of Red_Gw3 (Table 1). 

Conclusions 

The CD method can estimate the reliable number of dominant processes and it seems to be a 

powerful method for system dynamics exploration and catchment classification. In this study, the 

method was applied to groundwater head and lake level data in the biosphere reserve Schorfheide-

Chorin region, the Federal State of Brandenburg, Germany. The intrinsic dimensionality of 

groundwater level ranged from 0.9 to 5, while lake level performed small variations, around 1.57 to 2. 

The CD values of groundwater level exhibited no correlation with the screening depth of groundwater 

wells, but displayed spatial patterns for confined and unconfined aquifer, respectively. It seems that 

high CD values indicate partly confined conditions. Furthermore, the CD method can also recognize 



 

 

the different complexities of underlying dynamics within the same aquifer system. The higher the CD 

values, the more complex system turns to be. However, the CD method cannot identify the actual 

processes occurred in the system. Therefore, it is a great challenge to achieve the larger goal of 

identifying the dominant processes in the future, because none of the existing methods seems capable 

of fulfilling this task.  
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摘要 

 

关联维数分析被广泛用作混沌系统的判断方法,其另一

重要性质为探测动力系统的主导过程数目,并未引起足够的

重视和关注。原因之一是方法本身的局限性，例如，半自动化

耗时长，标度区的确定夹杂主观判断，受噪音影响大等。另一

原因是缺少相应的确定主导过程的配套方法。关联维数法虽

面临一些问题，但其优势在于可提取和利用资料内部固定不

变的信息，并针对地下水动力系统进行流域分类。本文对德

国勃兰登堡州Schorfheide-Chorin地区的时段地下水和湖泊水

位资料进行关联维数分析，结果显示地下水水位的关联维数

值为 0.9~5，而湖泊水位值为 1.57~2。关联维数值的大小与地

下水观测井的观测深度无关，与承压水层和非承压水层的空

间分布有关，且承压水层的关联维数值偏大。本研究发现关

联维数分析法可作为一种有效的定量区分承压水层和非承压

水层的新方法，未来应用前景广泛。 

关键词 

关联维数；非承压水层；主导过程；混沌；分形 
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Abstract: Effective early warning can reduce personnel and property losses caused by mountain flash flood which is widespread with 

the characteristics of sudden strong. A national flash flood forecasting and early warning system based on cloud computing in china is 

designed and implemented with the about 60 thousands rainfall station data and flash flood investigation and evaluation database. Real 

time and continuous simulation is running for mountain flood simulation based on the distributed watershed models in flash flood 

recurrent region. Flash flood warning analysis and risk assessment is executed based on the runoff simulation results and flash flood 

investigation and evaluation data. Then the warning information will push to the subscription users located in the flash flood warning 

regions in real time by mobile app or short message. The system structure and key technology of this system is illustrated in this paper, 

mainly including three aspects. The first key technology is real time rainfall data spatio-temporal interpolation, with the 60 thousands 

rainfall stations and 530 thousands small watersheds which is the base computing element of runoff yield, considering lots of exceptions 

and time-delay. The second key technology is computing resources dispatching of HPC Clusters, considering the sequence of 

hydrological process, watershed topology and urgency of computing tasks. The third key technology is to construct a strong-adaptive 

hydrological simulation framework to model the hydrological processes in different hydrological regions across China. 

keywords: flash flood early warning, cloud computing, real time data processing, loosely coupled hydrological framework, computing 

resources scheduling; 

1 Background 

Flash flood is a rapid flooding of mountain areas caused by heavy rain associated with a severe thunderstorm, 

hurricane, tropical storm, etc. the flash flood is very hard to defense because of the characteristic of wide distribution 

and sudden strong, it has become the main disaster in many countries. Disaster by flash flood is very serious in china, 

since 1949, the annual death toll of more than 270 thousands people and the economic loss of each year more than 4 

billion. 

Since 2010, a large scale flash flood defense projects has been implemented across china, a flash flood monitoring 

and early warning system has been deployed in 2058 counties. The key module of the system is comparing the rainfall 

and critical rainfall to judge the risk of flash flood happen, and then delivery the warning information through the 

early warning facilities including the warning broadcast and short message. 

As the core of flash flood disaster monitoring and early warning system at county level，based on the rainfall 

observation data, the task of monitoring and early warning platform is to comprehensive analysis the flash flood 

torrent disaster risk, and get the warning level in different areas. How to determine and put the early warning 

indicators into practice are two keys links. Considering the limited of professional and technical level for the grass-

roots management in county, currently, empirical method is adopted in this platform on early warning. According to 

the experience, several critical rainfall indexes in different periods should be determined. Compared with the 

measured rainfall and experienced critical rainfall to analyze the early warning of flash flood disaster. Due to this 

method does not consider the soil moisture content between two adjacent rainfalls, which lead to the great limitation 

together with a large number of false positives and false negatives. With considering the early rains, the methods of 

flash flood warning should be calculated real-time soil moisture, river flood process or peak discharge, it needs the 

support of professional hydrometeorology model. However, at present, the administrators who are responsible for 

level monitoring and early warning system in county are lack of the professional capacity to use and manage this 

platform. Therefore, we put forward the idea of establishing the early warning analysis platform for flash flood 

disaster in the national and province in 2014.  

In recent years, parallel computing technology, cloud computing technology provides a good technical means for the 

construction of national or basin flash flood warning system to fine waring analysis. Bürger et al. (2012) provided 

hydrological simulation cloud computing services using a platform named ParFlow with high performance clusters. 

Liu et al. (2014) proposed two model integration methods and built a cloud computing based hydraulic platform 

HydroMP to support the large scale and concurrent hydrological and hydraulic modelling. Humphrey et al. (2012) 
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proposed and implemented the calibration of watershed models in the cloud environment. Parallel computing based 

on HPC clusters and big data technology base on Hadoop system provide good technology means to large scale 

hydrological simulation. Meanwhile, the research on model integration based on general interface and software 

technology based on component provide the appropriate route to integrate different hydrological simulation modules 

in the national simulation platform. In MIKE SHE developed by the Danish Hydraulic Institute (DHI, 2005), each 

physical process of the hydrological cycle is modeled and computed individually, and different hydrological cycles 

are simulated via data exchange between multiple models. Each model is wrapped as a component and each sub-

process as a module. Based on river network coding, the digital watershed model (Wang et al., 2007; Li et al., 2009) 

integrates runoff, convergence and other simulation processes into a modeling platform, where hydrological process 

simulation of the entire basin can be performed. Welsh et al. (2013) developed an integrated river management system, 

where basin runoff, river network analysis, submergence analysis, water quality, scheduling, irrigation management, 

and other models were integrated into a simulation and regulation system for water quantity and quality in river basin. 

The open modeling interface (OpenMI) provides a method of interoperation between model components, such as the 

definition of exchanged data and the drive methods. (Gregersen et al., 2007). Besides, it has been reported by 

Overeem (2013) that the Community Surface Dynamics Modeling System (CSDMS) also aimed to couple different 

simulation models with the HPC resources using the modularized method, while Rahman et al. (2004) and David et 

al. (2013) found that the Object Model System (OMS) and Integrated Customer Management System (ICMS) have 

the ability to integrate the multiple models which have been developed in an object-oriented language and 

component-based programming. 

The development technique of parallel computing and cloud computing reduce the difficulty to handle large-scale 

simulation tasks in national and province level. Constructing early warning platform of flash floods on the national 

and province level, it can make comprehensive utilization of various data, analyze similarities and differences of 

different methods in different regions by using big data method, and evaluate the warning analysis method, which all 

contribute to find the most suitable method and data for flash floods disaster warning and analysis for each region, 

and improve the accuracy of the flash flood warning. Therefore, we set out to design and develop the first edition of 

national flash flood forecasting and early warning system in 2015. 

Based on cloud computing and model integration, the main problems of simulation and analysis system of flash flood 

concentrate on dividing the hydrologic simulation area, deal with the large-scale and real-time rainfall data, couple 

and schedule the calculation process, and handle the high I/O in database and disk caused by the large-scale and real-

time data. From expanding the system architecture design, this article introduces the structure and function of each 

part of the system, as well as the main solutions to the above key problems. This paper is organized as follows: section 

2 is the architecture of the system; the third section is about building the hydrological model clusters in china; the 

fourth section is about the simulation framework, fifth section is about the simulation management system 

information delivery service. section 6 take the realization of dealing with the national scale and real-time rainfall 

processing for example, it introduces the realization of loose coupling framework of a program, conclusion is the last. 

2 The structure of the system 

Flash flood forecasting and early warning system of China (F3EWS) is divided into six parts including modeling 

system, simulation framework based on HPC, simulation management system, information delivery system, database 

and ArcGIS services. Modeling system is an offline system used to construct about 3000 watershed hydrological 

models and to calibrate the parameters of individual hydrological models. Simulation framework based on HPC is a 

loosely coupled system to conduct the real-time simulation of the very large scale distributed hydrological models of 

about 3000 models, including the hydrological modeling programs, flash flood warning analysis program, disaster 

risk assessment program, data conversion program and task scheduling program based on Gridview system which is 

the HPC computing resources scheduling and management program, the simulation framework is run in the HPC 

clusters and the file system is used to data exchange between systems, it is the core program in the F3EWS. Simulation 

management system based on WebGIS is used to provide a graphic user interface to manage the hydrological model 

clusters. Information delivery system is used to deliver the early waring information of flash flood and disaster risk 

assessment information to decision maker and social public. Oracle database is used to store and manage the 

structured data, multi-media data and geospatial data. ArcGIS server is used to provide spatial data release service, 

the spatial data includes the topographic maps, remote sensing image maps, basic geographic information, and some 

thematic maps including the watershed map, model clusters map, etc. 

3 The construction of hydrological model clusters 

3.1 The regionalization clusters of hydrological model 



 

 

The area of mountainous region is over 7 million km2 in China, and the region belongs to 60 water systems in seven 

basins. The clusters of hydrological modes should be constructed in advance to divide the simulation tasks, and then 

flash floods can be simulated based on the HPC clusters. Based on the water systems, climatic factors, hydrological 

factors, topographical and geomorphological factors, the nation is divided into 134 independent regions with similar 

hydro-meteorological characteristics, forming the regionalization clusters of hydrological models. Therefore, each 

hydrological model regionalization has similar runoff yielding and confluence characteristics of watersheds, model 

structure and parameters. The secondary water system and hydrological region clusters are shown in Figure 1 and 2, 

respectively. 

 

Fig.1. the secondary water system water system in china   Fig.2. the regionalization of hydrological model in China 

3.2 The hydrological model clusters 

The hydrological models are constructed in the individual hydrological model region, according to the locations of 

water projects (such as reservoirs, sluices and hydropower stations) and hydrological stations, and sudden changes 

of topography and geomorphology. Correspondingly, the topology relationships are built among the distributed 

hydrological models. Thus, approximately 3000 distributed hydrological models are constructed throughout the 

country, forming the national clusters of hydrological models. Figure 3 shows the clusters of the hydrological models 

of Poyang Lake water system in Jiangxi Province. 79 distributed hydrological models are constructed in the Poyang 

Lake water system, covering a drainage area of 162.2 thousand km2. 

 

Fig.3. the clusters of hydrological models of the Poyang Lake water system 

3.3 The structure of hydrological model 

As for each distributed hydrological model, the hydrological factors are depicted using seven hydrological elements, i.e., 

watershed, river reach, node, reservoir, water source, water division and depression. Furthermore, the topology 

relationships of the model are built through the connections among the seven elements.. 

According to the tertiary structure (i.e., model regionalization-distributed hydrological model-hydrological elements), the 

nation is divided into 134 clusters of hydrological models, including 3000 hydrological models. Each hydrological model 



 

 

can run individually. The hydrological models belonging to the same water system are connected through the channel flow 

routing calculations, and 60 one-dimensional hydrodynamic models are constructed to simulate the flood processes at the 

outlet of each watershed. Thus, the national clusters of hydrological models are constituted with approximately 3000 

distributed hydrological models and 60one-dimensional hydrodynamic models. 

4 Hydrology simulation framework 

4.1 The division of hydrological cycle simulation program 

In the hydrology simulation framework of this system, the process of rain gauges interpolation, runoff generation 

calculation, flow concentration calculation, flood routing, hydrodynamic process calculation, reservoirs storage calculation 

is used to describe the hydrological cycle of the watershed system, in order to improve the computing speed, a loosely 

coupled simulation framework is adopted. That is, six kinds of hydrological processes are independent calculated in 

different programs, and different calculation process corresponds to different basic computing unit and different processing 

scale. 

4.2 The link of the different hydrological simulation process 

The loose coupling framework could better meet the demand of different computing methods with different model of 

different area. For example, in wet places, the runoff generation is calculated using Xin’anjiang model, while the runoff 

generation in arid and semi-arid region is calculated using Northern Shaanxi model or mixed runoff method. Besides, 

the loose coupling framework is designed to satisfy the demand of large-scale model cluster rapid calculation in parallel 

computing mode, and the calculation organization and resource scheduling could be carried out.  

To ensure the link between 6 classes of loose coupled hydrological simulation program, the simulation of overall process 

of hydrologic cycle, we define the standard input/output interface between different hydrologic process, from which we 

could see the general structure of the simulation framework and the links & dependencies between different hydrological 

processes. 

4.4 The scheduling and communication of hydrological processes 

There are 20000 calculation processes to schedule in the 64 nodes, 764 core HPC cluster at a time step simulation. Firstly, 

it needs to determine the scheduling principles and scheduling strategy for calculating scheduling. The correct operation 

of process makes sure that the input data for each computing program scheduled up is properly prepared. The principle of 

allocating resources lies mainly in coordinating computing time of different calculation programs to ensure that 

computational bottleneck won't be created. Secondly, the resource contention issues caused by high concurrent I/O should 

be considered, data needs to be written to a file after every hydrological process are calculated completely, and the next 

link process needs to read this file. In this system, we have adopted three kinds of measures for calculate scheduling. In the 

aspect of hardware, the combination of SSD and SAS hardware hierarchical storage mode is adopted to improve the ability 

of system I/O. In the aspect of computing resources allocation, processes are put into computing group with priority, 

meanwhile, processes require large computing resource would be matched with processes require small computing resource. 

There are about 80 hydrological simulation task groups over the country, each hydrological simulation task group is 

assigned to computing nodes to realize the optimal allocation of computing resources, and this method solves the problem 

of resource contention to some extent. As to the specific scheduling policy, to realize the efficient link between loosely 

coupled programs, we adopt task dependent table, calculation state management table and two-layer scheduling method 

for process scheduling. Task dependent table determines the hydrological simulation flow and sequence of each computing 

process, and the calculation state management table manages the status of each calculation process. The task scheduler 

links and manages models, computing tasks of different hydrological simulation processes. 

In addition, in order to reduce the I/O pressure on Oracle data caused by calculation process, we developed a data access 

program to obtain batch real-time rain gauges data and put results of hydrological processes calculation into database in 

bulk. We use control files and log files to realize the transfer of control flow and information flow between the task 

scheduler, simulation program and data access program. Among them, the task scheduler starts the calculation process by 

writing control files, monitors the state of this process after the calculation process started, writes information in the log 

file when the computing process task is over, then, marks the task status which is complete or error out. After getting 

information that the task of computing process is completed, the task scheduler would start next computing process 

according to the data of task dependent table. Figure 4 shows the scheduling process and information transferring process 

of a hydrological model in a time step. 



 

 

 

Fig.4. the structure of hydrological model framework 

5 Simulation management system and early warning information delivery service 

Simulation management system is used to provide the GUI to manage model clusters and status of simulation. There 

are 9 module including model management, scheme management, simulation management, model control condition 

management, simulation management, rainfall management, flood forecasting, flash flood warning analysis, disaster 

risk assessment and system management. The data managed in this system includes the base data of geography, flash 

flood disaster survey data, flash flood evaluation data; model clusters data, simulation result data, real-time 

hydrological data, simulation management data and system management data, etc. 

Early warning information delivery service aims to deliver the warning information to decision maker of flood 

defense and public, which includes user management, warning information management and privilege management. 

The early warning information can be release via the website, data push server and web service.  

6 Program implementation example-the interpolation of real time rainfall 

6.1 The general idea of the interpolation of real time rainfall 

The nation is divided into several districts for the rapid and efficient computation of areal rainfall in parallel. The 

interpolation of rainfall is performed using both the static weight method and the dynamic interpolation method in 

each district. Specifically, the static weight is calculated in advance to reduce the computation of real time process 

and improve efficiency of the system. The real-time rainfall is interpolated using the dynamic interpolation method 

at stations with abnormal data. Figure 5 shows the district division of rainfall interpolation through the country. 

Figure 5 (a) shows the static weight coefficient of a watershed. Figure 11 (b) shows the dynamic interpolation of real-

time rainfall at stations with abnormal data. 

 

  

 Fig. 5. (a) Weight coefficient of each station on watershed    (b) Real-time rainfall interpolation of abnormal stations 

7.2 The main structure of the rainfall processing system 



 

 

The rainfall processing system includes the static process module, the real time process module and the parallel 

computation module. The main function of the static process module is visualization management and data exchange of 

basic information, including data import and edition, and data exchange from the Oracle Database to the file systems of 

the HPC high performance cluster. This module provides the basic information for the parallel computation of the HPC 

cluster. The main function of the real time process module is to collect real-time rainfall data throughout the country and 

segment data and detect abnormal station through the triggers in the database, and then store the prepared data in the file 

systems of the HPC clusters in batches, which provides the inputs for the parallel computation module at a time step. The 

parallel computation module is performed according to the rainfall interpolation divisions in the HPC clusters. Its main 

function is to interpolate the areal rainfall from the rainfall stations, and provides areal rainfall series for the runoff yield 

calculation. 

7.3 The display of areal rainfall 

According to the test result, the computation time consumed in a time step rainfall interpolation across china is less than 

20 seconds. The areal rainfall distribution map can be generated through the management system at small watershed scale 

after a time step simulation, and can be sliced and issued in ArcGIS. The system administrator can overlay corresponding 

data layers in the WebGIS, and display the data hierarchically. Figure 6 shows the distribution of areal rainfall at nation 

scale, province scale, county scale and watershed scale, respectively. 

   

(a) At view of two-class water system                   (b) At view of local watershed 

Fig.6. the spatial distribution of areal rainfall at various scales 

7.5 The early warning analysis and display 

The system can perform hydrological simulation, early warning analysis and disaster assessment in sequence once upon 

the areal rainfall computation is completed. Early waning is analyzed using the dynamic warning indicators and the critical 

flow (the flow which submerges the lowest land elevation or the bank full flow). Two analysis methods are adopted in the 

system: (1) the soil moisture conditions are continuously calculated through the distributed hydrological model, and the 

early warning indicators can be interpolated according to the current soil moisture condition, thus the current dynamic 

warning indicators can be obtained at watershed scale. The issue of flash flood warning is judged through the comparison 

between the accumulated rainfall after n hours and the dynamic warning indicator. (2) The water discharge processes can 

be forecasted though the distributed hydrological model. The issue of flash flood warning is judged through the comparison 

between the forecasted peak flow and the critical flow. Comparatively, the second method can provide the information 

about the warning time, the flow magnitude exceeding the critical flow and the time that warning is terminated. Figure 7-

8 shows the simulated water discharge processes at time t1 and t1+1, and the warning time and time that warning is 

terminated. 



 

 

   

Fig.7. the forecasted water discharge process at time t1 

 

 Fig.8.the forecasted water discharge process at time t1+1 

8 Conclusion 

China is a vast country with across different hydro-meteorological region, so Construction of flash flood early warning 

system is a challenging work. There are many difficult subjects to solve, including the real-time data processing efficiency, 

the adaptability and simulation accuracy of the hydrological model, the rationality of hydrological regionalization and 

simulation task division, and the effectiveness and efficiency of early warning information delivery. This paper describes 

overall architecture of system, the framework of hydrological model across china, and the flash flood early warning analysis 

method. In the last section, a detailed content about hydrological data real-time processing method and simulation result 

are given. From the hydrological data processing results and efficiency, the process speed can meet the design requirements. 
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摘要 

摘要：山洪灾害具有分布范围广、突发性强的特点，有效的

山洪预警对降低人员及财产损失意义重大，为此，在全国山洪

灾害调查评价成果的基础上，基于全国约 6 万个左右的降雨地

面站数据，构建了全国山洪灾害实时预警分析平台。该平台通

过分布式水文模型，对山洪灾害防治区的暴雨洪水进行实时连

续模拟，然后基于计算的洪峰流量结果，对防灾对象进行山洪

灾害风险评估，并将预警信息实时推送给订阅用户，实现了预

警分析云计算和信息发布云服务。本文主要介绍了国家山洪灾

害预警分析云计算平台框架及关键技术，第一位实时降雨数据

处理，实现对 6 万个降雨站点在约 53 万个小流域上的实时插

值计算，并要考虑站点异常处理和数据延时；第二个关键技术

问题是在 HPC 高性能集群中，如何考虑流域拓扑关系、水文过

程时序关系和任务紧急程度进行计算资源调度；第三个关键技

术问题是构建一个强适应性的水文模型框架，以适应对全国不

同类型区水文模型的模块化建模。 

关键词 

山洪灾害预警；云计算；实时数据处理；松散耦合；水文模拟

框架；计算资源调度 
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ABSTRACT:Massive concrete dam projects are projected to be conducted in the next ten years responding to 

the growing demand for clean energy and water resources in developing countries. Rock-Filled Concrete (RFC) 

that which uses much less cement than conventional concrete, which promises a positive effect on cost and 

schedule performance, has been rapidly developed these years. With more attention is paid on the environmental 

issue when promoting this new construction method, how to analyze and balance the cost, schedule and emission 

performances of this new construction method and their inter-relationships in the planning stage is concerned 

by construction managers. Thus, the objective of this paper is to investigate and analysis the integrated 

performance of the cost, schedule and emission in RFC dam projects. A  Discrete Event Simulation (DES) 

model of RFC dam construction processes is developed to investigate the tradeoffs between traditional project 

performances (i.e. schedule, cost) and emission performance. The developed DES model is validated with the 

actual data collected on a construction site and used to assess the impact of planning alternatives on project 

performances. The results demonstrate the effectiveness of the presented approach in analyzing how the 

integrated performance of different options in RFC dam projects changes over time. The developed approach 

could help construction managers compare different alternatives and identify an option that will increase the 

integrated value that takes into account cost, schedule and emission performance at the same time. 

Keywords: Rock Filled Concrete (RFC), Dam Construction, Integrated Performance, Discrete Event 

Simulation (DES) 

INTRODUCTION 

Taking into account the population increase and climate change in developing countries, constructing dams is 

important to keep up the rapid economic development in these countries (International Commission on Large Dams 

(ICOLD), 2012). According to the statistical data of ICOLD, the potential need for concrete dams will be more than 

double the volume of the existing dams in the next 20 years (Lempérière, 2006). It is estimated that the volume of 

concrete in constructing dams could reach more than 1 billion cubic meters by summing the volume of existing 

concrete dams registered in ICOLD. However, concrete is attributed to the carbon emitting material, which generates 

a large amount of emissions during the production stage (Hung et al., 2009). More than 400 million tCO2eq would 

be generated along with the potential demand of increasing dam projects to be constructed in these countries in the 

future. In this context, Rock-Filled Concrete (RFC), which utilizes much less cement per unit concrete than 

conventional concrete, has been widely used in many concrete dams in China since 2005 (Jin et al. 2005, Huang et 

al. 2008) and have contributed to the reduction of the environmental impact caused from dam construction projects 

(Liu et al. 2013). However, the rapid development of RFC and the growing concerns on the environmental impact 

caused by massive dam construction projects pose a critical need for a better understanding of environmental impacts 

generated in dam construction processes using RFC for their further reduction.  

Many previous studies indicated a clear opportunity to reduce the environmental impacts from construction processes 

through better planning of construction operations (e.g., optimized resource allocation and scheduling, and utilization 
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of cleaner equipment and construction method) (Ahn and Lee 2013; Tang et al. 2013). During the construction 

processes, environmental impact caused by air pollutant emissions from the equipment use accounts for more than 

50% of environmental impacts caused by most types of construction operations (Guggemos and Horvarth 2006). 

However, the emission performance has not been considered yet in planning dam construction operations while cost 

and schedule performance are still major factors considered (Kuehn, 2011). Several studies have demonstrated that 

there is a clear relationship (or tradeoffs) between traditional project performances (i.e. cost and schedule) and 

emission performance (Ahn and Lee 2013; Carmichael et al. 2012; Tang et al. 2011). Understanding such 

relationships between cost and schedule performances and emission performance is critical in achieving cleaner as 

well as cost and time-effective dam construction projects. Although historical data from the previous dam 

construction projects would provide a solid basis in evaluating the emission performance and analyzing the 

relationships between traditional project performances and emission performance, there is a lack of historical data 

for such an evaluation of RFC dam construction projects. This calls for a need to develop an approach to reliably 

estimate cost, schedule and environmental performances of planning alternatives of RFC dam construction operations, 

in order to allow stakeholders to consider the tradeoffs between traditional project performances and emission 

performance and to pursue the best value for a project. 

With that said, this paper aims to investigate and analyze the cost, schedule and emission performances of RFC dam 

construction projects using DES, allowing for the analysis of tradeoffs between traditional project performances and 

emission performance. The DES model in our paper can be applicable to other types of projects that do not have 

historical data Such an approach allows project stakeholders to compare planning alternatives of construction 

operations and to find a better way to manage emission performance as well as cost and schedule performances of 

RFC dam construction projects. This paper begins by introducing the mechanism and application of RFC. Through 

reviewing the previous studies about the cost, schedule and emission performance of construction operations, as well 

as applications of (DES, an approach  to use a DES model in evaluating the cost, schedule and emission performance 

of RFC dam projects is presented. Then the presented approach is demonstrated through two case studies.  

Background 

Rock-filled Concrete 

The mechanism of RFC that uses large chunks and Self Compacting Concrete (SCC) is described in detail in our 

previous study (Liu et al. 2013). In short, since SCC has the advantages of fluidity and compactness, in RFC, the 

rock chunks are simply dumped into the molds without pre-mixing and achieve a high filling rate, ,SCC can fill all 

of the voids in a rock-block mass without any vibration, depending totally on its own self-gravity (Jin and An 2003; 

An et al. 2005).  When using RFC, the construction processes are generally different from those of the conventional 

concrete. At first, some quarried rocks with the grain-size larger than 30cm are transported to the construction site, 

followed by being well cleaned. After the rock-chunks are leveled by excavators in the working space, SCC is either 

pumped into the working space or poured directly on to the surface of rock-block mass, and thereafter, SCC flows 

down to fill all the void spaces by merit of its own weight, as well as its good fluidity and high segregation resistance. 

It has been pointed out that applying RFC can significantly simplify the construction procedures by eliminating the 

surface roughening and vibrating concrete processes, resulting in continuous pouring of SCC and faster construction 

(An et al. 2005; Huang et al. 2008).  

Emission Performance of Construction Projects and Its Relationship with Cost and Schedule Performances 

The construction industry has been criticized as one of the major GreenHouse Gas (GHG) emitters and a relatively 

unregulated sector in the management of carbon emissions (Wong et al., 2012). A significant cut in carbon emissions 

from construction operations is becoming a top priority if construction firms are required to meet increasingly 

stringent emission controls (Wong et al., 2012). The emissions from construction operations have not been given 

sufficient attention until recently, as they were believed to be negligible compared to those in operating the building 

over its life (Hendrickson et al. 2000; Sharrard 2007). However, several studies have demonstrated that the 

environmental impacts from construction operations could be significant due to the sheer number of construction 

projects (Hendrickson and Horvath 2000, Melissa et al. 2010). Although the emission impacts from construction 

processes are obvious, there has been a limited emphasis on understanding how construction processes can be best 

managed to control GHG emissions (Tang et al. 2013). 

While cost and schedule performances are still major factors considered in planning construction projects, several 

studies indicated that there is a clear relationship/tradeoffs between such traditional performance measures and 

emission performance measures of construction projects. For example, Carmichael et al. (2012) stated that cost 

performance has an impact on emission performance during construction processes, and Tang et al. (2011) showed 

that the change of the project’s duration would influence on the amount of emissions. Also, the schedule performance 



 

 

is shown to be closely related to the cost and emission performance (Ahn and Lee 2013). This indicates a clear need 

of understanding and reconciling the relationship/tradeoffs between traditional performance (i.e. cost, schedule) and 

emission performance in order to successfully plan and manage a complex construction project (Ozcan-Deniz et al. 

2012). However, many existing works in construction domain mainly focus on cost and schedule performances taking 

environmental one separately, and as a result, relatively less attention has been placed towards a holistic 

understanding and management of these performances in construction processes. Construction conditions are 

complex and dynamic, changing over time (Löfgren B. and Tillman A. 2011, Ozcan-Deniz and Zhu 2016). A proper 

approach would be required to describe the dynamic nature of the construction processes and to reveal the trade-off 

among the cost, schedule and emission performances (González and Echaveguren 2012).   

Discrete-Event Simulation in Construction 

‘Construction simulation is the science of developing and experimenting representations of construction systems, in 

order to understand the behavior in the operation’(AbouRizk 2010). A construction simulation model can represent 

the construction processes, and as such can be used to develop appropriate plans, to minimize costs or project duration, 

and to improve overall construction project management (AbouRizk 2010).  In modeling construction operations, 

Discrete-Event Simulation (DES) approach has been successfully applied since the first construction simulation 

tool—CYCLONE—was introduced by Halpin (1977). Many other simulation tools were later developed to model 

various construction operations, such as STROBOSCOPE (Martinez and Ioannou 1994), ETZStrobe (Martinez 2001), 

Simphony (AbouRizk and Hajjar 1998), and so on. With regard to the emission performance, Ahn and Lee (2013) 

utilizes DES to evaluate the emission performance of construction operations in earthmoving operations; they defined 

the operation efficiency as the total operation time divided by the valuable operating time and formulated the 

environmental impact generated by each resource as a function of the operational efficiency within their DES model. 

González and Echaveguren (2012) integrated DES method into the research framework to study the incorporation of 

environmental goals in the design of a road construction operation. DES method can simulate different alternatives 

of RFC projects and estimate the cost, schedule, emission performances without many historic data. Thus, in this 

paper, DES model of RFC dam construction processes is developed to investigate the tradeoffs between traditional 

project performances (i.e. schedule, cost) and emission performance and to evaluate the integrated project 

performance. 

DES Model Development for RFC Dam Construction Processes 

A DES model is developed based on ETZStrobe platform (Martínez 2001). ETZStrobe is based on activity cycle 

diagrams and employs the three-phase activity scanning paradigm. ‘It is therefore naturally adept for complex 

systems where many resources collaborate to carry out tasks as is typical in construction’ (Martinez 2011). 

Construction processes of RFC dam projects heavily rely on the use of energy-intensive construction equipment, 

such as excavators, cranes, concrete pumps, and bulldozers etc. Such usage of construction equipment is greatly 

influenced by planning and control decisions of construction managers, while other key resources are not significantly 

affected by planning decisions in construction phase (i.e. materials) or do not greatly attribute to the emission 

performance of construction projects (i.e. labors). Thus, a DES model for RFC dam construction projects is developed 

focusing on the equipment usage. The simulation model consists of a series of activities including different pieces of 

equipment used for each activity. The model also has detailed information about the equipment (e.g. type, emission 

rate, cost index, and operation efficiency), which is critical to generate different cost, schedule and environmental 

performances. Depending upon different planning alternatives, the model will be able to provide corresponding cost, 

schedule and emission performances.  

Emission Performance 

The emission performance is proved to be closely related to the operating equipment efficiency (Ahn and Lee 2012). 

Ahn and Lee (2012) divided the total operation duration of equipment into the equation to working (valuable 

operating) and idling (non-valuable operating time) and re-formulated the estimation of emissions generated from 

construction equipment fleet use with the introduction of operating equipment efficiency, which is defined as the 

ratio of valuable operating time to total operating time. Accordingly, the authors formulated the emission performance 

(Eperformance) as below: 
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where V concrete  means the volume of the concrete poured. Tvalue  means the total actual hours of pouring those 

amount of concrete.  represents the operating equipment efficiency (i.e. the ratio of valuable operating time to total 

operating time ) of each piece of equipment, which is provided by the developed DES model including the overall 

logic of works and various resources in accordance with each operation plans. EF working is defined as the emission 

factor (tCO2/h) for the working modes and EF idling is the emission factor (tCO2/h) for the idling modes. Ce and Co are 

the estimated fuel and electricity consumption rate for each equipment item per hour respectively when equipment 

working, which can be looked up in the Hydraulic Construction Mechanical Quota (2004). Either electricity or oil is 

used by each type of equipment. EFelectricity  is the emission factor of local electricity in Chinese Reference Life Cycle 

Database (CLCD) (Liu et al., 2010) and EFoi is the emission coefficient for diesels, which is from BP China (2010).  

In terms of , based on the study presented by Lewis et al. (2011), for each piece of equipment on site, the generalized 

ratio of idle to non-idle fuel use rates, as well as the ratio of idle to non-idle CO2 emission rates, which are generally 

between 0.2 and 0.3 (Ahn and Lee 2012), since there is a linear relationship between CO2 emissions and diesel fuel 

used (Sharrard et al. 2007). Higher Eperformance indicates more production (higher volume of concrete poured) 

from generating a unit amount of carbon emissions generated. 

Cost and Schedule Performances 

The determination of cost index of each equipment is based on the Hydraulic Construction Mechanical Quota (2004), 

which is the latest criterion in China.  The cost index equals to the total cost (including depreciation cost, repair cost 

of equipment, installation and removal cost, labor cost and energy cost) divided by the average application duration 

of the equipment. In the quota, the cost index is fixed per day, no matter how many hours the equipment is being 

used. The total cost is calculated using the following equation: 
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where Cdirect is the direct cost of all the equipment on construction site, Ci represents the cost index of each equipment, 

Di is the on-site standing days of each equipment. T represents the total operation hours, which can be obtained in 

the simulation model. H means the total actual hours (equipment operation hours allowed in a day, e.g. 8 hours/day).  

Ni is the number of equipment applied in different operations on construction site. The indirect cost is estimated to 

be 5.5% of the direct cost (Hydraulic Construction Mechanical Quota 2004) and then the cost performance could be 

formulated as below: 
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where Cperformance represents the cost performance, C total is the total cost of on-site equipment, which is calculated by 

adding the direct and indirect cost. V concrete means the volume of the concrete poured. Thus Higher Cperformance 

indicates more production (higher volume of concrete poured) from costing one yuan. 

Production rate is used to represent the schedule performance. In this paper, the schedule performance is defined as 

the volume of the concrete poured per day, which can be seen in the Equation (6).  

/
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Where the Sperformance is the schedule performance, Dtotal represents the number of operation days. V concrete , T and H 

having the same meaning with the Equation (4), are obtained in the simulation model. Higher Sperformance indicates 

more production (higher volume of concrete poured) per day. 

Case Study 

Overview 



 

 

A case study that explores two different construction methods in a RFC dam construction project is conducted to 

investigate the relationship/tradeoff among cost, schedule and emission performances. In a RFC dam construction 

project, selecting a method for transporting and dumping rocks within the jobsite before placing concrete—using 

cranes or trucks—yields a significant difference in project performances, which consequently, is a great concern for 

a project manager. These two different methods are described in Figure 1.  

 

Figure 1. Two ways to transport and dump rocks in RFC dam construction projects: crane vs. truck  

 

It is assumed that using a crane is cost intensive, but shows a better schedule performance in a project with a dense 

jobsite layout, while using trucks is assumed to have a better cost performance (but worse schedule performance). 

However, the emission performance of either construction method is not known. Thus, the authors investigated two 

RFC dam projects in Shanxi province in China where two different construction methods are simulated respectively 

Case #1: Transportation of Rocks with Crane 

The first case is applying cranes to transport rocks onto the dam because building a road for trucks is not feasible. 

The authors obtained construction procedures, operating time for unit working load (i.e. 100 m3 concrete) of each 

piece of equipment, the number of equipment, and construction schedule. Then, a DES model is developed, as shown 

in Figure 2. Specifically, concrete mixers haul concrete to a construction site where pumpers are placed. At the same 

time, rocks are hauled by trucks to buckets of cranes. Then, cranes transport rocks onto dams, and excavators pile the 

rocks. At last, concrete is pumped into the rocks by the pumpers (An et al. 2014).  On-site equipment such as mixers, 

cranes, trucks and excavators) is represented as a resource in the model, and activities of each equipment such as 

loading, unloading, hauling, moving, moving back, pumping and piling rocks are described as tasks. Each repetitive 

activity of equipment is video recorded, which is later used to create the statistical distribution of each activity using 

SPSS (Statistical Product and Service Solutions). The resultant duration distribution of each activity is shown in 

Table 1.  
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                                 Figure 2. Simulation model of RFC construction method in Case 1 

 

Table 1. The distribution for input variables in Case 1 

Equipment Activity Distribution (Unit: Second) 

Mixer 

Load Uniform [26,7] 

 Haul Exponential[1200] 

Unload Uniform[30,3] 

Back Exponential[1200] 

Truck 

Load Uniform [45,7] 

 Haul Exponential[1800] 

Unload Uniform[50,3] 

Back Exponential[1800] 

Crane 

 Move Normal[300,10] 

Unload Uniform[50,3] 

Back Normal[300,10] 

Excavator PileRock Normal[55,3.6] 

Pumper Pump Exponential[600] 

 

In addition, the number of working days in each month is set according to the recorded manual. Daily working 

hours of each month fluctuates depending on the climate (average temperature) and daylight hours and are 

summarized in Table 2. The dam construction was stopped from Dec 2009 to Mar 2010, because the temperature 

was too low to allow pouring concrete.  
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Table 2. The changes of actual working hours each month in Case 1 

Month 
Average Temperature of 

each month (Unit: ℃ ) 

Total Actual Hours  

per day (Unit: h) 

2009.05 5-25 4.0 

2009.06 12-26 4.5  

2009.07 15-30 7.0  

2009.08 13-28 8.0  

2009.09 8-24 6.5  

2009.10 2-15 6.0  

2009.11 -5-13 5.2  

2010.04 2-16 4.0  

2010.05 7-23 4.5  

2010.06 13-27 7.0  

2010.07 16-28 6.0  

2010.08 15-26 4.5  

2010.09 9-22 4.8 

The authors ran the simulation model for 100 times and obtained the estimated average schedule performance 

along with the accumulated progress in the construction period. Then, the authors compared the actual schedule 

performance of the project with the estimated one. Their comparison is shown in Figure 3. 

 

Figure 3. The comparison between actual and estimated schedule performance of Case 1 

In general, actual construction progress is similar to estimated one. However, there is a gap between actual and 

estimated schedule performance in November, 2009 and May, 2010. According to the on-site record in 

November, 2009, the amount of poured concrete reached about 141m3/day, 50% more than the planned schedule 

performance (i.e., 94m3/day). This was because that the actual amount of working hours per day was more than 

those in planning stage with the intention to catch up with the construction progress. Regarding to the schedule 

performance in April, 2010, the schedule performance was less than 40m3/day, while the estimated one was 

70m3/day. At the beginning of the restarted project, equipment operators are not familiar with the construction 

site, and thus, the equipment could not achieve the designed operation efficiency. As time goes by and the 

operations become more familiar to the site, the schedule performance was improved.  
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In case of the cumulative schedule performance, the estimated one from the simulation model was almost 

consistent with the actual one. All work could be finished on time. In September, 2010, the assignment of 

pouring approximate 40000m3 concrete had been completed as the designed schedule.  

After finishing a reality check on the developed model, the authors analyze the cost and emission performance, 

which are shown in Figure 4. 

 

Figure 4. Cost and emission performance of Case 1 

It can be speculated schedule, cost, and emission performances have the similar trend in terms of increasing and 

decreasing patterns, but its change in the emission performance is less significant compared to schedule and 

cost performances. For example, the emission performance varies about 5% from July to September in 2009, 

while the schedule and cost performances change about 20%. This can be explained by that the emission 

performance is more affected by the operating equipment efficiency of equipment fleet, rather than actual 

working hours of equipment fleet (equipment operation hours allowed in a day). The variation of the operating 

equipment efficiency across different months was relatively lower, in spite of the changes of the actual working 

hours over the project duration (see Table 2). However, cost and schedule performances are directly related to 

the changes of actual working hours and has a higher variance across different months. 

Case # 2: Transportation of Rocks with Trucks 

In the second case, during the RFC dam construction processes, a specialized road is built to transport rocks. 

Trucks are used instead of cranes. Similarly, the authors obtained the operation sequence, operating time for 

unit working load (i.e. 100 m3 concrete) of each piece of equipment, and construction schedule in the designed 

specification and established the DES model, as shown in Figure 5. Firstly, rocks were hauled by trucks onto 

dams, and excavators piled the rocks. Then, concrete was pumped into the rocks by pumpers (An et al. 2014).  

On-site equipment (trucks, pumps and excavators) was represented as the resources in the model, and the 

activities of each item of equipment (pumping, unloading, hauling, moving back, and piling rocks) were 

described as the tasks. After being mixed, the concrete was pumped to construction site where rocks had been 

transported by trucks and piled by excavators. The duration distribution of each activity inputted is shown in 

Table 3. 
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Figure 5. Simulation model of RFC construction method in Case 2 

Table 3. The distribution for input variables in Case 2 

Resource Activity Distribution (Unit： second) 

Truck 

 Haul Exponential[2000] 

Unload Uniform[50,3] 

Back Exponential[1700] 

Excavator PileRock Normal[55,3.6] 

Pumper Pump Exponential[480] 

With the similar way of the first case, in the extremely cold weather, construction work only can be done during 

a few hours around noon of a day and the shortened hours were predefined in the DES model. The authors ran 

the simulation model for 100 times and obtained the estimated schedule performance and accumulated progress 

in the construction period. The comparison between estimated and actual progress is shown in Figure 6. 

 

Figure 6. The comparison between actual and estimated schedule performance of Case 2 
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Like the first case, the schedule performance of the starting or restarting periods was relatively lower than the 

other months. Along with the operation became more skillful and working hours extended, the schedule 

performance was improved. However, according to the on-site record in Jan.2010, the actual amount of poured 

concrete was only about 100m3/day, 64% less than the estimated performance. This was because that the main 

raw materials (e.g. fly ash and polycarboxylate super plasticizer) were lack on site in Jan., resulting in that the 

construction activity stopped. The production rate of the transportation was reduced because of the frozen road 

on construction site. Regarding to the schedule performance in Jul. and Aug. in 2010, the  actual progress was 

a little higher than the estimated one, since more working hours were required in order to keep up with the 

completed plan. The above situation was not considered in the planning stage or in the DES model. Then we 

analyzed the cost and emission performance, which are shown in Figure 7. 

 

Figure 7. Cost and emission performance of Case 2 

In Dec.2009, the cost, schedule and emission performance is estimated to show better performance of about 

13.6 m3/1000 Yuan, 61 m3/ton CO2 and 300 m3/day respectively, compared with those in Case 1 (cost 

performance 11m3/1000 Yuan, emission performance 24m3/ton CO2 and schedule performance 141m3/day). The 

similar trend are observed in three performances, but the schedule performance shows a higher variation 

compared to the cost and emission performances. For example, the cost and emission performances increase by 

around 4% and 1% respectively from May to August in 2010, while the schedule performance increases by 

about 80% during that period. In Case 1, emission performance showed smaller variations compared to cost and 

schedule performances. But Case 2 showed smaller variations in emission and cost performance compared to 

schedule performance. This is mainly because similar with Case 1, the variation of the operating equipment 

efficiency across different months was lower and the change of actual working hours was higher, but in Case 2 

the number of trucks is increased a lot. The cost performance is related to the number of equipment fleet.Thus 

the influence of actual working hours had been offset by the impact of changes in number of equipment fleet. 

Regarding to the schedule performance, it is directly related to the changes of actual working hours and has a 

higher variance across different months as well. 

Discussion for more options 

From the case studies, DES is useful to understand the relationship/tradeoffs among three performances and 

compare the integrated project performances of different planning alternatives of RFC dam construction 

processes. By inputting the cost index, emission factors, number of each type of equipment, operation time of 

each task, we can make a better understanding of the complex construction processes and obtain the separate 

performance of three performances (i.e. cost, schedule and emission) at any moment. Then the simulation results 

could be used to evaluate and compare the performance of various construction alternatives, offering a 

significant support for decision makers to select the more appropriate options.  
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Figure 8. The comparison results between two cases 

Figure 8 shows the comparison results of average cost, schedule and emission performance between two cases. 

Using trucks to transport rocks to construction site could be a more economic choice than transporting rocks by 

cranes, with lower emissions generated and a faster schedule. In Case 1, restricted by the on-site conditions (e.g. 

the number of trucks and concrete mixers, transportation length of concrete and rocks, the temporary access of 

construction), cranes are used to transport rocks instead of trucks. The schedule performance is lower than that 

of using trucks in the second case. Moreover, even though the number of crane used on construction site is less 

than that of trucks applied in the second case, the cost index of crane is much higher than that of trucks. While 

using trucks were expected to have a better performance in terms of schedule and cost, it was not which 

alternative provides cleaner production.  

Many methodologies have been proposed to solve the schedule and cost tradeoffs problem that considered by 

project decision makers (Zhang and Xing 2010). However, these methodologies largely overlook environmental 

issues (Xu at al. 2012, Ozcan-Deniz at al. 2012). Quantitative assessment of the traditional performance (i.e. 

cost and schedule) and emission performance should be conducted in the planning stage in order to help 

construction-project decision makers determine the optimal tradeoffs among the three important considerations 

(Cheng at al. 2014). Here we further use the first case in an experimental DES model to analyze the tradeoffs 

of the three performances in Aug. 2009. The number of crane is fixed to 1, the number of concrete mixers is 

changed from 2 to 6, and the number of trucks is changed from 6 to 8 without considering the external limitations 

on construction site. The results are showed in Figure 9. 

 

Cost 

Performance

Schedule

Performance

Emission

Performance

Case1：Using Cranes

Case2：Using Trucks

9.1

13.2

m3/1000 yuan

102

200

20.9

59.2

m3/day m3/ton CO2

Value

136

138

140

142

144

146

148

150

152

154

156

21

21.5

22

22.5

23

23.5

24

24.5

(2,6) (3,6) (4,6) (5,6) (6,6) (2,7) (3,7) (4,7) (5,7) (6,7) (2,8) (3,8) (4,8) (5,8) (6,8)

S
c
h
e
d
u
le

 P
e
rf

o
rm

a
n
c
e
 (

m
3
/ 
d
a
y)

 

E
m

is
s
io

n
 P

e
rf

o
rm

a
n
c
e

 (
m

3
/ 
tC

O
2
)

Size of mixer and truck fleet

Emission and Schedule Performance

Emission performance

Schedule Performance



 

 

 

Figure 9. Cost, schedule and emission performances of the alteration 

When the number of truck is fixed, along with increasing size of concrete mixer fleet, the emission and cost 

performances decrease obviously, while there was no regular pattern of the schedule performance. In the (2,6) 

case, the emission and cost performance show best value of 24m3/ton CO2 and 11m3/1000 Yuan respectively, 

but the schedule performance is only 141 m3/day. Compared with the (2,6) case, in (3,6) case, emission and cost 

performances decrease, but schedule performance increase a little. When the size of truck fleet increases to 8, 

the schedule performance achieves about 153m3/day, although the emission and cost performances fall to 

23m3/ton CO2 and 10m3/1000 Yuan respectively. It can be seen that better cost or emission performances does 

not always guarantee the better schedule performance. There are tradeoffs among the three performances. Thus 

comprehensive understanding of the relationship/tradeoffs under the various on-site operation situations, 

making a possible for decision makers to use DES model to choose the desired integrated performance of cost, 

schedule and emission factors in the planning stage. 

As is known, equipment operation would be the major factor (possibly the only factor) for construction 

contractors to control in order to improve the emission performance during construction process, since all the 

quantity of materials used in building dams have already been determined in the design stage. In China, with 

more attention is paid on carbon trading, contractors are facing the challenge of meeting emerging requirements 

to improve the emission performance during construction processes. Thus they have to take effective measures 

to choose better planning alternatives and enhance the emission performance.  During the construction 

processes, the emissions are mainly coming from energy consumed by equipment.  Valuable operating time 

of each type of equipment is a fixed value when there is a designed working load. The changeable value is the 

non-valuable operation time, in other words, the idling time (Ahn and Lee 2013). Reducing the idle time of 

construction equipment on site not only helps reduce the fuel use and construction-related emissions, but it also 

helps extend the life of engine, providing safer work environment for operators and workers on site (Heydarian 

et al, 2011, Zou et al, 2007, Wong et al. 2012). Thus, contractors could use DES model to compare the idling 

time of each piece of equipment and estimate the emission performance of different construction options in the 

planning stage. Then it would be useful for them to reduce the idling time and enhance the emission performance 

obviously by choosing the proper alternatives.  

In the case studies, only two representative operations of transporting rocks were compared roughly because 

the conditions of the two cases are not totally same. Additional research is required to make a more 

comprehensive analysis on more operations (e.g. the integrated application of cranes and trucks, the application 

of chain wheels and buckets to transport rocks). On the other hand, there are some limitations inherited from 

the selection of carbon emission rates of idling as well, which is mentioned in Ahn and Lee (2012). Also, the 

carbon emission rates for working and idle modes were determined by some representative data, rather than 

equipment-specific data, which was mentioned in other studies that the engineer ties affect the fuel consumption, 
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cost and operation efficiency of the equipment as well. It is necessary to build a database of fuel use and emission 

rates that can be expandable to commonly used construction equipment with various engine sizes. 

Conclusions 

With the increasing application of the RFC, there is an eager demand to evaluate the integrated performance of 

the cost, schedule and emissions of this dam construction method, in order to help the managers make a better 

informed decision. In this study, we develop a methodology to assess the integrated performance of the cost, 

schedule and emissions for RFC dam construction. Since RFC is a new construction method, DES model could 

simulate different construction alternatives and estimate the cost, schedule and emission performance 

respectively. Then two case studies are used to demonstrate the effectiveness and validity of the presented 

methodology. The simulation model can compare different construction options and show the changes of the 

integrated performance dynamically. Compared with transporting rocks by cranes, using trucks to transport and 

dump rocks is more economic, environmental and showed better schedule performance. Thus the proposed 

methodology help construction managers consider the integrated performance of different option in RFC dam 

constructions, and target the option that will increase the integrated value, including the cost, schedule and 

emission performance.  

In this research, regarding to the integrated performance of cost, emission and schedule performance, only two 

major construction alternatives of using RFC were compared and analyzed in case studies. Along with the rapid 

development of RFC, more operations of transporting rocks and pouring concrete are created according to the 

conditions on site. In the future, we could apply the proposed approach to other types of projects that do not 

have historical data and continue applying DES to study the relationship among these factors of using different 

RFC construction alternatives. Also，the methodology of defining the tradeoffs weights of varying construction 

scenarios could be further studied. Then the perspective of decision makers can be considered in the weights 

and the option could be more comprehensive. 
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摘要 

Massive concrete dam projects are projected to be conducted in the 

next ten years responding to the growing demand for clean energy 

and water resources in developing countries. Rock-Filled Concrete 

(RFC) that which uses much less cement than conventional 

concrete, which promises a positive effect on cost and schedule 

performance, has been rapidly developed these years. With more 

attention is paid on the environmental issue when promoting this 

new construction method, how to analyze and balance the cost, 

schedule and emission performances of this new construction 

method and their inter-relationships in the planning stage is 

concerned by construction managers. Thus, the objective of this 

paper is to investigate and analysis the integrated performance of the 

cost, schedule and emission in RFC dam projects. A  Discrete 

Event Simulation (DES) model of RFC dam construction processes 

is developed to investigate the tradeoffs between traditional project 

performances (i.e. schedule, cost) and emission performance. The 

developed DES model is validated with the actual data collected on 

a construction site and used to assess the impact of planning 

alternatives on project performances. The results demonstrate the 

effectiveness of the presented approach in analyzing how the 

integrated performance of different options in RFC dam projects 

changes over time. The developed approach could help construction 

managers compare different alternatives and identify an option that 

will increase the integrated value that takes into account cost, 

schedule and emission performance at the same time. 
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Rock Filled Concrete (RFC), Dam Construction, Integrated Performance, 

Discrete Event Simulation (DES) 
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Land preparation and vegetation type jointly determine soil conditions 

after long-term land stabilization measures in a typical hilly catchment, 
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Abstract：Land preparation (e.g., leveled ditches, leveled benches, adversely graded tableland and fish-scale pits) is one of the most 

effective ecological engineering practices to reduce water erosion in the Loess Plateau, China. With land preparation greatly affected 

soil physicochemical properties. This study investigated the influence of different land preparation techniques during vegetation 

restoration on soil conditions, which remained poorly understood to date. Soil samples were collected from depths of 0–10, 10–20, 20–

40, 40–60, 60–80 and 80–100 cm, in the typical hilly watershed of Dingxi City, Loess Plateau. Soil bulk density (BD), soil organic 

matter (SOM) and total nitrogen (TN) were determined for different land preparations and vegetation type combinations. Fractal theory 

was used to analyze soil particle size distribution (PSD). The results showed that: 1) The effects of land preparation on soil properties 

and PSD varied with soil depth. For each land preparation category, SOM and TN values showed significant differences between the 

top soil layer and the underlying soil depths. 2) The fractal dimension of PSD showed a significant positive correlation with clay and silt 

content, but a significant negative correlation with sand content. 3) The 20 cm soil layer was a boundary that distinguished the 

explanatory factors, with land preparation and vegetation type as the controlling factors in the 0-20 cm and 20-100 cm soil layers, 

respectively. Land preparation and vegetation type significantly influenced soil properties, with 20 cm soil depth being the boundary for 

these two factors. This study provides a foundation for developing techniques for vegetation restoration in water-limited ecosystems. 

Keywords：Land preparation, Loess Plateau, Soil conditions, Soil organic matter, Soil particle distribution, Vegetation restoration 

1. Introduction 

Soil is a key component of the Earth, influencing the chemical, erosional hydrological and biological cycles, as 

well as providing services, goods, and resources (Berendse et al. 2015; Brevik et al. 2015; Keesstra et al. 2012). 

It consists of various particles with irregular shape and self-similar components, which vary spatially. One of 

the key physical properties of soil system is soil particle size distribution (PSD) that plays a critical role in 

biogeochemical processes and cycles, such as water retention and movement, soil nutrient sorption, solute 

transport and soil erosion (Erskine et al. 2002; Gao et al. 2014; Hillel, 1980; Liu et al. 2009; Tyler and 

Wheatcraft, 1989; Xu et al. 2013; Yu et al. 2015). Changes in PSD are therefore the key factor to monitor soil 

structure alterations and assess soil nutrient mobility. 

In the Loess Plateau of China, severe water erosion has resulted in widespread environmental degradation (Shi 

and shao, 2000). In order to improve the local environment, prevent soil and water loss, land preparation has 

become more common, particularly with the “Grain-for-Green” project. Here various land preparation types 

such as leveled benches, leveled ditches, adversely graded tableland and fish-scale pits are widely used to 

improve vegetation restoration, conserve water and prevent soil erosion. As a result of predominant water 

shortage in this region, these measures are considered essential in enhancing seedling establishment and 

reducing water loss at the slopes (Bergkamp, 1998; Gentili et al. 2010). They are also considered important to 

enhance the survival rate of plants, promote positive succession in vegetation restoration and restore degraded 

ecosystems (Wei et al. 2012). 

Land preparation, which is ubiquitous on many hillslopes including on the Loess Plateau, has greatly affected 

the soil structure by reshaping vulnerable slopes and creating diverse micro-landforms (Bruland and Richardson, 

2005; Liu et al. 2013; Mcdonagh et al. 2014; Mekuria et al. 2013). It also affects the physical, chemical, 

hydrological and biological processes of the soils by changing the rate of surface runoff and removing fine 

particles from the soil (Kirkby and Morgan, 1980). Consequently, land preparation, in combination with water 

erosion, often influenced soil particle distribution and related soil properties. While previous studies reported 

that land use changes significantly affected soil properties (Xu et al. 2013; Zhao et al. 2014; Jia and Shao, 2014), 

fewer examined the coupling effects of land preparation technique and vegetation type on soil conditions. In 

addition, since the impact of land preparation on soil improvement was usually assessed through measures in 



 

 

only a few elected soil properties (e.g., soil organic matter, soil moisture, and total nitrogen), we still lacked 

information to quantify the relationship between land preparations and other key soil properties during 

vegetation restoration. 

To address the issue, we tried to use fractal theory, a method to model soil disruption processes such as aggregate 

breakdown induced by either human or natural disturbances (Lyu et al. 2015; Martinez-Mena et al. 1999). It 

can be used to: (i) describe soil physical properties (e.g., soil bulk density, pore size distribution, particle size 

distribution and soil micro-topography), (ii) model soil physical processes (e.g. water and solutes transport), 

and (iii) quantify soil spatial variability (e.g., quantify distributions of soil properties and processes) in soil and 

tillage research (Perfect and Kay, 1995). Fractal dimension of soil particles has also been used to characterize 

soil PSD and there have been numerous studies that applied fractal theory for understanding the link between 

PSD and soil structure, such as the influence of land use types on the fractal dimensions of PSD in the Tibetan 

Plateau of China (Wang et al. 2006), the use of multi-fractal dimensions to describe soil PSD under different 

land use categories of the semi-arid Loess Plateau (Wang et al. 2008), and the monitoring of soil degradation in 

arid ecosystems to control desertification process (Su et al. 2014). Paz-Ferreiro et al. (2010) evaluated soil PSD 

using multifractal parameters under various management systems and demonstrated that multifractal analysis 

was useful for detecting the similarity of PSDs. Fractal theory is therefore an effective method for assessing the 

impacts of different land use pattern changes on soils. 

Although soil structure has been well studied using fractal theory in different ecosystems, information about the 

influence of land preparation techniques on the fractal dimensions of soils is limited. In the present study, land 

preparation and vegetation-induced changes in PSD and soil fractal dimension were investigated in relation to 

changes in SOM, BD and TN in the semi-arid area of the Loess Plateau. The objectives of this study were, to 1) 

detect changes of soil properties in different soil depths under different land preparations, and 2) determine the 

effect of land preparations and vegetation types on soil properties during vegetation restoration. 

2. Methods 

2.1 Study site 

The study was conducted in the Longtan catchment (35 °43’ N and 104°27’ E), Dingxi City, Gansu Province, 

China (Fig. 1). The Longtan catchment is situated in the western part of the Loess Plateau with mean annual air 

temperature of 6.8 °C. The catchment has a typical hilly-gully geomorphology, with elevations ranging from 

about 1840 to 2260 m, and covering the area of 16.1 km2. The mean annual precipitation is 386 mm (i.e., long-

term average between 1961 and 2006), with more than 60% of rain falls during the three summer months (July 

to September). Thunderstorms often occur around this period, causing severe soil erosion. The main soil type 

is loessal soil, with poor soil water field capacity (0.180–0.240 g g-1 dry soil) and a low organic matter content 

(0.2–2.9 g g-1 dry soil). The wilting point is approximately 0.054 g g-1 dry soil and soil thickness varies from 40 

m to 60 m (Yang et al., 2014). 

The catchment consists of coniferous forests, sparse shrubland, native grassland, pasture grassland, farmland 

and abandoned cropland. Revegetation began in the 1980s on poor and steep cultivated lands that had low crop 

yields. With the implementation of the Grain-for-Green project, Chinese Pine (Pinus tabulaeformis), purple 

alfalfa (Medicago sativa), sea buckthorn (Hipporhae rhamnoides) and littleleaf peashrub (Caragana 

microphylla) were widely used for vegetation restoration. The dominant natural plant species are bunge 

needlegrass (Stipa bungeana) and common leymus (Leymus secalinus). Furthermore, the main introduced plant 

species are Chinese red pine (P. tabulaeformis), Siberian apricot (Armeniaca sibirica), Chinese arborvitae 

(Platycladus orientalis), and alfalfa (M.sativa). Finally, the major crops here are potato (Solanum tuberosum), 

soybean (Vigna angularis) and maize (Zea mays). Overall, the typical landscape pattern of the Longtan 

watershed is a patchy mosaic of different vegetation types and microtopographies. 

2.2 Field experimental design and soil sampling 

In the early spring of 2014, several typical land preparation types in the watershed were selected, including 

leveled benches, leveled ditches, adverse-grade tables, and fish-scale pits. All of the selected land preparation 

categories were widely used during the implementation of vegetation restoration projects. Overall, six sites were 

determined as sampling areas. The six sites represent leveled benches with littleleaf peashrub (Caragana 

microphylla), leveled ditches with Siberian apricot (Armeniaca sibirica), adversely graded tableland with 

Chinese arborvitae (Platycladus orientalis) and fish-scale pits with Chinese Pine (Pinus tabulaeformis), fish-



 

 

scale pits with Chinese arborvitae (Platycladus orientalis) and adversely graded tableland with Chinese Pine 

(Pinus tabulaeformis) (Fig. 2). Leveled benches-C. microphylla and adversely graded tableland-P. orientalis 

were built at 1984, fish-scale pits-P. tabulaeformis and adversely graded tableland-P. tabulaeformis were 

constructed at 1972, leveled ditches-A. sibirica and fish-scale pits-P. orientalis were established in 2003, 

respectively. All six sites had similar elevation and the description of each land preparations were shown in 

Table 1. 

At each site, six sampling plots were selected randomly, with a minimum distances of 3 m between the plots to 

minimize sampling error. In each sampling plot, soil samples were collected separately with a soil auger at 

depths of 0–10, 10–20, 20–40, 40–60, 60–80 and 80–100 cm. Soil bulk density of each soil layer was measured 

using the core method (stainless steel cylinders with a volume of 100 cm3). All samples were then sealed and 

taken to the laboratory for further analysis. The field soil sampling was completed in the growing season of 

2014. 

2.3 Laboratory and laser diffraction analysis 

In the laboratory, all soil samples were air-dried and visible plant materials were carefully removed. One part 

of the samples was passed through a 2 mm sieve for particle size distribution analysis and the other part was 

passed through a 0.25 mm sieve for SOM and TN measurement. The SOM was determined by dry combustion 

at 500 oC (Storer, 1984) while the TN concentration was measured using the Kjeldahl procedure (Sparks et al. 

1996). 

For PSD determination, soil samples were pretreated with 6% H2O2 in order to remove organic matter and HCL 

was added to eliminate carbonates and oxides. The samples were then soaked in distilled water for 24 h. After 

removal from the distilled water, samples were then chemically dispersed in 0.4% Calgon and mechanically 

dispersed in an ultrasonic bath for 5 min. After pretreatment, the samples were analyzed by a laser diffraction 

technique by using a Mastersizer 2000 (Malvern Instruments, Malvern, England). Soil particle size was 

classified as clay (< 2μm), silt (2-50 μm) and sand (50-2000 μm) based on the USDA system of soil texture 

classification. 

2.4 Soil fractal model 

The mass fractal dimension (Dm) value of soil PSD was calculated in terms of the volume distribution of the 

soil particle size. This model has been widely used in soil science using the following equation (Gao et al. 2014): 
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                                    Eq. (1) 

where r is the soil particle size, Ri is the soil particle size of grade i in the particle size grading, V (r < Ri) is the 

volume of soil particle size less than Ri, Rmax is the maximum diameter of the soil particles, VT is the total volume 

of soil particles and D is the volume-based fractal dimension. 

After taking the logarithm of both sides of equation (1), we derived equation (2) to get the D value using the 

following equation: 
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2.5 Data analysis 

Mean and standard deviations of the selected soil properties of different land preparations and soil depths were 

determined. Analyses of variance (ANOVA) on selected properties and PSD were conducted using the MIXED 

procedure in SAS. This procedure used restricted maximum likelihood estimates of the variance components, 

and computed Wald-type F-statistics using generalized least squares (GLSE). Multi-ANOVA was used to 

identify the effects of depth, land preparations, vegetation and their interaction on soil properties, the differences 

in soil properties and PSD between different land preparations and depths were compared using one-way 

ANOVA. If there were significant differences in the Wald-F-statistics at P≤0.05, treatment means were then 

compared using a LSD (least significant different) test. Meanwhile, the PROG REG procedure with the 

RSQUARE selection method was used for regression analyses. In addition, redundancy analyses (RDA) were 



 

 

performed with R software version 3.2.0 (R Core Team 2012), with the main focus on the relationships between 

the soil conditions and the factors influencing them (land preparation and vegetation). The soil properties were 

quantitative response variables in these analyses; the explanatory variables included the categorical variables, 

land preparations with soil depth and vegetation types. In order to distinguish the influence of land preparation 

and vegetation on soil properties, we used dummy variables (absence or presence) to represent land preparation 

and vegetation variables. The raw data were factorized before the RDA analyses, and the significance of the 

variables were tested with Monte Carlo simulations. 

3. Results 

3.1 BD, SOM and TN variations under different land preparations 

Soil BD, SOM and TN differed significantly among different land preparations and soil depths (P < 0.05; Table 

2). Adversely graded tableland-P. tabulaeformis soils had the lowest overall BD values (1.13 g cm-3), whereas 

the fish-scale pits-P. orientalis soils had the highest (1.27 g cm-3). The median BD was found in the leveled 

ditched soils. While fish-scale pits- P. orientalis soils consistently showed the highest BD values across different 

soil depths in comparison with the other land preparations, different vegetation types of the same land 

preparation led to different BD values, depending on soil depths (Table 3). For example, in the top soil layer 

(0–40 cm) of the adversely graded tableland , BD values of P. orientalis soils were significantly higher than for 

P. tabulaeformis soils. In addition, the SOM values below the depth of 40 cm were similar among the different 

land preparations, and all were significantly lower than the surface layer (0-20 cm) in each plot (P < 0.05). 

Finally, the TN values significantly differed between the top soil layer and the underlying soil depths. The 

leveled benches-C. microphylla land preparation type showed the highest TN value (0.64 g kg-1), whereas it 

was lowest for the adversely graded tableland-P. orientalis combination (0.36 g kg-1).  

3.2 PSD and fractal features 

The percentage of clay, silt, and sand significantly differed among different land preparation types and soil 

depths (P < 0.05; Table 4), although most of the soil particles was dominated by silt (i.e., 2-50 μm) for all land 

preparation types, as typically found in loess soils. In the surface soil, the clay content of the leveled ditches-A. 

sibirica combination and the fish-scale pits-P. tabulaeformis was significantly higher than other land 

preparation types. For the overall 0–100 cm depth, the fish-scale pits-P. tabulaeformis combination had the 

highest average clay content (Table 5).    

The leveled ditches-A. sibirica soils had the highest surface soil layer fractal dimension values, followed by the 

fish-scale pits-P. tabulaeformis combination, and the adversely graded tableland-P. orientalis. The fish-scale 

pits- P. orientalis surface soil layer had the lowest fractal dimension values. For the 10–20 cm layer, the fish-

scale pits-P. orientalis fractal dimension values were also significantly lower than those in the leveled ditches-

M. sativa and fish-scale pits-P. tabulaeformis soils. The fish-scale pits-P. tabulaeformis had the highest average 

overall fractal dimension in the 0–100 cm soil depth, whereas it was lowest for fish-scale pits-P. orientalis. The 

fractal dimension values of the six land preparations were in the following order: fish-scale pits-P. orientalis < 

leveled benches-C. microphylla < adversely graded tableland-P. orientalis < adversely graded tableland-P. 

tabulaeformis < leveled ditches-A. sibirica < fish-scale pits-P. tabulaeformis. 

3.3 Relationship between fractal dimension and PSD 

The fractal dimensions had significant and positive linear relationship with clay (R2=0.938, P < 0.001; Fig. 3) 

and silt content (R2=0.513, P < 0.001; Fig. 3) but had significant negative relationship with sand content 

(R2=0.764, P < 0.001; Fig. 3). 

 

3.4 RDA analysis 

There was a strong association between soil properties and the explanatory factors (land preparation and 

vegetation types), although their importance differed among soil depths (Fig. 4). While land preparation and 

vegetation significantly affected soil properties in the surface soil (0–20 cm), land preparation (41.6%) was the 

more important driver for this soil layer compared with vegetation (37.2%). In contrast, vegetation was the 

dominant factor influenced soil properties at depths below 20 cm. Although land preparation significantly 

influences soil conditions in the 20–40 cm and 60–80 cm soil layers, this influence was not significant in the 



 

 

40–60 cm and 80–100 cm layers. Overall, 20 cm soil depth was the boundary for distinguishing the influence 

of the two factors, with land preparation having a major effect on soil conditions above this depth. 

4 Discussion 

4.1 Joint effects of land preparation and vegetation on soil properties 

The knowledge of variability in soil properties is the foundation for understanding the influence of land 

preparation or land use on soil quality and the site-specific management practices or designs (Shukla et al., 

2006). Our result showed that effects of land preparation on soil BD, SOM, and TN distribution varied with soil 

depth, consuuistent with previous studies (Wang et al. 2009; Daryanto et al. 2012). SOM is an index of soil 

quality that reflects soil nutrient conditions, and it is a critical parameter for evaluating land use patterns 

(Franzluebbers, 2002; Pulleman et al. 2000). Here, the fish-scale pits-P. tabulaeformis combination and the 

leveled benches-C. microphylla exhibited the highest SOM and highest TN levels, respectively. In contrast, the 

lowest SOM and TN levels were observed for fish-scale pits-P. orientalis soils. SOM and TN were significantly 

higher in the surface soil layer than the deep soil layer, indicating that both land preparation and vegetation 

could improve SOM and TN content of the topsoil. Lower SOM and TN levels in the fish-scale pits-P. orientalis 

combination could be attributed to the reduced residue input as well as severe soil erosion due to limited canopy 

cover of the species. Meanwhile, we attributed higher TN in the leveled benches-C. microphylla soils to the N2-

fixing capacity of the C. microphylla. 

These effects of vegetation were also consistent with our results on fractal dimension. For example, the soils of 

the fish-scale pits-P. tabulaeformis combination had a significantly higher fractal dimension than the fish-scale 

pits-P. orientalis soils, most likely due to differences not only in the canopy, but also the root system of the 

species. In our study, the projected area of the P. tabulaeformis crown was significantly larger than that of P. 

orientalis. Therefore, this species was probably better at mitigating erosion through rainfall than P. orientalis 

as canopy cover was critical in reducing runoff and soil loss. These results were consistent with other studies 

(Daryanto et al. 2013a, b) which indicated that vegetation canopy changed the distribution of soil organic matter 

and soil infiltrability. As plant roots penetrated the soils, they actively changed infiltration rate which 

consequently led to changes in PSD (Angers and Caron, 1998; Zuazo and Pleguezuelo, 2008). Similarly, plant 

roots played essential role in influencing the responses of SOM, TN, and soil texture to different land preparation 

types. In the deep soil layer, the amount of TN was generally low as mineralized organic residues were smaller 

compared to the amount of N absorbed by plant roots. Overall, land preparation can modify soil properties 

through abiotic influences by reducing soil water erosion, sediment transport and runoff, whereas vegetation 

influences soil properties through biotic mechanisms, such as the development of canopy and root activity 

(Hillel, 2008). 

The fractal dimension was also responsive to land preparation and soil depth, indicating that both natural and 

managerial factors influenced this indicator. Land preparation significantly affected the extent of water erosion 

by changing the path of water flow during rainfall events, resulting in different soil particle distributions, soil 

water regimes and nutrient transportation, particularly the surface SOM and TN concentrations (Appels et al. 

2011; Thompson et al. 2010; Wang et al. 2015). Water erosion occurred mainly in the surface soil layer, land 

preparation techniques could decrease erosion and increase soil clay content, indicated by the higher SOM and 

TN in the surface soil. Furthermore, soil PSD was sensitive to land preparations, as significant differences in 

the fractal dimensions of the PSD were detected among the different land preparation types.      

Our study indicated that soil texture (i.e., clay content) greatly affected the fractal dimensions of PSD by 

changing the amount of SOM. In loess soils, clay rich soils can store more organic matter by forming soil humus 

than clay poor soils (Liu et al. 2007). SOM therefore increased when soil fractal parameter values increased and 

particles became less coarse and vice versa (Gao, 2014; Wang et al. 2007). In the present study, the fractal 

dimension of PSD showed a significant positive relationship with clay and silt content, but a significantly 

negative relationship with sand content. In other words, higher clay and silt contents but lower sand content led 

to higher fractal dimension, consistent with the previous studies (Liu et al. 2009; Su et al. 2004). 

4.2 Respective role of land preparation and vegetation 

Our RDA results indicated that land preparation techniques and the plant species growing on the sites had a 

great influence on the soil properties, with land preparation as a dominant factor influencing on soil properties 

in the top 20 cm of the soil while vegetation types in the deeper layers. During vegetation restoration, land 



 

 

preparations have significant local impacts on the geomorphologic and hydrological dynamics. Since land 

preparation can affect geomorphic processes via soil water erosion (and later the vegetation type), the influence 

of land preparation techniques was more apparent on surface soil (Fig. 2). On the other hand, vegetation was 

the main factors influencing soil properties below 20 cm, suggesting that roots play an essential role in changing 

soil properties as a response to different land preparations in the Loess Plateau. Roots are closely related to soil 

structure and pedohydrology, and play a vital role in regulating soil resistance. With increasing plant growth 

and successional stage, the development and decay of the roots impacted soil pore structure, soil moisture status, 

and soil aggregate stability (Wang et al. 2013). Our study was conducted more than 13 years after restoration. 

As these impacts of vegetation on soil properties (e.g. vertical distribution, SOM, TN, and biomass of the roots) 

usually increase with increasing restoration years (Daryanto et al. 2012; Yu and Jia, 2014), it is unsurprising if 

greater effects of vegetation can be explained by larger influence of roots in the deeper soil after long-term land 

stabilization measures. 

4.3 Implications of this study and suggestions for further research 

In the hilly watershed of the Loess Plateau, the interacting pressures of anthropogenic and environmental change 

drive the environmental systems towards almost irreversible modifications. Both natural changes and 

management modify soil properties during long-term vegetation restoration projects. Our findings have 

important implications on soil and water conservation, environmental engineering, and ecological restoration in 

water-limited ecosystems. From the theoretical point of view, the aims of land preparation are to prevent runoff 

and water erosion, and to supply limited water for vegetation. Our study demonstrated that land preparation 

techniques and vegetation type jointly determine soil conditions, and that land preparation is a recommended 

method to improve and rehabilitate degraded ecosystems. From the practical point of view, our result indicated 

that 20 cm was the boundary layer to distinguish land preparation and plant species as the dominant factor 

influencing soil conditions. It is necessary to pay attention to this boundary layer during the process of land 

preparation engineering at the current study site. 

Our results indicated that different vegetation-land preparation combinations resulted in different soil conditions, 

thus selecting certain vegetation-land preparation combinations rather than using random plant species could be 

critical for ecosystems restoration. To date, partly due to the different kinds of land preparation types and their 

related eco-hydrological or biological responses, detailed relationships between land preparation and plant 

species choice had not been explored thoroughly. Although land preparation is ubiquitous among different kinds 

of ecosystems, the detailed mechanism underlying the influence of land preparation techniques on vegetation 

patterns and even ecosystem services remain unclear, including the responses of erosion processes or nutrient 

cycling under the coupling effects of land preparation and vegetation pattern. Hence, long-term monitoring and 

consecutive measurements of different land preparation types are required for future studies, to better evaluate 

their effects on soil properties, as well as on eco-hydrological and biological responses. 

5 Conclusions 

Our results showed that land preparation type and plant species jointly affected soil conditions in a hilly watershed in the 

Loess Plateau. Significant differences for major soil properties such as SOM, TN, Dm, and clay, silt, and sand content were 

detected among different land preparation-dominant plant species combinations. The fish-scale pits-P. tabulaeformis and 

leveled benches-C. microphylla soils had the highest SOM and TN content, respectively. The SOM and TN in each soil 

depth exhibited surface aggregation under the coupling effects of land preparation techniques and vegetation type. With 

RDA analyses showed that land preparation techniques and vegetation type significantly affected soil properties at different 

depth (i.e., land preparation had a major impact on the surface soil properties, whereas plant species on the deeper soil 

layer), considering site-specific land preparation-plant species combinations could be critical to ensure long-term land 

stabilization. 
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Tables 1 

Table 1. Characteristics of the experimental area and the different land preparation techniques used  2 

 Leveled benches Fish-scale pits Leveled ditches Adversely graded tableland 
Adversely graded 

tableland  
Fish-scale pits 

Vegetation C. korshinskii P. orientalis P. armeniaca P. orientalis P. tabulaeformis P. tabulaeformis 

Height /m 0.85±0.35 1.49±0.29 1.97±0.60 3.34±1.05 6.71±1.28 5.98±1.22 

Diameter at breast height 

(DBH) /cm             
0.93±0.10 3.31±0.91 4.25±0.66 4.70±1.55 8.35±1.48 8.97±1.75 

Crown Diameter /m 

      East&West 

      South&North 

 

1.16±0.65 

0.94±0.39 

 

0.70±0.29 

0.66±0.25 

 

1.47±0.71 

1.50±0.45 

 

1.70±0.59 

1.66±0.69 

 

2.51±0.42 

2.20±0.45 

 

2.75±0.70 

2.85±0.49 

Land preparation 

techniques description 

 

Slope distance was 3.5- 4.0 m, 

the width of the bench was 1.0-

1.5 m, 

the counter-slope degree was 3-

5° 

Upside-down T shaped  fish-

scale pits and the diameter, length 

and width were 130, 80 and 50 cm, 

respectively 

 

Slope distance was 3.5 - 4.0 

m, the length and width of the 

ditch were 1.5 and 1.8 m, 

respectively. 

 

 

Slope distance was 4.0 m and 

the width of the tables was 0.6 - 

1.0 m, the counter-slope degree 

was 5-8° 

 

 

Slope distance was 1.5-2.0 

m and the width of the 

tablels was 1.0-1.5 m, the 

counter-slope degree was 

5-8° 

 

Upside-down T-shaped  fish-

scale pits and the diameter, length 

and width were 80, 80 and 30 cm,  

respectively 

 

Understory vegetation 

Stipa bungeana, 

Heteropappus altaicus  

Cymbaria dahurica  

Peganum harmala. 

 
Ajania parviflora  

Heteropappus altaicus, 

Stipa bungeana 

Medicago sativa, 

Artemisia capillaris, 

Thunb. Stipa bungeana, 

Artemisia vestita  

Thymus mongolicus  

Stipa bungeana , 

Thermopsis lanceolala  

Cleistogenes chinensis 

Stipa bungeana , 

Trin.Heteropappus 

altaicus  

 

 

C．Chinensis, 

Artemisia frigida 

Heteropappus altaicus,  

Leymussecalinus  

Understory layers cover 55 35 40 40 30 45 

Soil        

Bulk density g cm -3 

（0-100cm） 
1.22±0.04 1.27±0.04 1.21±0.03 1.19±0.05 1.13±0.04                 1.15±0.04 

Sand% 20.75±4.03 21.68±3.98 17.38±3.89 21.96±3.70 18.38±6.87 14.87±4.38 

Silt% 69.53±3.26 70.12±3.71 71.84±2.96 67.79±2.95 71.94±5.18 73.41±3.63 
Clay% 9.72±1.37 8.20±0.73 10.77±1.19 10.25±0.88 9.68±1.92 11.72±0.82 

Data in the table are given as means and standard deviations (S.D.) 3 



 

 

Table 2. Results of Multi-ANOVA for the effect of soil depth, land preparations and vegetation type 

on BD, SOM and TN 

 

  BD/g cm-3 SOM/g kg-1 TN/g kg-1 

Depth 
<0.001 <0.001 <0.001 

Land preparation  
0.004 0.017 0.011 

Vegetation 
0.002 0.008 0.004 

Land preparation*Vegetation 
0.035 0.040 0.014 

Depth*Land preparation*Vegetation 
0.011 0.009 0.037 

 



 

 

Table 3. Variations in bulk density (BD), soil organic matter (SOM), and total nitrogen (TN) among 

the different land preparation-vegetation type combinations 

 

Land Preparations Depth/cm 
BD/g 

cm-3 
SOM/g kg-1 TN/g kg-1 

Leveled benches 

C. microphylla 

0-10 1.22±0.07abB 20.19±0.50aB 1.12±0.09aA 

10-20 1.16±0.02bC 15.85±2.85bAB 0.88±0.16bA 

20-40 1.18±0.03bAB 13.90±3.46bcAB 0.62±0.39cAB 

40-60 1.26±0.02aB 12.26±3.35cA 0.46±0.26cA 

60-80 1.27±0.05aB 11.01±0.22cA 0.36±0.15cA 

80-100 1.22±0.03abA 11.64±1.21cA 0.41±0.24cA 

Fish-scale pits 

P. orientalis 

0-10 1.29±0.02aC 12.45±1.18aD 0.60±0.06aB 

10-20 1.31±0.05aD 10.62±0.12bB 0.40±0.02abBC 

20-40 1.26±0.04aB 11.18±1.59bAB 0.32±0.02bB 

40-60 1.22±0.06aAB 9.78±0.22bA 0.29±0.01bA 

60-80 1.26±0.02aB 10.04±0.22bA 0.28±0.02bA 

80-100 1.26±0.01aA 10.88±2.31bA 0.28±0.02bA 

Leveled ditches 

M. sativa 

0-10 1.15±0.02bBC 16.01±1.84aC 0.79±0.10aB 

10-20 1.21±0.08abC 10.48±0.19bB 0.56±0.12bB 

20-40 1.22±0.02abB 11.44±1.14bAB 0.48±0.22bcAB 

40-60 1.24±0.04aB 11.20±0.46bA 0.38±0.08bcA 

60-80 1.22±0.03abAB 11.24±0.59bA 0.31±0.02bcA 

80-100 1.22±0.02abA 11.21±0.22bA 0.45±0.21cA 

Adversely graded 

tableland  

P. orientalis 

0-10 1.15±0.10aB 15.51±1.85aD 0.67±0.09aB 

10-20 1.17±0.05aC 12.45±0.77bB 0.34±0.04bC 

20-40 1.20±0.08aAB 11.11±0.38bB 0.32±0.06bB 

40-60 1.17±0.01aAB 11.62±0.59bA 0.30±0.05bA 

60-80 1.17±0.04aA 11.36±0.44bA 0.26±0.02bA 

80-100 1.26±0.01bA 11.11±0.38bA 0.27±0.02bA 

Fish-scale pits 

P. tabulaeformis 

0-10 1.01±0.03aA 24.08±2.48aA 1.07±0.11aA 

10-20 0.97±0.03aA 18.93±2.91bA 0.84±0.13bA 

20-40 1.15±0.08bA 14.61±2.89cA 0.67±0.23bcA 

40-60 1.25±0.08cB 11.69±0.79cdA 0.47±0.22cA 

60-80 1.24±0.01cAB 12.45±2.76cdA 0.41±0.23cA 

80-100 1.25±0.05cA 10.93±0.44dA 0.34±0.05cA 

Adversely graded 

tableland 

P. tabulaeformis 

0-10 0.96±0.02aA 18.34±1.43aBCD 0.91±0.15aAB 

10-20 1.08±0.11bB 13.83±0.60bB 0.52±0.07bB 

20-40 1.17±0.03cAB 11.64±0.38bAB 0.44±0.10bB 

40-60 1.16±0.06cA 11.14±0.43bA 0.42±0.06bA 

60-80 1.19±0.02cAB 11.39±0.22bA 0.32±0.04bA 

80-100 1.20±0.01cA 11.01±0.57bA 0.30±0.01cA 

Data represent means and standard deviations (S.D.). Different uppercase letters indicate significant differences among land preparation 

types by soil depth; different lowercase letters indicate significant differences among soil depths by land preparation type (P < 0.05) 



 

 

Table 4. Results of Multi-ANOVA for the effect of soil depth, land preparations and vegetation type 

on clay, silt, sand and Dm 

 

  

Clay (<2μm) 

  %   

Silt (2-50μm) 

 %   

Sand (50-2000μm) 

  % 

Dm 

 

Depth 
0.171 0.009 0.010 0.226 

Land preparation  
0.657 0.038 0.092 0.548 

Vegetation 
<0.001 0.474 0.184 <0.001 

Land preparation*Vegetation 
<0.001 0.219 0.160 <0.001 

Depth*Land preparation*Vegetation 
0.606 0.821 0.220 0.897 

 



 

 

Table 5. Characteristic of soil particle size distribution (PSD) and mass fractal dimension (Dm) 

variation of different land preparation techniques 

 

Land preparations/  

Depth (cm) 

Clay (<2μm) Silt  (2-50μm)  
Sand  (50-

2000μm)  
Dm  

%   % %   

Leveled benches 

C. microphylla 
    

0-10 9.71±1.61aB 66.32±2.11aB 23.97±3.73aB 2.52±0.04aBC 

10-20 9.75±1.19aAB 70.58±1.62abA 19.68±2.81abA 2.54±0.03aAB 

20-40 9.96±1.37aAB 72.63±1.81bA 17.41±1.47bAB 2.55±0.03aAB 

40-60 9.94±1.99aB 72.40±2.34bB 17.66±3.13bAB 2.55±0.04aB 

60-80 9.27±0.86aBC 68.39±3.53abB 22.34±4.22abA 2.52±0.03aC 

80-100 9.69±0.52aAB 69.02±2.65abB 21.29±2.45abAB 2.54±0.01aB 

Fish-scale pits 

P. orientalis 
        

0-10 7.75±0.25aB 62.38±3.49aC 29.86±3.66aA 2.47±0.02aC 

10-20 9.10±0.93aB 70.81±0.79bA 20.09±0.89bA 2.53±0.02bB 

20-40 8.61±0.34aB 72.41±3.72bA 18.98±3.55bAB 2.52±0.01bB 

40-60 7.46±1.29aC 69.31±4.34bBC 23.23±3.41bA 2.48±0.04abC 

60-80 7.69±1.23aC 72.08±0.75bB 20.23±1.64bA 2.50±0.03abC 

80-100 7.68±0.90aB 73.05±2.22bAB 19.27±2.46bB 2.50±0.02abB 

Leveled ditches 

M. sativa 
    

0-10 11.94±0.44aA 74.38±2.37aA 13.67±2.81bC 2.59±0.01aA 

10-20 11.22±0.54abA 72.59±2.21aA 16.18±2.68abA 2.57±0.01abA 

20-40 10.47±1.52abB 70.86±1.03aAB 18.67±1.79abAB 2.56±0.03abAB 

40-60 10.05±0.06abB 70.21±0.71aBC 19.74±0.76aAB 2.55±0.01abB 

60-80 9.64±0.50bB 69.67±0.57aB 20.69±0.82aA 2.54±0.01bBC 

80-100 9.70±0.57bAB 70.06±0.30aAB 20.24±0.85aAB 2.54±0.01bB 

Adversely graded tableland  

P. orientalis 
    

0-10 9.85±0.92aB 66.47±1.56aBC 23.67±2.46aB 2.53±0.02aBC 

10-20 10.68±0.73aAB 69.52±2.65aA 19.80±3.09aA 2.56±0.02aAB 

20-40 10.05±0.69aAB 67.69±1.97aB 22.26±2.64aA 2.54±0.02aB 

40-60 9.97±0.34aB 66.89±1.72aC 23.14±2.05aA 2.53±0.01aB 

60-80 10.43±0.72aB 68.17±2.64aB 21.39±4.35aA 2.55±0.02aBC 

80-100 10.45±0.68aA 67.57±0.81aB 21.98±1.37aAB 2.55±0.02aAB 

Fish-scale pits 

P. tabulaeformis 
    

0-10 10.61±0.55bA 68.45±0.95aB 20.95±1.01aB 2.55±0.01bB 

10-20 11.31±0.70abA 71.70±2.00aA 16.99±2.62abA 2.57±0.02abA 

20-40 11.78±0.23abA 72.48±5.00aA 15.74±4.91abB 2.59±0.01abA 

40-60 12.41±2.30abA 78.45±1.86bA 9.13±3.56cB 2.61±0.04aA 

60-80 13.11±2.24a 77.30±0.45bA 9.59±2.59cB 2.62±0.04aA 

80-100 11.53±0.58abA 73.80±1.33abA 14.67±0.59bcB 2.58±0.01aA 

Adversely graded tableland 

P. tabulaeformis 
    

0-10 8.31±1.55aB 68.53±2.68bB 23.16±4.01aB 2.50±0.04aC 

10-20 10.33±1.33bAB 73.06±4.48abA 16.61±5.77bA 2.56±0.04bAB 

20-40 10.63±2.61bA 73.88±5.77aA 15.49±1.57bB 2.56±0.08bAB 

40-60 10.88±0.88bA 74.62±2.70aA 14.50±3.58bB 2.57±0.02bA 

60-80 10.62±2.00bA 77.00±4.97aA 12.38±1.11bB 2.57±0.05bB 

80-100 8.07±0.34aB 66.82±1.09bB 25.11±1.40bA 2.49±0.01aB 

Data in the table represent means and standard deviations (S.D.). Different uppercase letters indicate significant differences among land 

preparation types by soil depth; different lowercase letters indicate significant differences among soil depths by land preparation type 

(P<0.05) 
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Figures 

Figure 1  

 

Fig. 1 Location of the study site, Longtan Catchment, Loess Plateau of China. 
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Figure 2 

 

  

Leveled benches-C. microphylla Fish-scale pits-P. orientalis 
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Leveled ditches-M. sativa                    Adversely graded tableland-P. orientalis 

 

  Fish-scale pits-P. tabulaeformis              Adversely graded tableland-P. tabulaeformis 

 

Fig. 2 Land use map and sketch on land preparation types of the catchment  
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Figure 3 
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Fig. 3 Relationships between fractal dimensions of particle size distribution (PSD) and clay, silt and sand content 
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Figure 4 

 

“*” stand for significant level less than 0.05 

Fig. 4 The proportion of vegetation types and land preparations contributing to the variance of the soil properties at 

different soil depths, based on the redundancy analysis (RDA). 
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中国水利水电科学研究院第十三届青年学术交流会 

Land preparation and vegetation type jointly determine soil conditions after long-term land 

stabilization measures in a typical hilly catchment, Loess Plateau of China 

Yu Yang1, 2，Wei Wei1, 3，Chen Liding1 , Feng Tianjiao 1, Stefani Daryanto3, Wang Lixin3 (1, Department 

of Sediment Research, China Institute of Water Resources and Hydropower Research 2, State Key Laboratory of Urban and 

Regional Ecology, Research Center for Eco-environmental Sciences, Chinese Academy of Sciences 3, Department of Earth 

Sciences, Indiana University-Purdue University Indianapolis (IUPUI) 

摘要 

Land preparation (e.g., leveled ditches, leveled benches, adversely graded tableland 

and fish-scale pits) is one of the most effective ecological engineering practices to reduce 

water erosion in the Loess Plateau, China. With land preparation greatly affected soil 

physicochemical properties. This study investigated the influence of different land 

preparation techniques during vegetation restoration on soil conditions, which remained 

poorly understood to date. Soil samples were collected from depths of 0–10, 10–20, 20–

40, 40–60, 60–80 and 80–100 cm, in the typical hilly watershed of Dingxi City, Loess 

Plateau. Soil bulk density (BD), soil organic matter (SOM) and total nitrogen (TN) were 

determined for different land preparations and vegetation type combinations. Fractal 

theory was used to analyze soil particle size distribution (PSD). The results showed that: 

1) The effects of land preparation on soil properties and PSD varied with soil depth. For 

each land preparation category, SOM and TN values showed significant differences 

between the top soil layer and the underlying soil depths. 2) The fractal dimension of 

PSD showed a significant positive correlation with clay and silt content, but a significant 

negative correlation with sand content. 3) The 20 cm soil layer was a boundary that 

distinguished the explanatory factors, with land preparation and vegetation type as the 

controlling factors in the 0-20 cm and 20-100 cm soil layers, respectively. Land 

preparation and vegetation type significantly influenced soil properties, with 20 cm soil 

depth being the boundary for these two factors. This study provides a foundation for 

developing techniques for vegetation restoration in water-limited ecosystems. 

关键词 

Land preparation, Loess Plateau, Soil conditions, Soil organic matter, Soil particle 

distribution, Vegetation restoration 
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Non-Negative Depth Reconstruction for a 2D Partial Inertial 

Inundation Model 

Hongbin Zhanga ,b,Yueling Wang c*, Qiuhua Liangb, Luke S. Smithb, Chris G. Kilsbyb 

a Institute of Water Resources and Hydropower Research, Beijing, 100038, China 

bSchool of Civil Engineering and Geosciences, Newcastle University, Newcastle upon Tyne, NE1 7RU, UK 

cKey Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources  

Research, Chinese Academy of Sciences ,Beijing, 100101,China 

Abstract：This paper proposes a non-negative depth reconstruction method for improving the numerical stability of 

a Partial Inertial Model (PIM) for applications involving steep slope and low-friction conditions. The PIM solves 

the continuity equation of the 2D shallow water equations with the interface fluxes evaluated by a simplified 

momentum equation that partially restores the inertial terms. In applying the PIM to flood simulations, a practical 

requirement is to represent complex domain topography and to track the moving wet-dry interface without resulting 

in negative water depths. Another challenging issue is to avoid numerical instability caused by lack of diffusive 

terms when it is applied to low-friction cases. For these purposes, the PIM is improved by introducing a non-

negative depth reconstruction method, featuring two different ways for calculating the interface fluxes. The 

performance of the improved PIMs is investigated through applications to several benchmark theoretical and 

practical test cases. The comparison of the results against analytical solutions or the results obtained by the original 

PIM and a full 2D finite-volume hydrodynamic model shows the proposed reconstruction method can avoid 

negative depth predictions, and improve the numerical stability of original PIM when applied in steep slope and 

low-friction conditions.  

Keywords：complex topography; flood inundation; hydraulic model; non-negative depth reconstruction; partial 

inertial model; wetting and drying 

1 Introduction 

Flooding can cause significant damage to infrastructure and other human assets, and poses a great 

threat to human lives. It is generally recognized that flood risk is increasing world-wide due to the 

changing climate and more intensive human activity (Milly et al.  2002; Kundzewicz et al.  2005; 

Teng et al.  2006; Chang et al.  2009). To prevent or mitigate the adverse impacts of flooding, 

integrated flood management should be implemented, for which inundation models are indispensable 

tools for assessing risk.  

Numerous flood modelling tools have been developed and applied in practice during the last three 

decades with the increasing availability of high-resolution geographic data (e.g.airborne laser 

altimetry data) and more advanced computing resources(Bates et al.  2000; Stoesser et al.  2003; 

Hunter et al.  2005; Vidal et al.  2005; Yu et al.  2006; Liang et al.  2008). Among these 

modelling techniques, hydrodynamic models that solve the full 2D shallow water equations (SWEs) 

have proved to be particularly effective and represent the state-of-the-art(Fraccarollo et al.  1995; 

Anastasiou et al.  1997; Liang et al.  2008; Ai et al.  2009; Kesserwani et al.  2010). However, 

the SWEs, which are based on mass and momentum conservation, and provide detailed physical 

descriptions of flood waves, generally require sophisticated computational methods to provide 
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reliable and stable numerical solutions. The resulting models are therefore computationally 

demanding.  

Considerable effort has been made in order to balance model performance against computational 

burdens and solution accuracy. Multi-cores of CPU have been utilized by parallel programming 

approaches to fully harness computing power(Neal et al.  2010). Graphics Processing Units (GPUs) 

have also been used for high-resolution simulations to achieve a significant acceleration(Liang et al.  

2013).In addition to the computing techniques, a number of numerical and mathematical techniques 

have been developed. Some full 2D shallow flow models have been implemented on dynamically 

adaptive grids in order to improve computational efficiency (Ivanenko et al.  2000; Hubbard et al.  

2002; Liang et al.  2004; Skoula et al.  2006; Liang et al.  2008; Liang  2011; Liang  

2012).Coupled hydraulic and hydrological models have also been reported in literature (Anselmo et 

al.  1996; Biancamaria et al.  2009; Van Lai et al.  2009; Gül et al.  2010; Bravo et al.  2012; 

Kim et al.  2012; Zhang et al.  2013), in which enhanced computational efficiency is achieved at 

theprice of losing a detailed physical description of the underlying processes in certain parts of the 

floodplain. Another pathway towards increasing computational efficiency is to derive simplified 

models by omitting certain terms in the momentum equations of the full 2D formulation(Hunter et 

al.  2007). A common simplified form is the diffusion-wave approximation or zero inertial 

model(ZIM) achieved by neglecting the dynamic terms to give a momentum equation that represents 

steady but non-uniform open channel flows(Cunge et al.  1980; Bates et al.  2000; Horritt et al.  

2002; Bradbrook et al.  2004; Hunter et al.  2008; Wang et al.  2011). However, this method 

requires much smaller time steps to maintain a stable simulation.It is suggestedthat inertial terms 

should be includedto overcome this problem(Hunter et al.  2008). Following this idea,Bateset 

al.(2010)derived a formulation that neglects the convective acceleration terms but retains 

thelocalacceleration term in order to improve numerical stability. The resulting model, referred to as 

a partial inertial model or PIM, has been validated througha number of testcases, which demonstrate 

thatpartly restoring inertial effectsin the simplified model can greatly enhance numerical stability 

and hence save computational costin simulatingnon-breaking and slowly-varying flows (Dottori et 

al.  2011; Fewtrell et al.  2011; Neal et al.  2011; Schumann et al.  2011; Chen et al.  2012; de 

Almeida et al.  2012; Stephens et al.  2012; de Almeida et al.  2013).However, there are two 

main issues which may cause numerical instability in using thePIM. The first one is thatit is still 

possible to generate a negative depth in some conditions where the water elevation gradient is large. 

The original PIM only reconstructs the water depth at the interface by taking the difference between 

the maximum water elevation and maximum bed elevation of either side of the interface,thereby 

maintaining the stability of the model in most conditions, but a large water elevation gradient may 

still result in a large flux through the interface and therefore cause a negative depth. The second is a 

numerical instability which can occur when applyingthe original PIM in domains with a low-friction 

bed, because the scheme lacks numerically diffusive terms and the stabilizing effectthis offers at low-

friction conditions(de Almeida et al.  2012). 

Thispaper applies the non-negative depth reconstruction method introduced by Liang et al.(2009)  

in the framework of the PIM for the first time, which reconstructs water elevations by considering 

most possible topographic conditions. In this work, two different ways are adopted to calculate the 

interface fluxes to form two improved PIMs. One takes the maximum value of either side of the 

interfacein the same way as the original PIM in order todemonstrate the improvement through the 

water elevation reconstruction against the original PIM. Another is to take the average value of the 

two sides of the interface in order toinvestigate its capabilityfor simulating flows on low-friction 

beds. The non-negative depth condition is proved theoretically and validated against several 

benchmark test cases. At the same time, the results ofthe two improved PIMsare compared with the 
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analytical solutions or the results from the original PIM and a full 2D shallow flow model to analyse 

their capabilities and limitationsfor simulating flows in different conditions. 

2 Methods 

2.1 Governing equations 

The PIM solves the following continuity equation： 
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The discharges are approximated using a simplified formula derived from the full momentum 

equations. Diffusion-wave approximation indicates that the convective acceleration terms of the full 

momentum equations become insignificant and may be neglected without significantly affecting the 

physical description of many gradually varied overland flows(Hunter et al.  2007). In this work, the 

simplified momentum formula proposed by Bateset al.(2010) is adopted, which is derived from the 

above diffusion-wave assumption by retaining some of the inertial effects. The main motivation for 

using the partial inertial equations is to avoid very small time steps which may result from the original 

diffusion-wave formula, and hence save computational time. 

Assuming the flow is within a wide rectangular channel and the convective acceleration term can be 

neglected, the momentum equation in x-direction can be simplified to become 
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Replacing txq , in the friction term with ttxq , to form a linear equation for the unknown ttxq , creates 

a semi-implicit scheme to achieve better numerical stability; Equation(3)may be rearranged to give 
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This equation can avoid the change of flow directions due to a very high Manning coefficient in an 

explicit scheme. 
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At each time step during a simulation, qx and qy(which may be similarly derived) are updated using 

Equation(4) and combined with Equation(1) to update the water elevation. 

2.2 Numerical scheme 

In this work,Equation (1) is solved using a finite volume method, which results inthe following time-

marching formula for updating the water elevationin a new time step: 
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2.2.1 Flux calculation 

Taking the eastern interface as an example,the fluxes through the other three interfaces at time level 

k can be evaluated in a similar way.
Exq is estimated using Equation (4) as   
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Herein the flow variables on the right-hand-side are obtained at time level k. Subsequently, the 

updated discharges at the centre of cell (i,j) are simply evaluated by averaging the two associated 

fluxes: 
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In order to estimate the interface values of the flow variables in Equation(6),the left and right face 

values of the interfacemayfirstlybe approximated to be the same as the corresponding cell-centred 

values, which leads to a first-order numerical scheme. The left face valuesof the eastern interface are 

therefore given by 
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Similarly, the right face values are obtained by 
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The corresponding velocity components are then evaluated by 
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E
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E hqu  . (10) 

In a dry cell(defined ash<10–8m), the velocities are set to be zero directlyandnot evaluated by Equation(10).  
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The original PIM reconstructs the interface depth by taking the difference between the maximum water elevation and 

maximum bed elevation at either side of the interface: 

),max(),max(
R

Eb

L

Eb

R

E

L

EE zzh   .  (11) 

This reconstruction is crucial in maintaining stability in most situations. However, large velocities and negative water 

depths may still occur when the water elevation gradient is very large. For example, in Figure 1(b) when the water 

elevation difference at left and right side of east interface is substantial, a large flux can result fromEquation(6) and there 

after a negative depthcould result fromEquation(5). In order to ensure non-negativity of water depths in all possible 

topographicconditions, water elevationsmustbe reconstructed.  

A single value forthe bed elevation atthe cell interface is defined(Audusse et al.  2004) as 

),max(
R
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L

EbEb zzz  . (12) 

The depths at either side of the interfacearethen reconstructed as 
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which preserves non-negative water depths.Based on Equations. (12) and (13), thecorresponding water elevation and 

unit width discharge are reconstructed accordingly as 

bE

L

E

L

E zh  , bE

R

E

R

E zh  , 

L

E

L

E
L

Ex huq  , 
R

E

R

E
R

Ex huq  . 

(14) 

In the above reconstruction, it is evident that the water elevation coincides with the bed elevation in 

a dry cell. If the dry cell has a bed elevation higher than the water elevation in a neighbouring cell, 

shown in Figure 1(c), a spurious flux will be calculated between the dry cell and the adjacent wet 

cell due to the higherwater elevation on the dry side. To avoid this unphysical numerical flux, bed 

elevation and water elevations should be reconstructed following Equations (12)-(14), and the 

difference between the fakeand actualwater elevationmust be identified and subtracted from the 

reconstructed. A general formula for specifying thisdifference is easily derived as follows 
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Based on this, the associated bed elevation and water elevationsare modified by subtracting ∆z from their original values 

as 
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These modified face values of water elevationsare then substituted into theright-handside of Equation(6) to calculate the 

flux, for which the interface values of the water depth and flux ( Eh  and 
Exq ) are also required. In this work, the 

maximum water depth from either side of the interface is taken as the water depth at the interfacewhich yields the same 

water depth asthe original PIM. When calculating theflux through the interfacetwo differentways are implemented: 

1) Take the maximum unit width discharge at either side of the interface: 

When 
L

Exq  and
R

Exq ≥0:  

),(max
R

Ex

L

ExEx qqq  , (17) 

When 
L

Exq  and
R

Exq <0:  

),(min
R

Ex

L

ExEx qqq  ,   (18) 

which also yields the same flux at the interface as the original PIM. Using these larger values to 

calculate fluxes may help to overcome the negative effects of neglecting the convective terms in the 

momentum equation. In this scheme the main differencefrom the original PIM is the water elevation 

has been reconstructed. This new scheme is referred to as ‘improved PIM1’ hereafter and used to 

demonstrate the stability improvement due to the water elevation reconstruction. 

2)  Take the average unit width discharge of both sides of the interface: 

/2)(   

R

Ex

L

ExEx qqq  .   (19) 

A mathematical proof shows that original PIM is not able to get a stable solution when friction is 

low, and the average face value may improve this problem by introducing a numerically diffusive 

term(de Almeida et al.  2012). Thismethodis employed herein together withthe water elevation 

reconstruction to form a new scheme referred to as ‘improved PIM2’ hereafter. This scheme is 

mainly used to investigate the stability improvement on low-friction beds. 

2.2.2 Validity of the non-negative depth reconstruction 

During a flood event, the wetting and drying process is commonly associated with both advancing and retreating wet-

dry fronts. In a 1D manner, an advancing wet-dry front may fall into one of the three generalisedconfigurations as 

illustrated in Figure 1. 

 

 (a)                                (b)                            (c) 

                        Figure 1 Three generalised configurations for wetting and drying. 
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Figure 1(a) represents a wet-dry front moving onto a dry horizontal bed. Since it is an advancing front, the flow directions 

at eastern and westerncell interfacesare both positive, i.e. from left to right. Assuming a conservative case where there is 

no flux entering the cell under consideration from the western interface, the finite volume updating formula becomes 

(the constant bed component has been subtracted from both sides of the formula) 
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. (20) 

Defining the Courant number(Courant et al.  1967)as 

u
x

t
Cr




= . (21) 

Equation(20) can be then rewritten as follows: 
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Er

k

i

k

i hChh 1
. (22) 

Since the Courant number is between 0 and 1, and 
k k

E ih h is always true from the reconstruction, we have 01 k

ih , 

i.e. non-negative water depthsare always predicted for the wet-dry front configuration shown in Figure 1(a).  

Figure 1(b) shows a wet-dry front moving onto an initially dry and downhill step. If the step size is large enough, the 

excessive water elevation gradient term in Equation(6)may lead to a large updated discharge and consequently cause a 

negative water depth in the cell under consideration.In this work, following the aforementioned reconstruction, this case 

actually becomes the one as illustrated in Figure 1(a), and therefore, negative water depthsare avoided.  

Figure 1(c) demonstrates the flow hitting a wall. In this case, the local bed modification helps avoid the calculation of 

fake water surface gradients and subsequent generation of spurious fluxes. At the eastern interface of the cell under 

consideration, the aforementioned reconstruction leads to L

EEbz  
, 0 R

E

L

E hh  and hence 0k

Eh , which will 

lead to a zero flux across the interface. Since there is no outgoing flux, 
1k

ih  will be equal to and greater than 
k

ih , 

depending on whether there is incoming flux from the western interface. 

Therefore, the current non-negative depth reconstruction method ensures non-negative water depths during a simulation 

for an advancing wet-dry front. The validity of the reconstruction method for the retreating wet-dry front may be similarly 

proved by following the same procedure. 

2.2.3 Time stepping and boundary conditions 

The stability of current numerical scheme is controlled by the Courant-Friedrichs-Lewy (CFL) 

criterion. The CFL criterion is used for predicting an appropriate time step for the next iteration 

during a simulation. For a 2D Cartesian uniform grid, t may be expressed as 
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The Courant number rC  is set to 0.75for all test cases considered in this work.  

Herein, two types of simple boundary conditions are used, i.e.open and closed boundary 

conditions(Toro  2001). At open boundaries, the gradients of flow variables are assumed to be zero 

at the boundary, which may be achieved by imposing 
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10   , 10 xxxx qq  ,
10 yyyy qq  , mm  1 , xxmxxm qq 1 ,

yymyym qq 1
. (24) 

At closedboundaries, normal discharge, andthe gradients of the water elevation and tangential 

discharge are required to be zero at the boundary, which leads to 

10   , 10 xxxx qq  ,
10 yyyy qq  , mm  1 , xxmxxm qq 1 ,

ymym qq 1
. (25) 

3 Results 

The PIMequippedwith the new non-negative depth reconstruction method,where interface flux is 

approximated by the maximum face value (‘improved PIM1’) isused to demonstrate the stability 

improvementover the original PIM through a ‘Tidal flow over a beach with varying slope’test case. 

Following that, a ‘Movingshorelines overparabolic topography’test case is employed to show the 

limitation of the original PIM and ‘improved PIM1’for simulatingthe flow overlow-friction beds. 

The original PIM equipped with the new non-negative depth reconstruction method where the 

interface flux is approximated by the average face value (‘improved PIM2’) is then demonstrated to 

show its stable performance in low-friction conditions. Finally, the original PIM, ‘improved PIM1’ 

and ‘improved PIM2’ are used to simulate a practicalflood inundation event in Thamesmead to 

explore the model behaviours in practical conditions. Results are compared with either analytical 

solutions or numerical predictions produced by a full 2D shallow flow model (Liang  2010). For 

fair comparison in terms of computational time, the full 2D shallow flow model is simplified with a 

first order numerical scheme. Root mean square error (RMSE) and fit-statistic methods (F1 and F2) 

(Aronica et al.  2002) are employed to quantitatively analyse the results. For all cases, g=9.81 m/s2. 

All cases run on a standard desktop PC with an Intel(R) Core(TM) i5 CPU. 

3.1 Tidal flow over a beach with a varying slope 

The aim of this test case is to show the ability of the ‘improved PIM1’ in conserving non-negative 

depth and the stability improvement against original PIM by reproducing a moving shoreline 

triggered by a tidal cycle over a beach with a varying slope. As shown in Figure2, the bed slope is 

defined as 
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(26) 

 

 

The computational domainis assumed to be 500 m long (in the flow direction)and 50mwide, with the 

bottom left corner being (0, 0). It is discretised by a uniform grid to have a resolution of 

10m×10m.Initially,the water body inside the domain is still with a waterelevationof 1.75 m.A time-

varying water depth is imposed at the eastern end of the domain as an inflow condition 

)2cos(75.00.1)(
T

t
th  ,

 

(27) 
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wherethe period T=3600s.In a tidal cycle, the water elevation decreases gradually from 1.75m until 

around 2160 s because the inflow water depth stops decreasing and begins to increase after reaching 

the minimum at T / 2. The water surface moves up slowly until the whole domain is submerged again 

and the water elevation goes back to the original elevation of 1.75 m. The western boundary is closed, 

while other boundary walls are transmissive. A constant Manning coefficient of 0.02m-1/3s is used 

throughout the whole domain.  

Profiles of the water elevationand flow velocityare illustrated in Figure2 and Figure 3, at 720 s 

intervals throughout one tidal cycle.In this case, the water elevationsresulting from both the 

originalPIMand ‘improved PIM1’ agree closely with those obtained by the full 2D shallow flow 

model and no negative depth is predicted at wet-dry front, thus confirmingthe capabilities of the 

original PIM and ‘improved PIM1’for simulating slow-varying flows over irregular bed topography.  
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Figure2Tidal flow over a beach with a varying slope: water elevation profilescalculated by thefull 2Dshallow 

flow model, original PIM and ‘improved PIM1’ at different output times. 

However, the velocity produced by the original PIM shows a clear deviation from the results obtained 

by the ‘improved PIM1’ and the full 2D shallow flow model around x=100m at 1440s, 2160s, 2880s. 

This is because the bed slope starts to change dramatically at this point and the water elevation 

changes accordingly when the water is very shallow. When the water elevation gradient is large, a 

large velocitymay be predicted. For extreme conditions, negative depthsmayresult and eventually 

instability may arise in the frame of original PIM. However, with the reconstruction of the water 

elevation in the ‘improved PIM1’, a relatively gentle change in the water elevation is achieved and 

the risk of producinga large velocity and negative depth is hence avoided. 

The original PIM requires 2.8 s CPU time to finish the simulation for one tidal cycle, while the 

‘improved PIM1’requires 3.1s and the full 2D shallow flow model consumes 4.3 s. Therefore, the 

water elevation reconstruction in the ‘improved PIM1’ makes it slightly slower than the original PIM, 

but nonetheless saves 28% of computational cost in comparison with the full 2D shallow flow model. 
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Figure3 Tidal flow over a beach with a varying slope: flow velocityprofilescalculated by the full 2D shallow 

flow model, original PIM and improved PIM1 at different output times. 

The temporal change ofthe water elevationand flow velocity atx=100m is also recorded during the 

simulation and shown in Figure 4. The results of the original PIM and ‘improved PIM1’are observed 

to agree very wellwith the outputs from the full 2D shallow flow model in terms of the water 

elevation, but the original PIM is less satisfactory in reproducing the velocity when compared to the 

‘improved PIM1’.In order to quantify the results, theroot mean square error (RMSE)calculated 

against the full 2D shallow flow model is used and illustrated in Figure5. With a maximum error in 

an order of 10-2, both simulations are satisfactory. The RMSE of velocity from the ‘improved PIM1’ 

is smaller than the original PIM from roughly 720s to 2880s which again confirms its improvement 

through the reconstruction of the water elevation. 

 

 (a)(b) 

Figure 4Tidal flow over a beach with a varying slope: temporal change of the water elevation(a) and flow 

velocity(b)atx=100m. 
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(a)                                                                        (b) 

Figure 5Tidal flow over a beach with a varying slope: time histories ofthe RMSE for waterelevation(a) and 

flow velocity(b). 

3.2 Moving shorelines over parabolic topography 

Analytical solutions of the non-linear shallow water equations werederived for the perturbed flow over a parabolic 

fictional bed topography (Sampson et al.  2006). This benchmark testis used herein to validate the capability of the 

original PIM and ‘improved PIM1’ in handling wetting and drying over non-uniform topography and also to investigate 

the limitation of these models in simulating flowson low-friction beds. The bed profile is described by 

2

00 )()( axhxzb  . (28) 

The analytical solution for this test depends on a bed friction parameter τ and a hump amplitude parameter 

2

008 aghp  . The projection of the moving shorelines (two parallel straight lines on the x-y plane) is given by 
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Ast → ∞, x11 → -a andx22 → +a, which indicates that the momentum of the oscillatory flow is gradually dissipated by 

bed friction. 

Herein, we consider a case with τ <p. The temporal evolutionof the water surface and velocity under this condition is 

given by 
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where 222  ps .  As t → ∞, η(x, t) → h00 and u(t) → 0. 

During the simulation, the closed 10,000 m × 15 mcomputational domain with the origin defined at 

the domain centre is discretised by 2000 × 3 cells. The relevant coefficients are set to be a = 3 km, 

h00 = 10 m, τ = 0.001 s-1and B = 5 m/s. Figure 6 demonstrates the profile of the water surface produced 

by the original PIM and ‘improved PIM1’ along the x-axis at different output times throughout the 

simulation, and comparison with the analytical solution. The original PIM and improved PIM1 

produce close results with each other. However, both models provide a less satisfactory solution 

compared with the analytical solution, especially during the early stages of the oscillating flow,due 

to their inability tosimulate flows withlarge velocities. The numerical solutions agree well with the 

analytical solution at a later stage when the oscillating flow is approaching steady stateowing to the 

effects of friction. This indicates that, while they do not excel in representing the detailed processes, 

the currenttwo PIMs are able to simulate the final steady state of an event with high accuracy.  

Furthermore, the ‘improved PIM1’ does not predict negative water depths at any point during the 

simulation, which confirms the suitability of the presented non-negative depth reconstruction method. 
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Figure6Moving shorelines over parabolic topography (τ = 0.001 s-1): profiles of the water surface along the x-

axis at different time. 

In order to further evaluate the performance of the aforementionedmodels forlow-friction beds, simulations are evaluated 

with τ = 0.0005 s-1 . Even thoughno negative depthsarepredicted, both of the current models are not able to produce stable 

solutions at all during the simulation because the schemes lack of diffusive terms and the low friction provides 

insufficient stabilizing effect. For this condition, the ‘improved PIM2’ is then employed to investigate whether using the 

average face value as the interface flux can improve stability. From Figure 7, although the ‘improved PIM2’ is also not 

able to reproduce the detailed processes during the simulation it improves the numerical stability due to the addition of 

a numerical diffusive term in the scheme (de Almeida et al.  2012).    
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Figure 7Moving shorelines over parabolic topography (τ = 0.0005 s-1): profiles of the water surface along the 

x-axis at different time. 

3.3 Thamesmead flood inundation 

Finally, the original PIM, ‘improved PIM1’, and‘improved PIM2’ are applied to simulate an 

inundation event at Thamesmead, located at the south bank of the River Thames in the UK. The 

results are compared with the full 2D shallow flow model. A processed 10 m bare-earth DTM as 

shown in Figure 8 is used to represent the selected 9000m × 4000 m floodplain. A 150 m wide breach 

in the embankment centred at (545,855, 181,040)is assumed to generate an inundation event, where 

the coordinates at the bottom left corner are (543,000, 178,000). The flow hydrograph through the 

breach is provided in Figure 9. During the 10-hour simulation, the whole floodplain with open 

boundary conditions is discretised by a uniform grid with 900 × 400 cells and a constant Manning 

coefficient n = 0.035m-1/3s is applied. 

 

Figure8Thamesmead inundation: floodplain.Figure 9Thamesmead inundation: inflow hydrograph. 

Figure 10 displays the inundation at t = 10 hoursfor the four models, respectively.With regard to 

flood extents, the original PIM and ‘improved PIM1’ are in close agreement with the full 2D shallow 

flow model, butthe ‘improved PIM2’produces a smaller flood extent. This is related to the different 

ways these modelsconsider the interface flux. In practical applications, the convective accelerationis 

generally in same direction as the velocity and hence accelerates the flow,so the omission of 

convective terms usually slows the flow propagation. Therefore taking the maximum face value as 

the interface flux can compensate for this omission of convective terms to some extent, and hence 

generates more satisfactory results than taking the average face value. In addition, for practical 

applications the bed friction is ordinarily large enough to stabilise the solution, and taking the average 

face value as the interface flux may introduce unwanted diffusive terms and slow flow propagation. 

This may be a further reason why the‘improved PIM2’ predicts a relatively smaller flood extent 

compared with other models. 
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(a)                                                                        (b) 

 

(c)                                                                        (d) 

Figure10Thamesmead inundation: inundation maps predicted by the full 2D shallow flowmodel (a), original 

PIM (b), improved PIM1(c) and improved PIM2 (d). 

In order to further compare the simulation results, the temporal change of the water depth and flow 

velocity are recorded at four gauge points as indicated in Figure 8 and compared in Figure 11 and 

Figure 12. Generally, the depth and velocity predicted by the three PIMs follow the trends given by 

the full 2D shallow flow model, but some deviation between the results is also evident, especially 

for the ‘improved PIM2’. Excellent agreement can be found between the original PIM and ‘improved 

PIM1’ in both water depth and flow velocity predictions, which shows that for practical conditions 

where the bed slope and water profile change gently, original PIM may be capable of producing non-

negative and stable solutions without the water elevation reconstruction.  
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Figure11Thamesmead inundation: temporal change of the water depth at four gauge points. 

 

 

Figure12Thamesmead inundation: temporal change of flow velocity at four gauge points. 

To quantify the performance of the three PIMs, the RMSE and fitstatistics (F1 and F2)are calculated 

for the whole simulation and plotted in Figures 13 and 14, with the numerical solution from the 

full2D shallow flowmodel givenas a reference.As can be seen in Figure 13(a), the RMSE of the water 

depth for the original PIM and ‘improved PIM1’increases until it reaches a peak of about 0.15 m and 

then levels off, which confirms the capability of these two models in reproducing reasonablewater 

depths. The behaviour of the ‘improved PIM2’is less satisfactory from the 2nd hour to the 7th hour, 

and then levels off at about 0.15m. Meanwhile, the capability of the three PIMs in resolving the flow 

velocity is much less satisfactory, as shown by the RMSE calculated for the flow velocity inFigure 

13(b), where the error may approach 0.25 m/s. From the fitstatistics (F1 and F2) presented in Figure 
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14, it can be seen that correct state of wet-dry cells predicted by the original PIM can match up to 

96% with the full 2D shallow flow model,and the flood extents predicted by these two models agree 

over 70% for  most of the simulation. The ‘improved PIM1’ is able to produce equally good results 

as the original PIM, but the ‘improved PIM2’s results are a poorer match when compared with the 

other two PIMs. Theseresultsconfirm that the performance of the original PIMand ‘improved PIM1’ 

are satisfactory in terms of predicting water depths and flood extents, when compared with the full 

2D shallow flow model. With respect to the computational time, the original PIM, ‘improved PIM1’, 

‘improved PIM2’ and full 2D shallow flow model use 3491s, 3574s, 3576s, 4717s respectively for 

the 10-hour simulation.The ‘improved PIM1’ and ‘improved PIM2’ generally cost equal 

computational time due to their equally complex model structure. They cost 2.3% more time than 

the original PIM because of the reconstruction of the water elevation, and save 24.2% of 

computational time when compared with the full 2D shallow flow model. 

 

(a)                                      (b) 

Figure13Thamesmead inundation: time histories of the RMSE for the water depth (a) and flow velocity (b). 

 

(a)                                       (b) 

Figure14Thamesmead inundation: time histories of F1(a) andF2(b). 

4 Conclusions 

In order to balance computational cost and solution accuracy, a number of computing, numerical or 

mathematical techniques have been implemented to improve full 2D shallow flow models for flood 

simulations. The PIM represents one such technique,and solves the continuity equation with interface 

fluxes evaluated by a momentum formula neglecting the convective acceleration term. In this work, 
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a non-negative depth reconstruction method with two ways for evaluating the interface flux has been 

proposed to improvethe numerical stability ofthe original PIMfor steep slope and low friction 

conditions. The onewith maximum face values as interface fluxes is referred to as ‘improved PIM1’, 

and the onewith average face values as interface fluxes is referred to as ‘improved PIM2’. 

Thesetechniquesavoid negative depth being predicted for simulations over complex domain 

topographies, which is proved theoretically.  

The capabilities and limitations of the improvedPIMs have been evaluated through applicationsto 

simulate two theoretical test cases and one practical flood inundation event. The validity of the non-

negative depth reconstruction method has been confirmed in all of the tests.  

All three PIMs arenot able to give accurate predictions when the flow velocity is large due to the 

omission of convective terms. However, for a slow-varying flood inundation event, the removal of 

convective terms does not usually affect this too much, hence why the original PIM was proposed. 

Furthermore, if we look at the effect of the convective terms we find that omission of the convective 

terms can either accelerate or decelerate the flow depending on the direction of the flow and the 

convective acceleration. For practical inundation events, convective acceleration is generally in the 

same direction as velocity andaccelerates the flow, hence why the ‘improved PIM1’uses the 

maximum face value as the interface flux. This may be not always true because occasionally the 

convective acceleration may decelerate the flow, in which case taking minimum face value as the 

interface flux might be more suitable. However, it is not necessary to calculate the convective 

acceleration and compare it against velocity direction because this may result in extra computational 

time and create a new scheme which could be as expensive as including the convective terms. 

In practical conditions with a gentle bed slope and water gradient, the original PIM without the water 

elevation reconstruction can produce equally good results as the ‘improved PIM1’. However, the 

‘improved PIM1’can better perform where the bed slope is steep because the steep bed may result in 

a large water elevation gradient when the water is very shallow. With the reconstruction of the water 

elevation, the ‘improved PIM1’ limits the water elevation gradient to a safe condition and thus avoids 

the possibility of generating large velocities and consequently negative depths. 

Neither the original PIM nor the ‘improved PIM1’ can give stable solutions when simulating flow 

propagation on low-frictionbeds, because the discontinuities cannot be numerically diffused by these 

schemes.The ‘improved PIM2’has been therefore proposed by averaging the two face values as the 

interface flux, which introduces a diffusive term in the solution and hence stabilise the flow on low-

friction beds. However, in the practical inundation event, unwanted diffusion is usually introduced 

by the ‘improved PIM2’ when the bed friction is not low and consequently slows flow 

propagation.De Almeida(2012) proposed a method based on the original PIM for addressing this 

problem by using a weighing factor to adjust the effect of the diffusive term, but the selection of the 

weighing factor depends highly on experience. 

Due to the use of much simplified governing equations and corresponding simple numerical scheme, 

the three PIMs can save up to 20%-30% of the computational expense, when compared with a full 

2D shallow flow model featuring a finite volume Godunov-type scheme(Liang  2010). The 

‘improved PIM1’ and ‘improved PIM2’are almost equal in computational time owing to the similar 

complexity of their model structures. Both cost slightly more time than the original PIM as a result 

of the water elevation reconstruction. This additional time is marginal and negligible.  

In summary, in terms of the practical applications, the ‘improved PIM1’ may provide a more reliable 

solution than original PIM and ‘improved PIM2’, and also a much simpler and more efficient solution 

in comparison with full 2D shallow flow model when simulating slow-varying flow on frictional 
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bed.This indicates thatthe ‘improved PIM1’ could be a reliable and economical alternative to the 

original PIM and full 2D shallow flow model with acceptable levels of accuracy. 
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二维部分惯性项淹没模型的非负水深重建 
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摘要： 

本文提出了一个非负水深重建方法来改进部分惯性项淹没模

型（PIM）在应用到陡坡或低摩擦情况下的数值稳定性。PIM

求解二维浅水方程，其通量是由一个具有部分惯性项的简化的

动量方程所求得。在将 PIM 应用到实际的洪水模拟中时，一

个现实的需求便是在不引发负水深的情况下来反映复杂的流

域地形以及追踪移动的干湿边界。另一个挑战是要避免由于缺

少扩散项而引起的在低摩擦情况下的数值不稳定。为了解决以

上问题，通过引入一个非负水深重建的方法来改进 PIM, 提供

了两种不同的方法来计算通量。其表现由几个理论和实际的算

例来验证。通过结果的对比，表明所提出的重建方法能够有效

避免负水深，从而改进了原始 PIM 模型在陡坡和低摩擦情况

下的数值稳定性。 

关键词: 复杂地形; 洪水淹没; 水力学模型; 非负水深重建; 

部分惯性模型; 干湿边界 
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Numerical simulation of hydraulic force on the impeller of reversible 

pump turbines in generating mode 

Jinwei Li1*, Yuning Zhang2, Jixing Yu1 

(1. China Institute of Water Resources and Hydropower Research, Beijing 100048, China; 2. Key 

Laboratory of Condition Monitoring and Control for Power Plant Equipment, Ministry of Education, North 

China Electric Power University, Beijing 102206, China) 

Abstract: Hydraulic force on the reversible pump-turbine is currently causing many serious problems (e.g. 

abnormal stops due to large vibrations of the machine), affecting safe operations of the pumped energy storage 

power plants. In the present paper, the hydraulic force on the impeller of a model reversible pump turbine is 

quantitatively investigated with the aid of the numerical simulations. It was found that both the amplitude of the 

force and its dominated components strongly depend on the operating conditions (e.g. turbine, runaway and turbine 

brake modes) and the guide vane openings. For example, the axial force in parallel with the shaft is quite prominent 

in the turbine mode while the force in perpendicular to the shaft is the dominated one near the runaway and turbine 

brake modes. The physical origins of the hydraulic force are further demonstrated based on the analysis of the fluid 

states inside the impeller. 
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1 Introduction 

Pumped energy storage power plant serves as an important large-scale energy storage technology, which can 

enhance the stability of the electric grid and relieve the fluctuations of output power caused by the renewable 

energies [1-3] (e.g. wind and solar energies). In the pumped energy storage power plant, the reversible pump 

turbine is generally adopted due to its high efficiency, flexibility and economical benefits. One of the 

complexity of the reversible pump turbine technologies is its frequent starts and stops, switching between 

different working states (e.g. load rejection or increment, switches between the pumping mode and the 

generating mode) to meet the demand of the electric grid. Such kind of operation could lead to serious 

problems to the turbine components (e.g. the mechanical fatigue of the impeller) due to the large pressure 

fluctuations and vibrations [4, 5]. 

Speaking of the force experienced by the reversible pump turbine systems, there are three kinds of excitation 

forces in total according to their physical origins [4]: hydraulic, mechanical and electromagnetic forces. In the 

present paper, our study will focus on the hydraulic forces. Comparing with the conventional hydraulic 

turbines (e.g. Francis turbine), the reversible pump turbine has many unique features (e.g. less number of 

blades and higher rotating speed) and also experiences different operating parameters (e.g. high water head), 

leading to a much larger hydraulic forces generated within the reversible pump turbines. Hence, in most cases, 

there exist prominent hydraulic forces on the fluid passing components of the reversible pump turbine 

(especially the impeller). 

The abnormal hydraulic force is currently affecting the safe operations of the pumped energy storage power 

plant seriously. The hydraulic force on the impeller can be decomposed into two components: the axial force 

(in parallel with the shaft) and another force in perpendicular to the shaft. The axial force could lead to the 

force unbalance of the turbine (e.g. lift of the turbine), leading to the damage of the unit (e.g. bearings and 

labyrinth ring) and abnormal stops of the reversible pump turbine. And, the latter one leads to the swing of 

the shaft. For example, in Tianhuangping power station of China, frequent lifts of the rotational components 

of the reversible pump turbines were observed during load increment from 200 MW to 300 MW in generating 

mode, leading to the abrasive damage of the machine and hence unplanned closing down of the machine. 

Based on the primary on-site study, it was found that the lift of the machinery is caused by the large hydraulic 



 

127 

 

force exerted on the impeller during the above transition process. In our previous experimental work [6], a 

detailed experimental study was performed based on the on-site measurements of the vibration and the swing 

of shaft. Hence, it is quite important to shed light on the physical origins of the hydraulic force experienced 

by the impeller of the reversible pump turbine. 

One of the difficulties of studying hydraulic force on the impeller of pump turbine is the involvement of a 

large amount of influential factors on these issues (e.g. working states, guide vane openings and turbine 

geometries). For example, in generating mode, the pump turbine could pass three working zones: turbine, 

turbine brake and reverse pump zones respectively, which are separated by the runaway line and the zero-

flow-rate line [7]. For a recent review on the reversible pump turbine, readers are referred to Zhang et al. [7]. 

Hence, it is not possible and economical to experimentally obtain those forces on the whole impeller during 

the above working states. Instead, numerical simulation is a good choice to fulfill this task. In the literature, 

plenty of simulations works [8-14] relating with the reversible pump turbines have been done mainly focusing 

on two aspects: understanding of the S-shaped performance curve and eliminating method (e.g. misaligned 

guide vanes [9] and hydraulic design of impeller [10, 11]); large pressure fluctuation [12, 13]. For the 

definition of the S-shaped performance curve of the reversible pump turbine, readers are referred to Zhang et 

al. [7]. The existence of the S-shaped performance characteristic curve could significantly affect the safe 

operation of the reversible pump turbine (in terms of rotational speed) [14,15]. The engineering background 

of those studies is the instability during idle load conditions, leading to large oscillations of the rotational 

speed and causing difficulties to the synchronous process with the electric grid. Based on the literature review, 

the hydraulic force on the impeller of pump turbine has not been revealed in great detail. 

In the present paper, computational fluid dynamics was employed to quantify the hydraulic force on the 

impeller of a model reversible pump turbine. The whole paper is organized as follows: Sec.2 introduces the 

basic setups of numerical methods; Sec.3 shows the main results of the data analysis of the hydraulic forces 

on the impeller together with the their engineering implications; Sec.4 shows the physical origins of the force 

based on the fluid state analysis; Sec.5 shows the limitations of the present work and perspective; Sec.6 

concludes the primary findings of the present paper. 

2 Numerical methods 

In this section, a detailed introduction of the numerical simulation and related setups are given together 

with the simulated operating conditions of the model reversible pump turbine. Fig. 1 shows the main 

components of the reversible pump turbine (e.g. spiral casing, stay vanes, guide vanes, impeller and draft tube) 

marked with different colors. In Fig. 2, the details of the impeller (including crown, blades and band) are also 

shown. 

 

Fig. 1 The basic geometry of the investigated reversible pump turbine. 

 



 

128 

 

 

Fig. 2 A detailed view of the impeller. The top, middle and bottom subplots are the crown, blades and band respectively. 

 

The paramount parameters of the model reversible pump turbine studied here are listed in table 1 with 

the reduced ratio. The numerical schemes employed in the present paper are listed in table 2 together with the 

boundary conditions. Mesh convergence test was performed to ensure the validities of the present simulation. 

For the modelling of the rotor-stator interactions (e.g. impeller-vanes interactions here), the movement of the 

impeller was fulfilled through settings of the domain as a moving component. 

Table 1 Parameters of the model reversible pump turbine 

Parameters Value 

Number of impeller blades 9 

Number of stay vanes 20 

Number of guide vanes 20 

Ratio of dimension between prototype/model 8 

Nominal diameter of the impeller 0.24 m 

Table 2 Methods for numerical simulation and setups 

Items Methods 

Turbulence model SST k-ω 

Mesh type Unstructured tetrahedral mesh 

Mesh quantity 5.5 million 

Numerical method Finite volume method 

Pressure term Second order central difference  

Convection term High order upwind difference  

Simulation mode Parallel mode 

Inlet boundary condition Discharge inlet 

Outlet boundary condition Pressure outlet 

Wall boundary condition No-slip boundary condition 

Boundary condition near the wall Standard wall function 
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Table 3 A list of operation conditions for numerical simulations and related operating regions 

Regions Guide vane opening Discharge factor (l/s) 

Turbine 

6o 267.19, 234.36, 199.95 

21o 720.68, 703.08, 652.72, 553.32, 458.67 

24o 795.81, 776.44, 676.56, 505.68 

Runaway 

6o 92.06 

21o 218.77 

24o 253.32 

Turbine brake 

6o 61.22 

21o 114.27 

24o N/A 

The simulated cases were selected based on the model test of the performance curve with three guide vane 

openings (6º, 21º and 24º respectively). For each guide vane opening, many typical cases have been simulated 

in order to cover the possible operating conditions. A summary of the simulated cases has been shown in table 

3 with the corresponding category of their operating conditions. In table 3, the discharge factor (Q11) is defined 

as: 

 11 2

Q
Q

D H
  (1) 

Here, Q is the discharge; D is the nominal diameter of the impeller; H is the water head. 

3 Analysis of hydraulic force on the impeller 

In this section, a detailed analysis of the hydraulic force on the impeller of the reversible pump turbine working 

at different operating conditions (including turbine, runaway, and turbine brake modes) are performed with 

different guide vane openings. In the present paper, our attention mainly focused on the generation of the 

hydraulic force on the impeller because these forces are strongly related with many current challenges of the 

reversible pump turbine design and on-site problems (e.g. vibrations and swing of the shaft). 

In the following sections, the force on the components of the reversible pump turbines are calculated based 

on the simulation results using the post-processing functions. In the present paper, only the hydraulic force 

generated by the fluids inside the reversible pump turbines is considered. Due to the high pressure inside the 

reversible pump turbine, the values of the viscous force is quite limited. The employed post-processing 

functions could give the statistics of the force in the three dimensions (X, Y, Z directions respectively), which 

was further processed to obtain the whole force of the impeller. For the further analysis, the total force was 

decomposed into two components: one in parallel with the shaft (denoted by Fz) and another one in 

perpendicular to the shaft (denoted by Fxy). 

Fig. 3 shows the variations of amplitude of the total force on the whole impeller of the reversible pump turbine 

versus the discharge factor with different guide vane openings (6º, 21º and 24º respectively). It was found that 

the total force at the same operating conditions varies greatly with the guide vane openings. For example, at 

runaway, the total force is 100 N, 2535 N and 2730 N for guide vane openings 6º, 21º and 24º respectively. 

Along the guide vane opening lines, with the decrease of discharge, the total force firstly decreases due to the 

limited amount of the fluid passing the impeller. With further decrease of the discharge (especially near the 

runaway), a dramatic increase of the total force is observed. Such kind of increase of the forces on the impeller 

is mainly induced by the abnormal fluid flow inside the blade channels. In the turbine brake mode, the total 

force of the impeller still remains a high value, indicating that the fluid patterns during this operating 

conditions is complex. For details of the analysis of the fluid states, readers are referred to Sec.4. 
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Figs. 4~6 shows the variations of Fxy and Fz versus discharge factor with different guide vane openings (6º, 

21º and 24º respectively). In the turbine mode, the total force is mainly dominated by the Fz. In this region, 

the amplitudes of Fz are about ten times of those of Fxy. However, near the runaway (e.g. turbine brake mode), 

the axial force Fz is quite negligible while Fxy is the dominant component. Noticing that the diameter of the 

present model reversible pump turbine is only 0.24 m, the amplitude of the force near runaway is quite 

significant, possibly leading to the swing of the shaft. This finding agrees well with our previous on-site 

measurement. In Li et al. [6], shaft displacements in different directions of upper, lower and turbine guide 

bearings were tested. The results show that at runaway mode, the displacements of all those bearings are the 

largest among all the tested operating conditions (referring to Fig.3 of ref. [6]). The significant values of Fxy 

may also contribute to the oscillations of rotational speed during idle load mode. 

 

Fig. 3 The variations of the total force of the impeller versus the discharge factor with guide vane openings 6º, 21º and 24º. 

 

Fig. 5 The variation of the amplitude of Fxy and Fz of the impeller versus the discharge factor with guide vane opening 21º. 

 

Fig. 6 The variation of the amplitude of Fxy and Fz of the impeller versus discharge factor with guide vane openings 24º. 
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In order to further reveal the physical mechanisms of those hydraulic forces, the contributions of three main 

components of the impeller (i.e. crown, band and nine blades) to axial forces are also shown in Figs. 7~9 for 

the guide vane openings 6º, 21º and 24º respectively. The crown and the band have great contributions to the 

axial force while the contribution of blades can be safely negligible because when fluid passes the blades, the 

forces generated on each blade finally cancel each other due to the symmetric smooth flow. For small guide 

vane openings (6º), the variations of the contribution of the crown and band to the axial force are rather limited 

while for large guide vane openings (e.g. 21º and 24º), they decrease clearly with the decrease of the discharge 

factor. 

 

Fig. 7 The variation of axial force contributed by the crown, band and blades versus discharge factor with guide vane openings 6º. 

 

Fig. 8 The variation of axial force contributed by the crown, band and blades versus discharge factor with guide vane openings 21º. 
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Fig. 9 The variation of axial force contributed by the crown, band and blades versus discharge factor with guide vane openings 24º. 

 

 

Fig. 10 The variation of amplitude of Fxy contributed by the crown, band and blades versus discharge factor with guide vane openings 

6º. 

 

 

Fig. 11 The variation of amplitude of Fxy contributed by the crown, band and blades versus discharge factor with guide vane openings 

21º. 
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Fig. 12 The variation of amplitude of Fxy contributed by the crown, band and blades versus discharge factor with guide vane openings 

24º. 

Figs. 10~12 show the contributions of three main components of the impeller (i.e. crown, band and blades) to 

Fxy for the guide vane openings 6º, 21º and 24º respectively. Near the runaway mode, the blades have the most 

significant contribution to the Fxy for all the guide vane openings. Therefore, it can be concluded that the 

significant values of Fxy results from the asymmetric flow in the impeller channels caused by the fluid 

distortions (e.g. swirling flow). 

A brief discussion of the zero-flow-rate mode and the reverse pump mode are given as follows. For the zero-

flow-rate mode, the force is extremely small due to the rather limited amount of the fluid passing through the 

turbine. For the reverse pump mode (with the change of the flow directions), the axial force is the dominated 

component and varies slightly with the flow rate. In the engineering practice, the operation of the reversible 

pump turbine is carefully controlled to avoid the (possible) entrance into this mode. 

4. Analysis of the fluid states 

As shown in Sec.3, the hydraulic force on the impeller is greatly affected by the fluid states. In this section, a 

comparison of the fluid states (in terms of the vortex and backflow) between turbine, runaway and turbine 

brake modes under different operating conditions is performed at the guide vane opening 21º. 

For the vortex analysis, a widely adopted Q-criterion is employed. In order to compare the vortices in the 

runner during different working conditions, a dimensionless value of Q (e.g. denoted as Q0, which is 

normalized using the maximum value of Q in each computational case) is adopted. For comparisons, we set 

the dimensionless Q0 = 0.1 for all the cases. Fig. 13 shows the comparisons of the vortex structure in the 

impeller of the reversible pump turbine during different working conditions. For the turbine mode (Fig. 13c), 

a limited number of vortices are distributed homogeneously in the blade channels and at the outlet of the 

impeller. During this working condition, the generation of vortex is uniform in the circumferential direction 

but not prominent (e.g. in terms of the vortex volumes). Hence, as shown in Figs. 4~6, no prominent Fxy force 

is observed during turbine mode because the vortices are uniformly distributed in the impeller. With the 

decrease of discharge (entering the runaway and turbine brake modes as shown in Figs. 13b and 13a), the 

vortex structure becomes non-uniform with large volumes, leading to the blockage of the channel. As a result, 

Fxy force during runaway and turbine brake modes are of great amplitudes (as shown in Figs. 4~6). 
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Fig. 13 Vortex identification based on Q-criterion in the impeller of the reversible pump turbine during different working conditions. 

Q0 = 0.1. (a) turbine brake mode; (b) runaway mode; (c) turbine mode. 

The existence of backflow (e.g. flow in the direction from the impeller to the guide vanes) in the turbine brake 

and the runaway modes is another reason for the observed large amplitude of Fxy force. Fig. 14 shows the 

backflow at the inlet of the impeller with the streamlines inside the impeller (colored by the magnitude of 

velocity). As shown in Fig. 14c, no backflow is found during the turbine mode. However, very significant 

backflows are shown during the runaway and turbine brake modes (as shown in Figs. 14b and 14a), leading 

to the further distortion of the fluid flow inside the impeller. Hence, during those conditions, the backflow 

further aggravates the non-uniformity of the fluid flow inside the impeller, leading to significant unbalanced 

forces (e.g. large amplitude of Fxy forces during the turbine brake and runaway modes). 

To further quantify the asymmetric flow in different blade channels, Fig. 15 further shows the variations of 

the amplitude of force Fxy on each blade (with the total blade number of 9). The variations of the force are 

obvious noticing that the maximum force is about 550 N on the blade No.4 while the minimum force is only 

about 150 N on the blade No.3. In the turbine mode at the same guide vane opening, the variations of the force 

among different blades could be safely negligible due to the symmetric flow inside impeller. 

 

 

Fig. 14 Status of backflow at the inlet of impeller and streamline in the impeller of the reversible pump turbine during different 

working conditions: (a) turbine braking mode; (b) runaway mode; (c) turbine mode. 

 

 

Fig. 15 The variation of the amplitude of Fxy contributed by different number of blades versus discharge factor during turbine brake 

mode with guide vane opening 21º. 

5. Limitations and perspectives 

In this section, several limitations of the present work are discussed with perspectives. One of the assumptions 

adopted by us is the steady flow inside turbines. Nevertheless, a comprehensive unsteady simulation could 

reveal much more information (e.g. pressure fluctuations). For example, the linkage between those forces and 

the physical phenomenon (e.g. rotating stall [7]) can be formed based on the unsteady work. At the current 

stage, a general picture of the force generated on the impeller presented here is still meaningful in terms of 

the identified dominated force versus the operating conditions. Specifically, two major challenges exist for 

the unsteady studies of pump turbine: one caused by the numerous operating conditions involved; another 

related with a comprehensive analysis of the data due to the addition of a new dimension. 

In realities, much more parameters are involved in the engineering practices. For example, to satisfy the 

demand of the electric grid, the reversible pump turbines are required to be operated far away from the design 
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points. For example, some pumped energy storage power plants are required to be operated at a low water 

head (e.g. several tens of meters below the rated water head), leading to serious lift of the machine. Those 

topics should be further explored in the future. 

In the present paper, a quantitative or qualitative comparison of the calculated force between numerical 

simulations and experiments are not given. To our knowledge, no published data is available in the literature 

(in terms of both the prototype and model type) relating with the force measurement of the reversible pump 

turbines. One of the main reasons for this is the experimental difficulties for the force measurement in the 

realistic engineering system. 

6. Conclusions 
In the present paper, numerical simulation of the fluid flow inside the model reversible pump turbine are 

performed with a focus on the analysis of the generation of hydraulic force on the impeller. 

(1) The dominated force component depends strongly on the working conditions. In the turbine mode, axial 

component (mainly contributed by the crown and the band) in parallel with the shaft is the dominated one. In 

the runaway and turbine brake modes, the component in perpendicular to the shaft caused by the asymmetric 

flow inside impeller is the dominated one. 

(2) The physical reasons of the large amplitude of the force component (in perpendicular to the shaft) is the 

existence of backflow and vortex, which aggravate the non-uniformity of the flow inside the impeller. 

(3) The above features of the hydraulic force generated by the distorted flow should be paid much attention 

for the prevention of the impeller fatigue due to the frequent shifts between working conditions. 
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摘要 

作用在水泵水轮机上的水力激振力会引起多种严重的问题（如

机组剧烈振动导致的非正常停机），影响抽水蓄能电站的安全

稳定运行。本文采用数值模拟方法对一模型水泵水轮机转轮所

受的水力激振力进行了定量研究。研究结果表明水力激振力的

幅值和频率成份与运行工况（水轮机、飞逸、水轮机制动）、

导叶开度密切相关。水轮机工况下，轴向力占主导地位；飞逸

和水轮机制动工况下，径向力占主导地位。此外，通过进一步

分析转轮内的流态阐述了水力激振力的形成机理。 
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Optimization of SCC mix at paste level by using numerical method 

based on a paste rheological threshold theory 

Ding Nie 1,2，Xuehui An 1,2 

Abstract： This paper presents a new numerical method to optimize the mix proportion of self-compacting concrete (SCC) at paste 

level based on a paste rheological threshold theory that the SCC formulated paste must satisfy the criteria to ensure SCC with good 

flowability and segregation resistance. A total of 12 mini-slump flow tests were initially conducted, and relevant rheological 

characteristics were derived. The correlation between mixture variables and rheological characteristics was determined using a bilinear 

interpolation method. A self-compacting area at paste level was defined by choosing the mixture whose rheological characteristics 

satisfied the criteria. The economical mixture was obtained from the area, and an iteration process was introduced to ensure that the 

rheological characteristics of this mixture satisfied the criteria. Finally, an optimized SCC mixture from an economical aspect was 

achieved, and the robustness of the mixture was also analyzed. 

Keywords： Self-compacting concrete; Mix proportion optimization; Rheological characteristics; Bilinear interpolation; Robustness 

1 Introduction 

Self-compacting concrete (SCC) is an outstanding category of concrete that can flow under its own weight, 

fill up the formworks and voids between rock blocks, pass through gaps between reinforcing bars without any 

external vibration, and remain homogeneous without segregation or bleeding [1,2]. Given these characteristics, 

this concrete can reduce labor cost, shorten construction time, enhance concrete quality, and decrease noise 

pollution [3]. However, the higher cost and the greater sensitivity of SCC to mix proportion have limited its 

application to general construction [4, 5]. These drawbacks can be overcome by establishing a proper mix design 

and optimization method. 

Since the first development of SCC in the late 1980s, several methods have been proposed for its mix design. 

One of the most popular and important methods was first proposed by Okamura et al. [6] and improved later 

by Edamatsu et al. [7]. This method is based on the concept that the fine and coarse aggregate contents are 

fixed, and the superplasticizer/powder ratio by mass (Sp/P) and water/powder ratio by volume (VW/VP) are 

adjusted to obtain the required flow properties. Afterwards, many other approaches were developed; for 

example, the one proposed by Su et al. [8] was based on the aggregate packing model and used the least paste 

to fill the voids among aggregate particles. This method optimizes the granular skeleton of concrete, but the 

key parameters of the packing model are based more on previous experimental results. Several researchers 

have proposed mix design methods based on statistical factorial models that aim to establish the correlations 

between mixture variables and workability properties of SCC [9–12]. These statistical models are valid for a 

wide range of mix proportions and are capable of predicting the workability properties of SCC. Hence, through 

all SCC mix proportions predicted to be suitable for the target of workability properties, the most economical 

and robust mixture can be found—i.e., to achieve SSC mix optimization. 

All of these approaches have shown progress in mix design and optimization methods for SCC according to 

different principles. Each of these approaches possesses advantages, but the drawbacks of these methods are 

highly similar. All three categories of the methods require high costs of labor and materials. With the changes 

in raw materials, retesting and adjustments are necessary to guarantee SCC quality [13]. 

Recently, many researchers have investigated SCC from a rheological point of view and specifically focused 

on paste rheology [14–20]. Such a mix design method based on paste rheological theory can reduce laboratory 

work and materials, providing a theoretical basis for quality control [13]. 

Wu et al. [20] summarized the former research results and proposed a mix design method based on the rheological 

characteristics of paste. The main content of Wu’s research is described below. In accordance with the studies on 

the excess thickness theory [21, 22], the mortar film thickness (δmortar) used to evaluate the combined effects of content 

and physical properties of coarse aggregate [16, 22] is calculated first. The mechanical models to control both 

flowability and segregation of SCC are then established based on the rheological characteristics of mortar. For a 
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given fine aggregate content, the paste matrix directly determines the rheological characteristics of mortar [19, 23, 24]. 

Finally, to guarantee SCC with good flowability and segregation resistance (Wu et al. [20] used slump flow to 

evaluate SCC flowability and V-funnel flow time to evaluate segregation resistance), the rheological characteristic 

criteria of SCC formulated paste are established according to the mechanical models. For a given aggregate content, 

the criteria are that the yield stress of the concrete formulated paste must be lower than the threshold of yield stress, 

and the viscosity must simultaneously be higher than the threshold of viscosity. Afterwards, the aim is to find a 

paste mixture that meets the criteria above. By adjusting VW/VP and Sp/P several times, a proper paste mix 

proportion that satisfies the criteria could be determined. As a result, flowability and segregation resistance of SCC 

could be directly predicted from the rheological characteristics of SCC formulated paste using this mix design 

method. In other words, only simple mini-slump flow (SF) tests are necessary to determine the final mix proportion 

of SCC. 

Although this method could reduce the amount of laboratory work and materials, the final mix proportion of SCC 

from this work may be far from economical. VW/VP and Sp/P adjustments have large change steps; thus, test results 

among the trial mixes are not determined. The content of cement powder from the adjustments could be higher 

than the actual demand. Hence, the corresponding Sp/P dosage is wasted because extra powder is used. Moreover, 

the robustness analysis of the SCC mixture is not achieved in this method. To avoid these drawbacks, the correlation 

between mix variables and rheological characteristics must be predicted initially. 

As mentioned above, the mix design methods based on a statistical factorial model can optimize the mix proportion 

[11, 12]. However, these models are complex and always depend on mathematical software [25, 26]. Therefore, an 

approach was proposed here using a bilinear interpolation method for VW/VP and Sp/P as paste mix design variables. 

Thus, the rheological results of any mixture point that must be predicted were calculated using a weighted sum of 

the four nearest experimental results. All points except the experimental results located within the experimental 

domain were easily calculated. Considering the strength requirement, the VW/VP value must have a maximum value 

based on cement and mineral addition properties [27]. According to the mechanical models established previously, 

the paste mixture area that satisfied the rheological criteria could be drawn and was considered as the self-

compacting area at paste level. In this area, the point with both highest VW/VP value (lower than the maximum 

value of strength requirement) and lowest Sp/P dosage was defined as the predicted economical result. This 

economical result was simply an approximation of the real one; therefore, its rheological characteristics must be 

verified to ensure that the result satisfied the criteria. If the verification result met the criteria, then the predicted 

economical result was adopted as the final economical mixture. If the abovementioned condition was not achieved, 

then an iteration process was introduced to search for the final economical mixture. This iteration process mainly 

consists of a trial-and-error method, wherein each new trial becomes an existing test result for the succeeding 

iteration. This iteration process was not completed until the economical result verification was confirmed. 

The objective of this paper was to investigate the feasibility of using a numerical method to optimize the mix 

proportion of SCC at paste level to reduce cost. The numerical method was based on a bilinear interpolation 

that establishes the correlation between paste mixture variables and rheological characteristics within the 

experimental domain. A series of cement paste mini-SF tests was conducted by changing the VW/VP and Sp/P 

dosage. Subsequently, the correlation was established using the numerical method, and the self-compacting 

area at paste level was calculated. In this area, the economical result was determined and verified through an 

iteration process. Robustness could also be analyzed from the area. Based on this study, a new methodology 

was proposed to reduce SCC cost and analyze mixture robustness based on paste rheological theory. 

2. Method and basic steps of optimization 

2.1 Rheological characteristics and criteria of SCC formulated paste 

Before the optimization process, the rheological characteristics and criteria of SCC formulated paste were 

initially identified. 

Yield stress and viscosity of paste were quantified based on former researchers’ achievements from the mini-

SF test results. Roussel [28] established the correlation between yield stress and the final SF value. Moreover, 

Chidiac [29] derived the viscosity from the time when the spread of paste reached a prescribed value. The 

prescribed value of spread was set to 200 mm in the present study according to former researchers’ results 
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[20]. Both parameters could be obtained from mini-SF tests. Therefore, the rheological characteristics of paste 

could be calculated. These relationships are presented by Eqs. (1) and (2): 
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where τpaste, ηpaste, and ρpaste are the yield stress, viscosity and density of the paste, respectively; g is the 

gravitational acceleration; Vcone and hcone represent the volume and height of the mini-slump cone, respectively; 

SF is the final slump flow value; SFp is the prescribed spread (i.e., 200 mm) as described above; tp is the time 

required to reach 200 mm spread and is marked as T200; and SL is the corresponding slump value of the 

prescribed spread. The λ coefficient is a function of both the tested fluid surface tension and contact angle [28]. 

According to Wu et al.’s research [20, 30], the mortar film was assumed based on the excess thickness theory 
[16, 21] that the mortar volume in concrete must be high enough to fill the voids among the coarse aggregate 

particles and create a layer that envelops the particles to achieve high flowability [16]. As a result, the excess 

mortar film thickness (δmortar) turns out to be a parameter that can evaluate the combined effects of the content 

and physical properties of coarse aggregate [16, 22]. For the sake of simplification, two assumptions were set up 

to calculate δmortar as in previous studies [16, 20]: (1) The shape of coarse aggregate particles is spherical. (2) The 

thickness of the excess mortar around coarse aggregate particles is the same for different sizes. The value of 

δmortar can then be calculated by Eq. (3) [20]: 
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where Vs and Vexc are the coarse aggregate content and excess mortar content (by volume) in SCC, respectively. 

The volume of the voids among the coarse aggregate is marked as Vvoid. The volume of excess mortar (Vexc) 

added to Vvoid is then the total volume of the mortar in SCC. Di represents the sieving particle size of coarse 

aggregate fraction i, and ai% is the percentage of coarse aggregate mass retained between the upper and lower 

sieve sizes in fraction i [20]. 

According to the mechanical models based on the rheological characteristics of mortar, the rheological criteria 

of SCC formulated mortar can be determined from Eqs. (4) and (5) [30]: 
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where τmortar and ηmortar are the yield stress and viscosity of mortar, respectively; δmortar is the excess mortar 

film thickness; Δρ is the difference between coarse aggregate and mortar; g is the gravitational acceleration; 

and r is the average coarse aggregate radius. 

According to Toutou’s [23] and Chidiac’s [19] achievements, the rheological characteristics of mortar can be 

extrapolated from that of mortar formulated paste. The relationships are listed as below: 

 max1
n
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where n is a coefficient whose value is 4.2 according to Toutou and Roussel’s study [23]; [η] represents the 

intrinsic viscosity and is approximated to be 2.5 for spheres [20]; ϕ and ϕmax are the actual and maximum fine 

aggregate-to-mortar ratios by volume, respectively; and ϕmax is calculated by a semi-empirical relation in 

accordance with Hu and Larrad [24]: 

 
0.19

max min max1 0.45 d d      (8) 

where dmin and dmax are the smallest and the largest diameters of fine aggregate, respectively. 

Thus, according to the relationships above, the rheological criteria of mortar can be converted to those of the 

paste. The final rheological criteria of paste can be determined by the equations below [30]. Eqs. (9) and (10) 

can be presented as follows: 
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where τthreshold and ηthreshold are the threshold of yield stress and the threshold of viscosity of paste, respectively. 

The criteria of paste indicate that a maximum for τpaste (τthreshold) and a minimum for ηpaste (ηthreshold) are 

necessary to ensure the flowability and segregation resistance of SCC, respectively. 

Finally, the thresholds of paste can be calculated according to Eqs. (9) and (10) if the aggregate contents 

(volume of fine and coarse aggregate) and physical properties (density and particle size distribution of fine 

and coarse aggregate, volume of voids among the coarse aggregate) are obtained. 

2.2 Optimization process 

Figure 1 illustrates the framework of the optimization process. A number k of paste mixes were selected to 

be used in the experiments. Therefore, k relevant groups of rheological characteristics were obtained. 

However, the resolution of the mix matrix should be increased to achieve more test results and offer robust 

evaluation analysis. This means that many experiments must be completed. Considering that conducting more 

experiments is quite laborious and results in negative efficiency, a method that could predict the results of 

points located within the experimental domain should be proposed. Several researchers used statistical 

factorial design and established a response or other model for prediction. In that case, software is always 

essential, and the equations are quite complex [12, 25, 26]. For the two variables and the test matrix in the 

present study, a new numerical method for prediction based on bilinear interpolation was introduced. 
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Fig. 1. Framework of the optimization process. 

The algorithm of bilinear interpolation is described below. The rheological values of any points, except the 

experimental points, are calculated by obtaining a weighted sum of the four nearest experimental results that 

surround the calculated point location. The above process is illustrated in Fig. 2 and Eqs. (11) and (12). 

 

Fig. 2. Bilinear interpolation process. 
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A, B, C, and D represent the results of the conducted experiments, and T represents the results of a point that 

must be predicted. RA, RB, RC, RD, and RT are rheological characteristics of these mixture points. xt and yt are 

the VW/VP and Sp/P dosage values between mixtures A and T, respectively. 

The resolution of the original mix matrix was increased by setting a smaller change step between mix variables. 

The new step length was determined based on the measure accuracy and empirical experience. In this 

procedure, more mix points located within the experimental domain could be obtained, and their rheological 

values would be predicted. Afterwards, considering the thresholds calculated from the abovementioned 

mechanical models, the self-compacting area could be calculated. In this area, the economical mixture 

proportion and mixture robustness would be predicted. 

For every mixture point located in this self-compacting area, its relative rheological characteristics of paste 

should be verified to ensure that they satisfied the criteria because this area was just an approximate calculation 

using a bilinear interpolation method. For the economical mixture obtained from the area, verification was 
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conducted by completing one more mini-SF test of this predicted economical mixture. Subsequently, its 

rheological characteristics were assessed. If its rheological characteristics met the criteria, then the final 

economical mixture was accepted as the predicted result. Otherwise, an iteration step for determining final 

economical mixture should be performed. Although the result of the experimental verification was negative, 

one more mini-SF test result was obtained. When the bilinear interpolation step was repeated for the second 

time, the total number of tests changed to k+1. Hence, a new self-compacting area and its relevant economical 

mixture were obtained. Compared with the previous economical mixture, the present result was more accurate 

because more experimental results were provided for the prediction. In addition, this iteration step was 

continued until the rheological characteristics of the paste satisfied the criteria. Thus, the final economical 

mixture could be confirmed. The robustness analysis is discussed in Section 4.3. 

2.3 Basic steps of optimization in economic aspect 

In conclusion, the basic steps of optimization in the economic aspect are summarized below. 

1) Complete all mini-SF tests of paste from the mix design matrix. Calculate the relevant rheological 

characteristics from Eqs. (1) and (2) for all experimental results. 

2) Increase the resolution of the mix design matrix in step 1 by setting a smaller change step length, and record 

new mix points. 

3) Use a bilinear interpolation method to predict the rheological characteristics of the new mix points located 

within the experimental domain. 

4) Calculate the thresholds of rheological characteristics from Eqs. (9) and (10). Afterward, identify the self-

compacting area and determine the predicted economical mixture from this area. 

5) Verify the accuracy of the predicted economical mixture using its relevant mini-SF test. If the rheological 

characteristics of this test meet the criteria in step 4, then this predicted result is adopted as the final economical 

mixture. Otherwise, repeat step 3 to step 5 and obtain the new test results. 

6) Achieve the final economical mix proportion of SCC at paste level. 

3. Experimental program 

3.1 Materials and mix proportion 

The paste mixes investigated in this study consisted of type 42.5R Portland cement, tap water, and 

polycarboxylate-based superplasticizer. The specific gravities of the cement and superplasticizer are 3.14 and 

1.04, respectively. 

The paste composition was changed by adjusting VW/VP and Sp/P dosage. The powder used in this 

experimental program was pure cement; therefore, the water/powder ratio was equivalent to the water/cement 

ratio by volume (VW/VC). The basic VW/VC of this cement was 1.15 according to test results based on 

Okamura’s method [6]. A ±0.15 change with the basic VW/VC as the center was chosen according to empirical 

experience. Thus, the VW/VC values varied from 1.0 to 1.3 with 0.1 step length. The Sp/P dosages varied from 

0.8% to 1.0% by cement weight with 0.1% step length suggested by the manufacturer. As a result, 12 mini-

SF tests were completed to obtain a wide range of yield stress and viscosity values, as shown in Fig. 3. 
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Fig. 3. Design matrix for paste mixtures. 

To calculate the rheological thresholds of concrete formulated paste, the physical properties of fine and coarse 

aggregate are listed below. The data were obtained through tests results from Wu’s research [30]. A well-

graded fine aggregate with a particle size ranging from 0.075 mm to 4.75 mm and a specific gravity of 2.82 

was used here. The coarse aggregate with a particle size between 4.75 mm and 19 mm, a specific gravity of 

2.68, and a void ratio of 0.49 was used. The particle size distributions of coarse aggregate, obtained by sieving, 

are listed below. The sieve sizes are 4.75 mm, 10 mm, 15 mm, and 19 mm. The distribution ratios of coarse 

aggregate between 4.75 mm and 10 mm, 10 mm and 15 mm, and 15 mm and 19 mm are 51%, 39%, and 10%, 

respectively. 

3.2 Mini-SF tests 

After mixing, the mini-SF test was performed on a flat, smooth, and dry glass plate. The paste was initially 

filled into the mini core without vibration or tamping. The top surface of paste was troweled flat to achieve a 

constant volume. Afterward, the mini cone was lifted steadily to allow the paste to spread out under its own 

weight. The entire test process was recorded using a digital camera. 

The spread evolution over time was video recorded. Key frames in the video were calculated with image 

processing methods to determine the spread values. In this procedure, two key results could be obtained as 

indicated above—i.e., the final SF of paste and the time to achieve 200 mm spread (T200). 

4. Results and discussion 

4.1 Mini-SF tests and rheological characteristic results 

The 12 mini-SF tests were completed. The final mini-SF and T200 time values are listed in Table 1 in the order 

of VW/VC and Sp/P dosage. The mixture ID is represented in the form of A_B, where A and B are equal to 

VW/VC and Sp/P dosage, respectively. 

According to Eqs. (1) and (2), the rheological characteristics of paste could be calculated using their own 

mini-SF test results. In this study, two different cases were considered by applying different fine aggregate 

contents. The coarse aggregate contents were set to the same value of 300 L per cubic meter for CASE 1 and 

CASE 2. The fine aggregate contents were set to 45% and 47% of the mortar volume for CASE 1 and CASE 

2, respectively. In accordance with the physical properties of fine and coarse aggregates from Section 3.1 and 

Eqs. (9) and (10), the rheological thresholds of CASE 1 and CASE 2 can be calculated. All abovementioned 

data are listed in Table 1. Table 1 shows that among the 12 mixes, the only one that satisfied the criteria of 

CASE 1 was the mixture with ID 1.1_1.0. In CASE 2, the only one that satisfied the criteria was also the 

mixture with ID 1.1_1.0. 

Table 1 

Results of mini-slump flow tests, rheological characteristics and thresholds of paste. 
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Mixtur

e no 

Mixture 

ID 

SF 

(mm

) 

T200  

(s) 

τpaste 

(Pa) 

ηpaste 

(Pa·s) 

CASE 1 

(τthreshold/ηthreshold) 

CASE 2 

(τthreshold/ηthreshold) 

1 1.0_0.8 203 9.81 4.10 123.41 0.85/20.16 0.62/16.69 

2 1.0_0.9 231 3.54 2.14 44.57 0.85/20.16 0.62/16.69 

3 1.0_1.0 252 2.83 1.38 35.57 0.85/20.16 0.62/16.69 

4 1.1_0.8 233 3.27 2.00 40.16 0.93/22.11 0.69/18.61 

5 1.1_0.9 268 2.25 0.99 27.66 0.93/22.11 0.69/18.61 

6 1.1_1.0 292 2.03 0.64 24.92 0.93/22.11 0.69/18.61 

7 1.2_0.8 268 1.94 0.97 23.23 1.00/23.89 0.74/20.13 

8 1.2_0.9 292 1.61 0.63 19.35 1.00/23.89 0.74/20.13 

9 1.2_1.0 320 1.53 0.39 18.37 1.00/23.89 0.74/20.13 

10 1.3_0.8 295 1.47 0.58 17.28 1.07/25.52 0.79/21.52 

11 1.3_0.9 325 1.17 0.35 13.69 1.07/25.52 0.79/21.52 

12 1.3_1.0 339 0.93 0.28 10.96 1.07/25.52 0.79/21.52 

Note: CASE 1 and CASE 2 represent two different aggregate conditions of SCC mixtures. 

4.2 SCC mix optimization in economic aspect at paste level 

According to Section 2.3, the basic optimization steps were performed. 

1) The results of mini-SF tests and their relevant rheological characteristics are shown in Table 1. 

2) The change step length of VW/VC and Sp/P dosages were set to 0.01 and 0.01%, respectively. Therefore, 

another 639 mix points were obtained from the paste mix design matrix. 

3) Results of rheological characteristics using the bilinear interpolation method are shown in Fig. 4. 

  

Fig. 4. Rheological characteristics of paste by bilinear interpolation. 

4) Results of the thresholds are shown in Table 1. The procedures to achieve the self-compacting area of CASE 

1 and CASE 2 are illustrated in Figs. 5 and 7, respectively. Figures 5a and 7a show the area that satisfied the 

yield stress criterion. Figures 5b and 7b show the area that satisfied the viscosity criterion. The self-compacting 

area was then obtained by intersecting the two areas above, and the CASE 1 and CASE 2 results are shown in 

Figs. 6 and 8, respectively. The relevant economical mixtures of CASE 1 and CASE 2 are marked as point B 

in the figures with the mixture ID of 1.18_0.82 and 1.20_0.87, respectively. 
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Fig. 5. Procedure to achieve self-compacting area of CASE 1. 

 

Fig. 6. Self-compacting area of CASE 1. 

  

Fig. 7. Procedure to achieve self-compacting area of CASE 2. 
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Fig. 8. Self-compacting area of CASE 2. 

5) Verifications are described below. In CASE 1, the mini-SF test with the mixture ID of 1.18_0.82 was 

completed. The results of yield stress and viscosity were 0.91 Pa and 24.34 Pa·s, respectively, and the 

thresholds of yield stress and viscosity were 0.99 Pa and 23.53 Pa·s, respectively. The test results satisfied the 

two criteria, and the final economical mix proportion was adopted as VW/VC at 1.18 and Sp/P dosage at 0.82. 

In CASE 2, the mini-SF test with the mixture ID of 1.20_0.87 was completed. The results of yield stress and 

viscosity were 0.70 Pa and 19.73 Pa·s, respectively, and the thresholds of yield stress and viscosity were 0.74 Pa 

and 20.13 Pa·s, respectively. The viscosity criterion was not met. Step 3 to step 5 were repeated including the new 

test results with the mixture ID of 1.20_0.87. The self-compacting area after one iteration is shown in Fig. 9. The 

economical mixture is marked as point B with the mixture ID of 1.19_0.89. The experimental results of yield stress 

and viscosity of this mixture were 0.72 Pa and 21.03 Pa·s, respectively, and the thresholds of yield stress and 

viscosity were 0.74 Pa and 19.97 Pa·s, respectively. The test results satisfied the two criteria, and the final 

economical mix proportion was adopted as VW/VC at 1.19 and Sp/P dosage at 0.89. 

 

Fig. 9. Self-compacting area after one iteration of CASE 2. 

6) After the verification and iteration, the final economical results were mixtures with ID of 1.18_0.82 and 

1.19_0.89 for CASE 1 and CASE 2, respectively. The mixtures of the original 12 mixes that satisfied the 

criteria are marked as point A in Figs. 6, 8, and 9 and are recognized as original mixtures. 

The results of the economical mixtures were compared with those of the original mixtures. The comparison 

results are shown in Table 2. Table 2 indicates that with the optimization procedure, both powder content and 

Sp/P dosage were saved. In particular, the Sp/P dosage exhibited a large reduction of 26.60% and 17.18% for 

CASE 1 and CASE 2, respectively. For the two cases, the final economical mixture was obtained directly 

1.0 1.1 1.2 1.3
1.0

0.9

0.8

 

 

Vw/Vc

S
P

%

Self-compacting area

A

B

1.0 1.1 1.2 1.3
1.0

0.9

0.8

S
p

/P
 %

VW/VC

1.0 1.1 1.2 1.3
1.0

0.9

0.8

 

 

Vw/Vc

S
P

%

Self-compacting area

A

B

1.0 1.1 1.2 1.3
VW/VC

1.0

0.9

0.8

S
p

/P
 %



 

147 

 

after the bilinear interpolation in CASE 1. Moreover, only one iteration was needed to achieve the final 

economical mixture in CASE 2. 

Table 2 

Results of comparisons between original and economical mixtures for CASE 1 and CASE 2. 

CASE 

no 

Original  

mixture 

Economical 

mixture 

Cement economize 

(kg/m3)/(%) 

Sp/P economize 

(kg/m3)/(%) 

1 1.1_1.0 1.18_0.82 20.26/3.81% 1.16/26.60% 

2 1.1_1.0 1.19_0.89 21.86/4.29% 0.78/17.18% 

4.3 Robustness analysis 

Based on the calculated self-compacting area, the robustness of a certain mixture could be predicted by 

calculating its water tolerance [31]. In this study, the robustness in water tolerance of CASE 1 was analyzed 

according to test results. The self-compacting area of CASE 1 was shown in Fig. 6. Three mixture points were 

marked in this self-compacting area as A, B, and C, and the relative mixture IDs of points A, B, and C were 

1.10_1.00, 1.18_0.82, and 1.13_0.91, respectively. The mixture of point B was verified and adopted as the 

economical result. To analyze the robustness in water tolerance of the three mentioned mixtures, tests must 

be prepared by just changing the VW/VC values. Another 9 iterations of trial paste mixing were carried out, 

and the results are shown in Table 3 (mixtures A and B have already been completed in Section 4.1 and 4.2). 

For mixture B (1.18_0.82), the change in VW/VC is set to ±0.01 (1.17_0.82 and 1.19_0.82) and equals ±0.80 

kg in water content per cubic meter of concrete calculated from the aggregate properties in Section 4.1. For 

mixture A (1.10_1.00), the change in VW/VC is set to ±0.03 (1.13_1.00 and 1.07_1.00) from the self-

compacting area and equals ±2.70 kg in water content per cubic meter of concrete. For mixture C (1.13_0.91), 

the changes in VW/VC are set to ±0.02 (1.15_0.91 and 1.11_0.91), ±0.03 (1.16_0.91 and 1.10_0.91), and equals 

±1.65 kg and ±2.51 kg in water content per cubic meter of concrete, respectively. 

Mixture numbers B, B1, and B2 correspond to mixture IDs of 1.18_0.82, 1.19_0.82, and 1.17_0.82, 

respectively. The results show that mixture IDs of 1.17_0.82 and 1.19_0.82 do not satisfy the criteria of CASE 

1, which means that the robustness in water tolerance of mixture B is less than ±0.80 kg per cubic meter of 

concrete. Mixture numbers A, A1, and A2 correspond to mixture IDs of 1.10_1.00, 1.13_1.00, and 1.07_1.00, 

respectively. The results show that mixture IDs of 1.13_1.00 and 1.07_1.00 satisfy the criteria of CASE 1, 

which means that the robustness in water tolerance of mixture A is at least ±2.70 kg per cubic meter of 

concrete. Mixture numbers C, C1, C2, C3, and C4 correspond to mixture IDs of 1.13_0.91, 1.15_0.91, 

1.11_0.91, 1.16_0.91, and 1.10_0.91, respectively. The results show that mixture IDs of 1.15_0.91 and 

1.11_0.91 satisfy the criteria of CASE 1, which means that the robustness in water tolerance of mixture C is 

at least ±1.65 kg per cubic meter of concrete. Mixture IDs of 1.16_0.91 and 1.10_0.91 do not satisfy the 

criteria of CASE 1, which means that the robustness in water tolerance of mixture C is less than ±2.51 kg per 

cubic meter of concrete. 

As discussed above, although mixture A is not as economical as mixture B, its water tolerance is much higher 

than that of mixture B. For mixture C, the values of costs and robustness are between A and B. Thus, mixture 

B is adopted as the optimal mixture of economy whereas mixture A is adopted as the optimal mixture of 

robustness in water tolerance. However, further work should be conducted to obtain a balance between the 

mixture costs and robustness. 

Table 3 

Results of mini-slump flow tests for robustness analysis. 

Mixtur

e no 

Mixture 

ID 

SF 

(mm) 

T200  

(s) 

τpaste 

(Pa) 

ηpaste 

(Pa·s) 

CASE 1 

(τthreshold/ηthreshold) 

Criteria 

judgment 

A 1.10_1.00 292 2.03 0.64 24.92 0.93/22.11 Satisfied 

A1 1.13_1.00 302 1.89 0.55 23.03 0.95/22.66 Satisfied 
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A2 1.07_1.00 271 2.24 0.95 27.66 1.00/23.72 Satisfied 

B 1.18_0.82 272 2.02 0.91 24.34 0.99/23.53 Satisfied 

B1 1.19_0.82 275 1.89 0.87 22.72 1.00/23.72 Not Satisfied 

B2 1.17_0.82 267 2.13 1.00 25.73 0.98/23.38 Not Satisfied 

C 1.13_0.91 274 2.11 0.89 25.71 0.95/22.66 Satisfied 

C1 1.15_0.91 282 1.91 0.76 23.17 0.97/23.02 Satisfied 

C2 1.11_0.91 271 2.19 0.94 26.81 0.94/22.30 Satisfied 

C3 1.16_0.91 285 1.85 0.71 22.39 0.98/23.20 Not Satisfied 

C4 1.10_0.91 269 2.23 0.97 27.36 0.93/22.11 Not Satisfied 

5. Conclusions 

A numerical method based on bilinear interpolation was introduced to predict the rheological characteristics 

of the points within the experimental domain. Based on the rheological theory and certain paste thresholds, 

the self-compacting area was calculated easily without the use of any mathematical software. Moreover, the 

economical paste mixture was predicted.  

An iteration step was introduced to verify the accuracy of the predicted mixture. In addition, the final results 

were obtained with only a limited number of tests. Only one iteration was needed in the two cases before the 

final economical mixture was achieved. Compared with the results of the original mixtures, the final 

economical results after the optimization process reduced the powder content and Sp/P dosage. Given this 

result, the aim of reducing the SCC cost was achieved to some extent. 

Mixture robustness could be predicted from the self-compacting area. The results showed that the economical 

mixture had a very poor robustness. For further research, a balance between cost and robustness of mixture 

should be found. Moreover, different types of powder [32] and admixtures, such as viscosity-modifying 

admixture (VMA) [33], should be used to obtain a better mix proportion in terms of both economic and 

robustness aspects. For more than two mixture variables at paste level, a multivariable linear regression model 
[34] might be used for future research. 

However, the mechanical models used in this paper focused on the flowability and segregation resistance of 

SCC without paying attention to the passing ability; the strength requirement was not fully discussed and 

tested in this paper. The relative mechanical models of passing ability and the strength requirement when 

determining the VW/VP value will be investigated in future studies. 
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摘要 

This paper presents a new numerical method to optimize the mix 

proportion of self-compacting concrete (SCC) at paste level based on a 

paste rheological threshold theory that the SCC formulated paste must 

satisfy the criteria to ensure SCC with good flowability and segregation 

resistance. A total of 12 mini-slump flow tests were initially conducted, 

and relevant rheological characteristics were derived. The correlation 

between mixture variables and rheological characteristics was determined 

using a bilinear interpolation method. A self-compacting area at paste level 

was defined by choosing the mixture whose rheological characteristics 

satisfied the criteria. The economical mixture was obtained from the area, 

and an iteration process was introduced to ensure that the rheological 

characteristics of this mixture satisfied the criteria. Finally, an optimized 

SCC mixture from an economical aspect was achieved, and the robustness 

of the mixture was also analyzed. 
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crop water consumption and soil water content 
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Abstract：Timely, accurate estimation of land surface water cycle process has great importance in drought estimation, 

irrigation management and water resources comprehensive utilization. In-situ measurements and survey widely used 

in agricultural management by far can hardly provide spatial distribution of key elements in land surface water cycle 

process, while intensive measurements might increase the cost to large extent. Satellite remote sensing data can 

provide spatial distribution data with high temporal resolution, with has been considered as a promising tool for 

estimation parameters related to efficient irrigation at regional scale. The aim of the study is to apply the remote 

sensing data estimate crop planting structure, crop water consumption and soil water content at regional level. To this 

end, a typical irrigation district along the upper stream of Yellow river was chosen as the study area, and both Landsat 

7 ETM+ data and MODIS land surface products on boarded Terra and Aqua satellites were used. By using the remote 

sensing data, spatial distribution of parameters related to efficient irrigation could be derived avoid intensive 

measurements, which has a high application value in agricultural water management. 

Keywords： remote sensing, irrigation district, evapotranspiration, crop planting structure, crop water content 

1 Introduction 

Under the influence of climate change and competition from other sectors, the shortage of water resources became a 

worldwide and challenging problem, especially in agriculture water. In China, over 60% of the total water 

consumption is by agriculture. Irrigation districts as the main grain-producing areas play an important role in 

providing food and main economic crops in China, which is of great importance in national food security. The 

irrigated area in China is over 4 times compared with the middle of the last century. However, the irrigation water 

use efficiency in China (~0.5) is much lower than in developed countries (~0.8), which urges the development of 

water-saving irrigation technique and high quality of irrigation water management. 

Timely and accurate estimation of land surface water cycle process related to the efficiency irrigation include crop 

water consumption and soil water content is the basis in water-saving irrigation and optimizing irrigation schedule. 

In-situ measurements and survey widely used in agricultural management by far can hardly provide spatial 

distribution of key elements in land surface water cycle process, while intensive measurements might increase the 

cost to large extent. Along with the development in remote sensing technique, coupling crop model at farm level and 

remote sensing data at district level to produce accurate and timely crop water consumption and soil water content is 

the key issue in agricultural water saving. To this end, a typical irrigation district along the upper stream of Yellow 

river was chosen as the study area, and both Landsat 7 ETM+ data and MODIS land surface products on boarded 

Terra and Aqua satellites were used. By using the remote sensing data, spatial distribution of parameters related to 

efficient irrigation could be derived avoid intensive measurements, which has a high application value in agricultural 

water management. 

2 Data and Materials 

2.1 Study area 

The study area is Jiefangzha Irrigation Field (106°43′-107°27′E，40°34′- 41°14′N, 1030-1046 m a.s.l.), which is the 

second largest irrigation field of Hetao Irrigation District, Inner Mongolia. The total area of Jiefangzha Irrigation 

Field is 2345 km2, in which over 70% of is farmland (Fig. 1). The irrigation field is located in the semi-arid and arid 

inland, the total water surface evaporation (Ф20) is 2300 mm, which is over 10 times of annual rainfall (151.3 mm), 

and the annual mean temperature is 9 ℃ (Chi, 2013). The food crop of the irrigation field is summer maize (May to 

October) and spring wheat (April to July), and the major economic crop is sunflower (June to October), as well as a 

certain proportion of vegetable and fruit.  
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2.2 Remote sensing data 

Remote sensing data used in this study is Landsat 7 ETM+ and MODIS land surface product on boarded Terra and 

Aqua satellites, which can be downloaded freely at USGS website (http://glovis.usgs.gov/). The spatial resolution of 

ETM+ is 30 m with a recurrence interval of 16 days. The spatial resolution of MODIS is 250~1000 m with a 

recurrence interval of 1~16 days. MODIS data provide two observations in the day at over-passing time of 

approximately 10:30 am and 1:30 pm local time. Both data were re-projected in to the Universal Transverse Mercator 

(UTM) projection. Images with heavy cloud cover were removed according to the quality flags in the datasets (Yi et 

al. 2008). 

 

Figure 1 Land cover map of Jiefangzha Irrigation Field (30 m resolution) 

 

2.3 In-situ measurement 

Meteorological data used in the surface dataset consists of daily precipitation, daily average, maximum and minimum 

air temperature, daily average relative humidity, daily average wind speed, and daily sunshine duration. These data 

were obtained from 10 national meteorological stations distributed in or outside the Jiefangzha Irrigation Field. 

Spatial interpolation used in the study was angular distance weighting method, which can result in a relatively smooth 

spatial distribution (Yang et al. 2004). Spatial distribution of meteorological input was thus generated from plot-scale 

data collected by the meteorological stations. Land cover map was derived from Finer Resolution Observation and 

Monitoring – Global land cover provided by Tsinghua University with the resolution of land cover map is 30 m 

(Gong et al. 2013) (Fig. 1). 

The soil water content measurements were set at 10 places in the typical croplands of wheat, maize and sunflowers 

throughout the irrigation fields. By using the CTMS-On line system developed by China Institute of Water Resources 

and Hydropower Research, continuous soil water content and soil temperature were automatically observed and 

collected. The soil water content profile has three sensors at the deep of 10 cm, 20 cm and 40 cm from May 1st to 
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Sep 24th in 2014, which had covered the major growing period of typical crops. The observation interval is 1 hr. By 

eliminating abnormal values, daily average water content was thus calculated from hourly measurements (Fig. 2).  

 

Figure 2 Soil water content observations at typical croplands in Jiefangzha Irrigation Field 

3 Methods 

3.1 Data fusion method 

In order to take advantage of both finer resolution remote sensing data (Landsat 7 ETM+) and coarse data yet with 

shorter recurrence interval (MODIS), an enhanced spatial and temporal adaptive reflectance fusion model 

(ESTARFM) developed by Zhu et al. (2010) was used in the study. The main idea of the ESTARFM is to make use 

of the correlation to blend multi-source data and meanwhile to minimize the system biases. The relationship between 

the coarse-resolution reflectance and fine-resolution reflectance can be expressed as: 
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where F and C denoted the fine-resolution reflectance and coarse-resolution reflectance, respectively. w is the search 

window size, t0 and tp are reference time and prediction time respectively, (xw/2,yw/2) is a given pixel location for both 

fine-resolution and coarse resolution images, N is the size of similar pixels including the central prediction pixel, 

(xi,yi) is the location of ith similar pixel, and Wi is the weight of ith similar pixel, Vi is the conversion coefficient of 

ith similar pixel. 

The final predicted fine-resolution reflectance at prediction time tp is calculated as: 
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where F(xw/2,yw/2,tp,B) denoted the final predicted fine-resolution reflectance, Fm(xw/2,yw/2,tp,B) and Fn(xw/2,yw/2,tp,B) 

are fine-resolution reflectance at tm and tn, Tm and Tn are temporal weight at tm and tn, respectively. 

3.2 ISODATA cluster algorithm and spectral matching 
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Landsat 7 ETM+ images and MODIS normalized difference vegetation index (NDVI) data were re-merged to produce 

a mega data tube, which was then classified using ISODATA cluster algorithm (Cai and Cui, 2009). In spectral 

matching issue, the algorithms need the definition of some criteria for measuring the similarity and closeness of pixels. 

The spectral similarity value (SSV) is a combined measure of the correlation similarity and the Euclidian distance, 

which can be formulated as: 

2 2ˆ
eSSV d r         (3) 

where de is the Euclidian distance defined as: 
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where n is the length of NDVI time series, X and Y denote the NDVI time series. In eqs. (3), r̂  is calculated as: 

2 2ˆ 1r r        (5) 

where r is the Pearson's correlation coefficient, formulated as: 
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The value of r is between -1 to 1, the symbolic and calculation case could refer to Honayouni and Roux (2003). 

The images of Jiefangzha Irrigation Field were divided into 50 clusters by ISODATA algorithm, and generate NDVI 

variation curve of each cluster. The statistical characteristic curves of NDVI in croplands were compared with realistic 

NDVI curve by survey (Fig. 3), and recognized and analysed using spectrum similarity. 

 

Figure 3 Characteristic curves of NDVI in typical croplands 

3.3 Surface Energy Balance System (SEBS) 

SEBS is a single-layer model that uses an excess resistance term which accounts for the differences of the roughness 

lengths for heat and momentum between vegetation and soil surface (van der Kwast et al. 2009). It consists of three 

components: (i) a set of tools for the determination of land surface physical parameters from spectral reflectance and 

radiance; (ii) an extended model for the determination of roughness length for heat transfer (Su et al. 2001); and (iii) 

a new formulation for the determination of evaporative fraction on the basis of energy balance at limiting cases (Su 

2002). One merit of SEBS model is that each pixel is independent to the others, which means if one pixel is cloud 

contaminated at one day, other pixels exposed under clear day can also get a valid estimation. This can make good 

use to remote sensing data to a greatest extent, which is an advantage in regional ET estimation. 

Equations of SEBS model were given by Su et al. (2001), but the parameterization schemes of roughness length of 

momentum transfer (z0m), zero displacement height (d), fractional coverage (fc) and soil heat flux (G) were modified 

in the study. Detailed equations of those parameters can refer to Yang et al. (2010), eqs. (1)- (6). Downward shortwave 

radiation (Rs) is calculated as: 
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where n is actual sunshine duration which can be derived from meteorological station, N is maximum possible 

sunshine duration related to latitude, Ra is azure solar total radiation and the equations can refer to Yi (2008), 

Appendix B. as and bs are site-specific parameters, but usually set as 0.25 and 0.5. 

3.4 Crop Water Stress Index (CWSI) method 

Jackson and Idso (2010) proposed a Crop Water Stress Index (CWSI) based on canopy temperature 

according to the energy balance theory, formulated as: 

1 a pCWSI ET ET          (8) 

where ETa denoted as actual evapotranspiration (ET), ETp denoted as potential ET, which could be calculated by 

Penman equation. 

CWSI reflects the ratio between plant transpiration and possible maximum evapotranspiration, which could be 

considered as the evaluation index of water condition at root layer.  Under circumstance of water stress, the actual 

ET is plant ET under the condition of sufficient water supply (i.e. the potential ET) multiply modified soil moisture 

coefficient Ks. 

a s pET K ET          (9) 

Kang and Xiong (1990) proposed a power function method to calculate Ks. 
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where θ is the average soil water content (cm3 cm-3), θwp is the wilting water content (cm3 cm-3), θj is the field capacity 

(cm3 cm-3), c and d are empirical constant, which varies from crop types and soil condition. According to eqs. (9): 

1s a pK ET ET CWSI          (11) 

the soil water content could be calculated: 
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4 Results 

4.1 crop planting structure in Jiefangzha Irrigation Field 

 

Figure 4 Spatial distribution maps of main crops in 2014 and 2015 

Fig. 4 showed the crop planting structure in 2014 and 2015. The major food crop and economic crop are summer 

maize and sunflower. The proportion of summer maize to the total cropland was 30.94% and 35.46% in 2014 and 

2015, respectively, which has the largest planting area among these crops; while the proportion of sunflower was 
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23.28% and 29.65%, respectively. The proportion of spring wheat decreased from 9.50% in 2014 to 5.57% in 2015. 

Due to the incensement of labour and the loss of rural population, as a labour-intensive and high-yield crop type, 

interplanting area decreased from 8.79% in 2014 to 3.57% in 2015. Other fruit and vegetables stay a high proportion 

of 27.49% and 23.32% in 2014 and 2015, respectively. 

Fig. 5 showed the groundwater level at Jiefangzha Irrigation Field in March 2015 using Kriging interpolation 

method (Du et al. 2010). Southwest and part of northeast of the study area has relatively shallower 

groundwater level. Combined with the planting structure in Fig. 4, sunflower had higher intensity in the region 

with shallower groundwater level; while wheat and maize tended to grow in the region with deeper 

groundwater level, i.e. middle and southeast part of the irrigation field. This characteristic of planting structure 

can give suggestion of irrigation water distribution to management sectors. 

 

Figure 5 Spatial distribution of groundwater level in March 2015 

4.2 Spatial distribution of ET in Jiefangzha Irrigation Field 

Daily ET was calculated using two images from MODIS data on-boarded Terra and Aqua satellite. Results from 

one selected day (Aug 14, 2014) was shown in Fig. 6, in which cloud contamination pixels were eliminated (Fig. 

6a) and thus been interpolated by upscaling from continuous ET estimation from the same pixel (Chen and Yang, 

2012). The figure showed that after interpolation, the ET at missing pixels is smaller than the pixels exposed to 

clear day (Fig. 6b), which was reasonable because under cloud contamination pixels, the available energy (i.e. 

net radiation minus soil heat flux) was smaller due to lack of sunshine. 
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Figure 6 Spatial distribution of ET on Aug 14, 2014. (a) before interpolation; (b) after interpolation 

   

  

Figure 7 Spatial distribution of annual ET in Jiefangzha Irrigation Field 
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Daily ET was calculated using two images from MODIS data on-boarded Terra and Aqua satellite. Results from 

one selected day (Aug 14, 2014) was shown in Fig. 6, in which cloud contamination pixels were eliminated (Fig. 

6a) and thus been interpolated by upscaling from continuous ET estimation. 

Five-year continuous regional estimation of ET was calculated all over the Jiefangzha Irrigation Field. Fig. 7 

showed the spatial distribution of annual ET total from 2011 to 2015. The spatial mean ET during crop growing 

season (April to October) of five year over croplands were 530 mm, 604 mm, 563 mm, 530 mm, and 551 mm, 

respectively. The precipitation during the same period from 2011 to 2015 were 45.7 mm, 207.1 mm, 102.8 mm, 

141.8 mm, and 111.6 mm, respectively. Despite the annual rainfall varied a lot in the irrigation field, but due to 

the sufficient irrigation from Yellow river, the actual ET in the study area remained at a stable level. The annual 

ET in 2011 was slightly lower than that in 2012, because of the severe drought in 2011, with the annual rainfall 

only ¼ of that in 2012. 

The spatial distribution of annual ET in the five years had different pattern because of the change in planting 

structure. In 2015, the ET of wheat, maize, sunflower and interplanting during major growing season (April to 

October) were 493 mm, 603 mm, 497 mm, and 709 mm, respectively.  

3.3 Spatial distribution of soil water content in Jiefangzha Irrigation Field 

The empirical parameters c and d in eqs. (12) were calculated by different crop types of wheat, maize, sunflower, 

etc. Fig. 8 showed the scatter plot of simulated soil water content using remote sensing data at clear days 

compared with in-situ measurements by CTMS-On line system at 10 cm layer during growing season (April to 

October) in 2014. The soil water content profile measured by CTMS-On line system was already validated by 

drying and weighting method twice a month sampled nearby the instruments. The determination of coefficient 

of sunflower, maize, wheat and pepper were 0.82, 0.87, 0.73, and 0.85, respectively, which demonstrated the 

soil water content profile measured by CTMS-On line system was reliable. 

Results showed that simulation soil water content by remote sensing data were more discrete. Thus at croplands 

tended to suffer from water scarcity, such as wheat and sunflower, the simulation results fitted well with the 

observation; while at sufficient irrigation croplands, such as pepper, the real soil water content maintained at a 

relatively high level, therefore the remote sensing simulation didn’t perform well. 
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Figure 8 Scatter plot of remote sensing soil water content compared with in-situ measurements 

Based on the calibration results at each single type of cropland, soil water content spatial distribution of whole 

irrigation field in 2014 was thus calculated. Using planting structure distribution at 30 m resolution in section 

3.1 (Fig. 4), the cropland of the Jiefangzha Irrigation Field was divided into four parts, i.e. wheat, maize, 

sunflower and other (vegetable and interplanting), and then combined together. Fig. 9 selected four typical days 

during growing season, in which the white pixels indicated non-cropland. 

Results showed that at the early stage of growing season, the soil water content at surface level is relative small, 

which meant that before irrigation at early stage, the Jiefangzha Irrigation Field suffered some extent of water 

scarcity; while during July and August, due to sufficient precipitation and irrigation, the soil water content of 

surface layer remained at a high level. 
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Figure 9 Spatial distribution of soil water content in Jiefangzha Irrigation Field. (a) May 4; (b) Jun 9; (c) Jul 18; 

(d) Aug 23 

5 Conclusions 

In this study, remote sensing data of Landsat 7 ETM+ coupled MODIS data were used to estimate spatial 

distribution of crop planting structure, crop water consumption and soil water content at regional level, and a 

typical irrigation field was selected as the case study. By using the remote sensing data, spatial distribution of 

parameters related to efficient irrigation could be derived avoid intensive measurements, which has a high 

application value in agricultural water management. 
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The study applied a data fusion approach (ESTAFM) to generate synthetic Landsat7 ETM+ data with MODIS 

and construct the high spatial and temporal NDVI date sets. By ISODATA cluster algorithm, planting structure 

of Jiefangzha irrigation was effectively extracted over 2014 and 2015. The positional accuracy of maize, 

sunflower, wheat and interplanting are 0.81, 0.80, 0.90 and 0.82 respectively. 

Based on SEBS model, continuous daily ET was estimated using long-term MODIS data. The method was 

applied to Jiefangzha Irrigation Field using daily meteorological measurement interpolated from nearby 

meteorological station afterward. The annual ET total from 2011 to 2015 well presented the spatial distribution 

of ET within the district. 

According to the spatial ET estimation and CWSI method, surface layer of soil water content was calibrated and 

applied to Jiefangzha Irrigation Field. The results was first validated using 4 in-situ measurement of soil water 

profiles instruments at different croplands, and thus applied to the whole irrigation field. Typical days of spatial 

distribution of soil water content at different growing stages showed the characteristics of water supply in the 

study area. 

The results of the study proved the remote sensing technique is a promising method for estimating basic elements 

in water-saving agriculture. This will provide useful suggestion for the management of agriculture irrigation 

and improvement of soil and water environment. 
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遥感技术在灌区的应用：种植结构分类、作物耗水量及土壤墒情监测 
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摘要 

及时、准确地模拟地表水循环过程中的关键参数对于干旱预测、

灌溉管理以及水资源综合利用具有重要作用。田间观测及现场调

研在目前的农业水管理中起到重要作用，但该方法难以大范围获

得地表参数空间分布信息，且费时费力，不易推广到区域尺度。

卫星遥感数据能够提供空间连续、时间动态变化的地表参数空间

分布，遥感技术结合地面观测数据能够为区域尺度灌溉预报及作

物需水量诊断提供可靠手段。本文的研究目的是利用遥感技术构

建灌区尺度作物需水量测报系统，模拟包括作物种植结构、作物

耗水量及土壤墒情在内的需水量诊断关键参数。选择黄河上游典

型引黄灌区作为研究区域，采用 Landsat 7 ETM+和 MODIS 数据

分别构建聚类分析方法提取作物种植结构，遥感蒸散发模型估算

作物耗水量，基于作物缺水指标的土壤墒情模型，获取作物需水

量诊断关键参数时间动态变化的空间分布。结果表明，采用遥感

技术能够节省大范围的地表观测，对于农业水管理和灌溉管理领

域具有较高的实用价值。 
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The application of the modified SWAT model at the daily temporal 

scale and HRU spatial scale: A case study in an irrigation district in the 

Hei River Basin 

Zheng Wei1,2, Zhang Baozhong1,2, Yu Liu1,2, Di Xu1,2 

(1. State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources and Hydropower Research, Beijing 

100038，China;； 2. National Center of Efficient Irrigation Engineering and Technology Research, Beijing 100048, China) 

Abstract： As a well-built, distributed and ecohydrological model, the Soil and Water Assessment Tool (SWAT) has been rarely 

evaluated at small spatial and short temporal scales. This study calculated daily evapotranspiration in various irrigation domains using 

the SIMDualKc model based on actual irrigation scheduling. Additionally, SWAT2009 was modified to accurately simulate crop growth 

processes and major hydrological processes. A global sensitivity analysis of crop growth and evapotranspiration estimation was 

performed, and the modified model parameters of leaf area index, shoot dry matter and evapotranspiration were evaluated at the HRU 

scale based on a daily time step. Then, the results of SWAT2009 were compared to those of modified SWAT. Based on the results, daily 

evapotranspiration, shoot dry matter and leaf area index estimates were satisfactory at the HRU level. After modification, the model 

accuracy improved. Thus, the influences of various optimal management practices on the agricultural watershed hydrology could be 

effectively assessed using the model. 

Keywords： Calibration; Irrigation district; Evapotranspiration; Crop growth; Validation 

 

1 Introduction 

An irrigation district is an anthropogenic-natural composite ecosystem [1] with different soil types, crop types 

and river topographies. The artificial irrigation-evapotranspiration process is critical for water resource 

management and is a major process in the hydrological cycle. To understand and analyze watershed processes 

and interactions, assess management scenarios, test research hypotheses and evaluate the influence of changing 

irrigation [2], a coupled hydro-agronomic model is needed.  

Numerous agricultural watershed models, such as EPIC [3], AGNPS [4] and SWAT [5,6], have been used to 

support water quality management, water resource analysis and soil erosion assessment in agricultural 

watersheds. Among these models, the Soil and Water Assessment Tool (SWAT) is the best for long-range 

watershed simulations dominated by agricultural land use. For example, SWAT was utilized to evaluate the 

influence of irrigation diversion on river flow in the Midwestern United States [5,7,8,9,10,11], to simulate 

climate change scenarios and the associated influences [12,13] and to calculate nutrient and sediment yields 

[14]. By comparing the sediment yield and/or simulated surface runoff and nutrient concentrations in runoff to 

observations at the outlets of watersheds at the sub-basin level or larger spatial scales, SWAT can be effectively 

calibrated [8,15,16,17,18]. The modified SWAT model was developed to improve the simulations of particular 

processes in particular watersheds. Additionally, the modified version includes enhanced flow predictions 

(interflow, hydraulic conductivity, and percolation), evaluation of phosphorus from bank erosion in top soil 

layers, consideration of organic nitrogen losses, faster percolation, a groundwater dynamics sub-model, 

amended dynamic functions for crop growth and consideration of channel and drainage losses 

[14,19,20,21,22,23,24,25,26,27,28,29].  

Many studies of runoff hydrological processes have been performed using the SWAT model, but crop growth 

dynamics (such as shoot dry matter and the leaf area index) and evapotranspiration are more significant than the 

rainfall–runoff processes in irrigation districts. Studies have estimated monthly satellite evapotranspiration to 

calibrate the ETc parameters of the SWAT model [30,31,32]. However, crop growth dynamics and yield 

predictions have not been evaluated [7,28]. 
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ETc simulations have yielded satisfactory results at the field scale using a single point model and at the sub-

basin scale using a monthly time step and hydrological model. However, the temporal and spatial scales of such 

studies should be smaller (weekly and daily and the HRU level) when calibrating and using the SWAT model. 

Data availability at the daily scale is often limited in hydrological modeling. Particularly, more attention should 

be paid to evapotranspiration in various irrigation domains and the validation and calibration of model 

parameters in combined distributed hydrological models (e.g., SWAT) and dual crop coefficient models (e.g., 

SIMDualKc). Many studies have reported the application of dual crop coefficients to many crops, such as cotton, 

winter wheat, maize, sorghum and soybean [33,34,35,36,37,38,39]. Additionally, modified SWAT should be 

used in these hydrological analyses. This SWAT version simulates irrigation processes that saturate soil layers 

to field capacity. The excess water above field capacity limits and soil saturation is returned to the source and 

not taken into account in the calculation of the daily soil water balance. Additionally, after leaf senescence, the 

leaf area index (LAI) curve was determined via linear regression, but this method is not suitable for irrigation 

crops. In addition, various irrigation schedules in different irrigation domains should be considered, and SWAT 

should be used for various applications, such as creating a “unified optimum irrigation schedule”, “auto 

irrigation”, etc., to accurately describe the cyclic process of regional irrigation. 

The objectives of this paper are as follows: (1) define daily evapotranspiration based on data from field 

experiments and the actual irrigation schedule using the SIMDualKc model, (2) modify SWAT to improve its 

ability to model crop growth parameters (shoot dry matter and LAI) and evapotranspiration, (3) conduct a 

sensitivity analysis to identify the parameters that strongly influence crop growth and ETc estimations, (4) 

calibrate and validate the model parameters of LAI, shoot dry matter and evapotranspiration at small spatial (at 

HRU level) and temporal (daily) scales, and (5) compare SWAT2009 to the modified SWAT model. 

2 Methods 

2.1 Study Area 

The Yinke irrigation district is located in an artificial oasis in the middle Hei River Basin in Northwest China 

(Fig 1). With an elevation ranging from 1456 to 1600 m, it has a total irrigation area of 18.65 km2. The irrigation 

water supply is conveyed by the Yinke Canal, which is located adjacent to the Hei River. It forms an irrigation 

system from the southwest to the northeast. In 2012, the main cultivated crop was maize (84.13%), and other 

land resources included forestry (0.18%), pasture (0.82%), water (0.69%), and residential land (14.18%) in the 

Yinke irrigation district. The climate is cold, and the arid region has an average annual precipitation and 

reference evapotranspiration of 125 mm and 1972 mm, respectively. The mean annual temperature is 6.7°C, 

with a large temperature difference between winter and summer. With high organic matter content, the farming 

irrigation layer thickness is 70-150 cm. The soil texture is mainly homogeneous loam, with a gravely bottom 

layer and homogeneous sandy loam. 
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Fig 1 Location of the Yinke irrigation district 

2.2 Field experiment 

With different planting structures and soil types, 16 monitoring points were arranged in the irrigation district at 

various sampling and testing scales (Fig 2). Maize for seed was the crop chosen for the experiment (local variety 

name: series 13). 

At each monitoring point, an access tube for the neutron probe moisture meter was installed to a depth of 1.4 m 

to monitor the soil water profile in each 0.2~0.4 m layer at 15-day intervals before each irrigation event. The 

leaf area index (LAI) and biomass were included in the crop growth observations. The assessments of LAI and 

biomass were conducted at 15-day intervals. The application ratios of fertilizer were 180 kg/ha for N and 150 

kg/ha for P, which were implemented based on local fertilizer management. An eddy covariance (EC) instrument 

was established to measure latent heat flux at 100°24'37"E 38°51'25"N and an elevation of 1519 m. Original 

EC data were collected at a sampling frequency of 10 Hz and processed using the post-processing software 

Edire [40]. 
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Fig 2 Monitoring point locations 

2.3 Model description 

2.3.1 SIMDualKc model 

The SIMDualKc model calculates daily crop evapotranspiration by considering soil evaporation and crop 

transpiration components according to the water balance and dual Kc method. The actual crop evapotranspiration 

in the model can be computed as follows: 

   0c s cb eET K K K ET    

where Ks is the water stress coefficient, Ke is the soil evaporation coefficient and Kcb is the basal crop coefficient 

[0-1]. Additionally, ET0 is the reference evapotranspiration (mm/d). 

The model considers the influence of crop density on ETc based on a density coefficient (Kd) that relies on the 

effective fraction of crop height (hc), ground cover (fc eff) and an adjustment parameter (ML) [1.5-2.0]. 

The SIMDualKc model calibration procedure includes the adjustment of standard soil parameters (e.g., the 

readily evaporable water REW, the total evaporable water TEW, and the depth of the surface soil layer Ze) and 

crop parameters (e.g., Kcb and the depletion fraction p) to minimize the differences between observed ETc and 

estimates. 

2.3.2 SWAT model 

SWAT is a temporally continuous, physically based and spatially semi-distributed model [41]. A watershed can 

be categorized into multiple sub-watersheds that can be further divided into particular land/soil utilization 

characteristic units called hydrologic response units (HRUs). The water balance of each HRU is based on four 

volumes of storage: soil profile (0–2 m), snow, deep aquifer (>20 m) and shallow aquifer (typically 2–20 m) 

storage. Chemical loadings, flow generation and sediment yield were calculated in each HRU, and the resulting 

loads were routed via ponds, channels, and/or reservoirs to the watershed outlet. The soil profile was further 

divided into multiple layers with different soil water processes, such as evaporation, infiltration, percolation, 

lateral flow and plant uptake. 
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A storage routing method is used in the soil percolation component of SWAT to simulate flow in every soil 

layer in the root zone. Crop evapotranspiration is simulated as a function of root depth, leaf area index and 

potential evapotranspiration [42].  

Potential evapotranspiration (ETP) can be determined by the modified Penman–Monteith method, and the 

surface runoff from daily rainfall in this procedure was estimated using the modified SCS curve number [41]. 

2.3.3 Sensitivity analysis 

Sensitivity analysis plays a significant role in the distribution of hydrological model parameters used in 

simulations. To assess the parameters that impact ET and aboveground dry matter based on daily values, two 

indicators were used: P-factor and R-factor. The P-factor refers to the percentage of data bracketed by the 95PPU 

(95% prediction uncertainty). Additionally, the R-factor presents the average thickness of the 95PPU band 

divided by the standard deviation of the data. A P-factor of 1 and R-factor of zero indicate a simulation that 

exactly corresponds to measured data [43]. 

2.4 SWAT input data 

Three basic files were needed to delineate the basin into HRUs and subbasins: a digital elevation model (DEM), 

a soil map and a land use/land cover map. The topographic parameters (drainage network, slope length, slope, 

number of subbasins and watershed delimitation) were generated from the digital elevation model (DEM) of the 

Hei River Basin (30*30 m grid size). The soil data and land use were based on soil distribution maps and crop 

data from the portal of The Ecological and Environmental Science Data Center of Western China. In total, 137 

HRUs and 13 subbasins were delineated in the study area. The unique irrigation source is external. The weather 

input data, including minimum and maximum daily air temperature, relative humidity, wind speed and solar 

radiation, were obtained from the meteorological station of Zhangye, which is located at 100°25'48"E 

38°55'48"N and an elevation of 1470 m. Current farm management strategies, such as planting dates and tillage, 

harvesting and fertilization practices, were used as inputs to the model.  

2.5 Modification of the model 

Since excess irrigation is returned to the source of irrigation rather than considered in the surface runoff 

calculations and daily soil water balance calculations, the original version of SWAT2009 was could not be used 

to simulate agricultural irrigation practices [44]. Thus, in the source code, the following modifications were 

made in the modified version of SWAT to include the excess water, as previously noted in the soil water balance 

and LAI growth calculations: 

1. The maximum amount of water was used in accordance with the depth of irrigation water used in every HRU 

as specified by the user in the irrigation operations, rather than the amount of water in the soil profile based on 

the field capacity [45]. This modification is expressed as follows: 

Original version: vmm=sol_sumfc  

Modified version: vmm=irr_amt 

where vmm refers to the maximum amount of water used in (mm), irr_amt refers to the depth of irrigation water 

used in each HRU (mm) as specified by the user, and sol_sumfc refers to the amount of water in the soil profile 

at field capacity (mm). 

2. The LAI curve after senescence was originally linear, but it should be plotted using a logistic growth curve. 

This modification can be expressed as follows: 

Original version: 
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Modified version: 
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where a and b are the empirical parameters, LAI is the leaf area index on a given day, LAImx is the maximum 

leaf area index, frphu is the fraction of potential heat units accumulated by a plant on a given day during the 

growing season, and frphu,sen is the fraction of the growing season (PHU) in which senescence is the dominant 

growth process. 

2.6 Model performance 

Three statistical methods and time series plots were used to assess the performances of SWAT and SIMDualKc 

according to the data. The five statistical criteria used to assess the effectiveness of the validation and calibration 

results were as follows: (i) the Nash-Sutcliffe efficiency (NSE), (ii) Mean Square Error (MSE), and (iii) the 

determination coefficient (R2). The calibration objectives for shoot dry matter and ETc were to minimize the 

absolute MSE value and maximize the R2 and NSE values. 

3 Results 

3.1 Calibration and validation of SIMDualKc model 

3.1.1 Calibration of SIMDualKc model 

Model simulations were initiated using a table of Kcb values; p and soil evaporation parameters recommended 

by [46]; and initial Ze, TEW and REW values of 0.1 m, 28 mm and 8 mm for silt-loam soils, respectively. The 

suggested initial values of ap and bp, which are deep percolation parameters, were 370 and -0.0173, respectively 

[47]. The irrigation schedule was provided by the local water supply department. 

Table 1 Initial and calibrated values of the crop and soil parameters relative to maize for seed: crop coefficients, 

depletion fractions under no stress, soil evaporation and deep percolation parameters 

 Initial values Calibrated 

Crop coefficients  

Kcbini 0.15 0.15 

Kcbdev 0.15-1.2 0.15-0.95 

Kcbmid 1.2 0.95 

Kcbend 0.35 0.35 

Depletion fractions 

Pini 0.5 0.5 

Pdev 0.5 0.5 

Pmid 0.5 0.5 

Pend 0.5 0.5 

Soil evaporation  

REW (mm) 8 10 

TEW (mm) 28 34 

Ze (m) 0.1 0.15 

Deep percolation  

ap 370 366 

bp -0.0173 -0.065 

The results of comparing the observed and simulated values of available soil water (ASW) based on the 

calibration data sets of maize for seed are presented in Fig 3. The figure shows that the available soil water 

dynamics were well simulated with no apparent bias in the estimation. The calibrated values of Kcbini and p 

exhibited good agreement with those proposed by Allen et al. [46], and different calibrated values of Kcbmid were 

slightly smaller than those of Allen et al. [46] and Duan et al [48]. This was likely caused by crop and application 
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differences, as this crop was planted for seed and was sent to local companies who buy from the farmers. The 

reference values discussed above are presented in Table 1 for the calibration. 

 

Fig 3 Comparison between simulated and observed available soil water of maize for seed 

The goodness of fit indicators are presented in Table 2. The results show that the regression coefficient was less 

than 1.0, indicating that the data were slightly below the 1:1 line of the observed data. 

The coefficient of determination was 0.90, indicating that most of the variance could be explained by the model. 

The MSE reached 21.31 mm, representing approximately 7.0% of the TAW. The NSE value was 0.88. The 

results suggested that the SIMDualKc model explained the variation in the observed available soil water well 

and predicted the available soil water for maize for seed accurately. 

Table 2 Indicators of goodness of fit relative to the model calibration  

Crop R2 NSE MSE 

Maize for seed 0.90 0.88 21.31 

3.1.2 Validation of SIMDualKc model 

ETc measured using the eddy covariance was utilized to validate the basic crop coefficient, and the results of 

comparing the observed and simulated ETc values are presented in Fig 4. The determination coefficients was 

0.79, indicating that most of the variance could be explained by the model. The MSE reached 1.02 mm/d, and 

the NSE value was 0.88. The results showed that basic crop coefficient could be used to calculate ETc in the 

entire irrigation district. 

 

Fig 4 Comparison between simulated and observed ET values of maize for seed 

3.2 Modified SWAT model calibration and validation  

3.2.1 Sensitivity analysis 
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In the process of simulating LAI using the SWAT model, a sensitivity analysis was performed with the observed 

data. The results indicated that BLAI, LAI, LAIMX2 and LAIMX1 were the primary parameters in the mgt, crop, sol, 

gw and rte input files used in the SWAT model (Table 3). Additionally, the LAI development depended upon 

the accumulation of plant heat units and the environmental stress indexes. Thus, the shape coefficients are very 

important for establishing accurate LAI development curves [44]. In the process of simulating shoot dry matter, 

BIO_E, T_OPT and T_BASE were the primary parameters (Table 4). Biomass production was coupled with the 

radiation-use efficiency (BIO_E) and intercepted photosynthetically active radiation [44]. The better the 

radiation-use efficiency (BIO_E) was, the more biomass could be produced [28]. In the process of simulating 

daily ETc, SOL_K, ESCO and GSI were the primary parameters (Table 5). ESCO is an important parameter used 

to estimate the unsaturated soil evaporation [49], and GSI was a significant parameter used to calculate rc in the 

Penman-Monteith equation [46]. ESCO was the soil evaporation compensation factor, which affected all the 

water balance components [50]. 

Table 3 Global sensitivities of the parameters of leaf area index 

Parameter name  P-value Initial values Calibrated 

FRGRW2  0.09 0.5 0.71 

FRGEW1  0.00 0.15 0.05 

BLAI  0.00 6 5.14 

DLAI  0.00 0.7 0.67 

LAIMX2  0.00 0.95 0.77 

LAIMX1  0.00 0.05 0.01 

Table 4 Global sensitivities of the parameters of shoot dry matter 

Parameter name P-value Initial values Calibrated 

HVSTI 0.38 --- --- 

USLE_C 0.11 0.5 0.26 

EXT_COEF 0.09 0.5 0.78 

BIO_E 0.00 39 28.85 

T_OPT 0.00 25 23.68 

T_BASE 0.00 8 12.26 

 

 

Table 5 Global sensitivities of the parameters of daily evapotranspiration 

Parameter name P-value Initial values Calibrated 

ALPHA_BF 0.89 --- --- 

GWQMN 0.89 --- --- 

SOL_BD 0.83 --- --- 

SOL_ZMX 0.76 --- --- 

CH_N2 0.74 --- --- 

GW_REVAP 0.70 --- --- 

CO2HI 0.68 --- --- 

CH_K2 0.57 --- --- 

GW_DELAY 0.50 --- --- 

SOL_AWC_B 0.41 --- --- 

CN2 0.41 --- --- 

CANMX 0.39 --- --- 

SOL_AWC_C 0.17 0.25 0.20 

ALPHA_BNK 0.11 0.5 0.42 
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EPCO 0.07 0.1 0.69 

SOL_AWC_D 0.04 0.18 0.21 

SOL_K 0.00 20 30 

ESCO 0.00 0.1 0.57 

GSI 0.00 0.007 0.01 

3.2.2 LAI calibration and validation 

Only those parameters with the highest sensitivities were considered in the calibration process. Table 3 shows 

the default values and adjusted values for each parameter considered in the calibration process.  

Regional monitoring stations were distributed in 16 hydrological response units (HRUs), among which sporadic 

vegetables (greenhouse crops) were planted in 4 HRUs. Hence, they were not considered in this study. The LAI 

data from HRU-1, HRU-18, HRU-24, HRU-30 and HRU-58 were adopted for calibration. The LAI data from 

HRU-68, HRU-82, HRU-99, HRU-100, HRU-104, HRU-115 and HRU-118 were used for validation. 

The calibration and validation curves and statistical parameters are shown in Fig 5 and Table 6, respectively. In 

the calibrated phase, the determination coefficients ranged from 0.90 to 0.98, NSE ranged from 0.72 to 0.93, 

and MSE ranged from 0.10 to 0.98. In the validation period, the determination coefficients ranged from 0.90 to 

0.97, NSE ranged from 0.22 to 0.89, and MSE ranged from 0.17-0.90. Thus, the efficiency was higher in the 

validation period. The simulated and measured LAI values in the calibration and validation periods exhibited 

good agreement, and the simulated results effectively described the growth process of the LAI of maize for seed. 
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Fig 5 Typical variations in simulated and measured LAI values (a: values for calibration; b: values for 

validation) 

Table 6 Statistical parameters of the LAI simulation in the calibration and validation periods 

 HRU R2 NSE MSE 

Calibration 

1 0.94 0.93 0.10 

18 0.96 0.80 0.29 

24 0.85 0.75 0.50 

30 0.81 0.72 0.97 

58 0.89 0.89 0.18 

Validation 

68 0.96 0.22 0.90 

82 0.88 0.84 0.26 

99 0.81 0.42 0.50 

100 0.84 0.77 0.28 

104 0.94 0.89 0.17 

115 0.94 0.88 0.20 

118 0.85 0.69 0.29 

 

3.2.3 Calibration and validation of shoot dry matter  

The default values and adjusted values of each parameter considered in the calibration process are presented in 

Table 4. The calibrated and validated hydrological response units (HRUs) were the same as those used in the 

process of LAI calibration and validation. The calibration and validation curves and statistical parameters are 

shown in Fig 6 and Table 7. 

In the calibration phase, the determination coefficients between the simulated and measured values of shoot dry 

matter ranged from 0.92 to 1.0, NSE ranged from 0.66 to 0.97, and MSE ranged from 1.13 to 35.64. In the 

validation period, the determination coefficients ranged from 0.92 to 0.99, NSE ranged from 0.75 to 0.94, and 

MSE ranged from 1.30 to 10.16. Simulated and measured values of shoot dry matter exhibited good agreement 

during the calibration and validation periods. The simulation effectively described the process of crop growth. 
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Fig 6 Typical variations in simulated and measured values of shoot dry matter 

 (a: values for calibration; b: values for validation) 
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Table 7 Statistical parameters of shoot dry matter using the calibration and validation periods 

  HRU R2 NSE MSE 

Calibration 

1 0.9 0.78 8.38 

18 0.85 0.77 12.82 

24 0.93 0.68 25.71 

30 0.98 0.94 2.7 

58 0.97 0.66 35.64 

Validation 

68 0.91 0.81 6.49 

82 0.85 0.78 8.48 

99 0.93 0.88 4.72 

100 0.95 0.94 1.3 

104 0.98 0.87 7.04 

115 0.98 0.75 6.02 

118 0.93 0.84 10.16 

 

3.2.4 ETc calibration and validation 

The default values and adjusted values of each parameter considered in the calibration process are presented in 

Table 5. The calibrated and validated hydrological response units (HRUs) were the same as those used in the 

process of LAI calibration and validation. The calibration and validation curves and statistical parameters are 

presented in Fig 7, Fig 8 and Table 8. 

During the calibration period, the determination coefficients between the simulations of SIMDualKc and SWAT 

ranged from 0.62 to 0.86, NSE ranged from 0.33-0.70 and MSE ranged from 2.31 to 5.78. In the validation 

period, the determination coefficients between the simulations of SIMDualKc and SWAT ranged from 0.70 to 

0.80, NSE ranged from 0.48-0.62 and MSE ranged from 3.2 to 4.8. The ETc values simulated in SWAT and 

SIMDualKc exhibited good agreement in the calibration and validation periods. 
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Fig 7 SIMDualKc (simulated data) and SWAT (simulated data) ETc variations 

(a: HRU-1; b: HRU-18; c: HRU-24; d: HRU-30; e: HRU-58 for calibration) 
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Fig 8 SIMDualKc (simulated data) and SWAT (simulated data) ETc variations 

(a: HRU-68; b: HRU-82; c: HRU-99; d: HRU-100; e: HRU-104; f: HRU-115; g: HRU-118 for validation) 

Table 8 Statistical parameters of ETc in the calibration and validation periods  

Period HRU R2 NSE  MSE 

Calibration 

1 0.71 0.65 3.22 

18 0.74 0.70 2.32 

24 0.51 0.51 4.30 

30 0.39 0.33 5.78 

58 0.42 0.41 4.82 

Validation 

68 0.59 0.58 2.84 

82 0.52 0.52 3.63 

99 0.49 0.48 4.81 

100 0.64 0.62 3.23 

104 0.52 0.50 4.11 

115 0.51 0.50 4.29 

118 0.49 0.48 4.67 

3.3 SWAT2009 vs. modified SWAT 

Comparisons between the estimated and measured values of available soil water, shoot dry matter, LAI and 

estimated daily ETc values using SIMDualKc, SWAT2009 and modified SWAT exhibited large differences, 

particularly between the observed AWC and the data simulated using SWAT2009 (Fig 9a). These differences 

were most notable during months with intensive irrigation (April to September). The statistical parameters are 

much lower than those of the modified SWAT (Fig 9b), with an RMSE of 68.07 mm and negative NSE is 

negative. These differences were observed because during some irrigation events, the irrigation depths were 

larger than those needed to reach field capacity of the soil. 

The shoot dry matter results exhibited few differences between the observed data and values simulated using 

SWAT2009 and modified SWAT2009. The same result was observed for ETc using SIMDualKc, SWAT2009 

and modified SWAT (Table 9). These statistical parameters of aboveground dry matter and ETc suggest that the 

values of parameters used in the calculation process are nearly equal. 

There are very large differences between the SWAT2009 and modified SWAT models (Fig 5). The biggest 

difference occurs in the leaf senescence stage, when the statistical parameters are much lower than those in 

modified SWAT (Table 9). In SWAT2009, the RMSE is 1.84 and NSE is negative. These differences are because 

the leaf senescence stage uses linear functions. 

Based on the comparison between SWAT2009 and modified SWAT, the most improved simulation is that of 

AWC, followed by the LAI and shoot dry matter. The LAI values were nearly equal based on both models.  
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Table 9 Comparison between SWAT2009 and Modified SWAT 

Parameter Version r2 RMSE EF 

Available water content 
SWAT2009 0.45 68.07 -2.97 

Modified SWAT 0.71 21.83 0.59 

Evapotranspiration 
SWAT2009 0.35 2.41 0.31 

Modified SWAT 0.53 2 0.52 

Shoot dry matter  
SWAT2009 0.89 2.64 0.85 

Modified SWAT 0.89 2.6 0.86 

LAI 
SWAT2009 0.15 1.84 -1.12 

Modified SWAT 0.84 0.53 0.82 

The units of available water content, evapotranspiration, aboveground dry matter and LAI are mm, mm/d, Kg/ha 

and none, respectively.  

Fig 9 Diagram of the simulated and measured AWC values using different models (a: SWAT2009; b: Modified 

SWAT) 

4 Discussion 

4.1 Crop growth dynamics 

Utilized in both the original and modified SWAT models, the typical LAI growth dynamic (HRU-1) is shown 

in Fig 10, which illustrates considerable differences in the senescence stage. According to the linear attenuation 

formula, the LAI is simulated in the original SWAT model, which can show the dynamics of plant growth under 

natural conditions, but not for agricultural cultivated crops. The parameters were established using empirical 

fitted functions; although, the LAI growth-related modules were modified in the senescence phase. Therefore, 

the growth mechanism of the leaf area was not properly represented. The LAI can influence the radiation-use 

efficiency, which influences the production of biomass because the shape coefficients are flexible in the optimal 

LAI curves [44]. When senescence is the major growth process, other shape coefficients can be used to modify 

the LAI growth sub-module [28]. The modified sub-module did not take consider the nitrogen stresses on leaf 

senescence. Thus, this process should be added in subsequent studies [15]. 
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Fig 10 Variations in the LAI based on the original and modified SWAT models 

The calculation of shoot dry matter in SWAT is based on empirical formulas. Biomass production is calculated 

using Beer’s law [51], which can assess the proportion of the shoot to the total crop biomass. The fraction of 

roots in the total biomass varies from 0.40 in the emergence stage to 0.20 at maturity. Thus, biomass production 

can be affected by the leaf area index (LAI), light extinction coefficient (K), biomass fraction and the radiation-

use efficiency.  

Cabelguenne et al. divided the entire period of crop development into various physiological stages to enhance 

the simulation results and consider the water stress differences between phenological stages [15]. Similarly, 

future SWAT versions should consider additional processes related to crop growth to enhance the simulation of 

the crop yield and the yield response to irrigation management. 

4.2 Evapotranspiration 

According to Fig 7 and Fig 8, the ETc values simulated using SWAT and SIMDualKc are not identical. 

Simulated ETc from SWAT is much lower than that from SIMDualKc since Kcact is larger than 1.2 and the 

calibrated value of Kcbmid is 0.95 in SIMDualKc. Simulated ETc from SIMDualKc ranges from 12-14 mm/d, 

which is very high when ET0 is higher than 10 mm/d. In addition, the module of agricultural irrigation 

management in the SWAT model is relatively simple. Furthermore, the effects of irrigation and precipitation on 

crop transpiration are not effectively reflected in SWAT. Nonetheless, this issue can be resolved by the 

SIMDualKc model. Although there is inherent uncertainty (i.e., error) in this approach, the SWAT eliminates 

some error by establishing an upper limit of irrigation based on the soil water content.  

The difference between the values simulated by modified SWAT and SIMDualKc is considerable in the early 

and late growth periods. Kcbmid (0.95) is larger than Kcbend (0.35) and Kcbini (0.15) in the SIMDualKc model, which 

reflects the actual situation.  

ET0 is the foundation for the calculations of ETc. First, the input solar radiation used in SWAT was adjusted to 

ensure that SIMDualKc ET0 and SWAT ETref were equal. Generally, SIMDualKc ET0 is different from SWAT 

ET0 due to three potential reasons. First, slight deviations between SWAT ET0 and SIMDualKc show that SWAT 

assumes alfalfa as a reference crop, while SIMDualKc ET0 assumes grass. For grass, rs equals 70 m s-1 and the 

reference crop height is 0.12 m. For alfalfa, rs is 100 m s-1 and the reference height is 0.40 m. The input radiation 

in SWAT was iteratively increased in each sub-basin until SWAT ETref matched SIMDualKc ET0 to correct 

these differences. 

Second, another source of difference between SWAT and SIMDualKc is that there are two hypothetical 

conditions in SWAT. One condition is the sum of evaporation and transpiration cannot be more than the 

potential evapotranspiration after the water stored in the canopy evaporates. Otherwise, these values are 

decreased. Another condition involves different parameters. Evaporation will decrease first if the soil water 
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availability is insufficient. Thus, the calculation of the water stress unit (wstrs) is incorrect, and the associated 

material and water cycles are affected. This relationship can be expressed as follows: 
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where ep_max is the maximum transpiration, es_max is the maximum evaporation, pet_day refers to potential 

evapotranspiration, and pet is the amount of pet_day remaining after water stored in the canopy evaporates. 

Third, the water stress unit (wstrs) in SWAT2009 is as follows: 

1 tact twstrs E E    

where Et is the maximum plant transpiration on a given day and Etact is the actual plant evapotranspiration. The 

plant transpiration rate and wstrs range from 0.0 to 1.0 when wstrs equals 0.0. 

4.3 Soil water 

In SWAT2009, the soil moisture simulated using the method of layered infiltration calculates actual crop 

evapotranspiration based on the available water in different soil layers. Then, the water stress coefficient is 

calculated based on the ratio of actual to potential crop evapotranspiration, and this coefficient restricts crop 

production. The small differences in the simulations of shoot dry matter and crop evapotranspiration between 

models suggest that the effects of soil moisture on evapotranspiration and crop growth are small. 

SWAT2009 assumes that water stress occurs when the content of available soil water decreases to AWC/4: 

1
exp 5 1

4

l

l

SW
reduc

AWC

  
   

  

        When 
1

4
l lSW AWC   

where SWl refers to the volumetric soil water content above the wilting point, reduc is the water uptake reduction 

factor, l refers to the number of soil layers and AWC is the available soil water content. According to this 

equation, when the available moisture decreases to 25% or lower, Allen et al. and Luo Y et al. used 0.55 as the 

threshold value of soil water stress instead of 0.25 [28,46]. Despite the differences between crop and soil types, 

water extraction decreases. Nonetheless, based on different crop and soil types, the availability of water varies. 

In fact, the rate of root water uptake is directly affected by the potential energy degree of the soil water (the 

related hydraulic conductivity and soil matric potential) and less affected by the water content. Specific values 

of soil matric potential are required for various soil types with different soil water contents. In general, fine-

textured soils (clay) are likely to have lower proportions of available water than are coarse-textured soils (sand), 

resulting in more crop water stress. 

5 Conclusions 

The SWAT model does not reproduce any surface flow caused by irrigation when the irrigation source is outside 

the watershed. Thus, the SWAT2009 model was modified as follows: (i) a maximum irrigation threshold was 

applied and (ii) the sub-module of leaf area index was added for watershed-scale irrigation management, such 

as that in the Yinke irrigation district. The modified SWAT version exhibited better model performance under 

irrigated systems. The model calibration (R2=0.90-0.98, NSE=0.72-0.90) and validation (R2=0.90-0.97, 

NSE=0.22-0.89) statistics indicated a good performance in simulating LAI growth in 16 hydrological response 

units (HRUs). Additionally, the model calibration (R2=0.92-1.0, NSE=0.66-0.97) and validation (R2=0.92-0.99, 

NSE=0.75-0.94) statistics indicated a good performance in simulating shoot dry matter in 12 hydrological 
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response units (HRUs). The model calibration (R2=0.62-0.86, NSE=0.33-0.70) and validation (R2=0.70-0.80, 

NSE=0.48-0.62) statistics exhibited good performance in simulating daily ETc in 16 hydrological response units 

(HRUs). Nonetheless, the model should be further improved to obtain better estimates of daily ETc, particularly 

in the early and late stages. 

The modified SWAT model calibrated based on the LAI, shoot dry matter and daily ETc can be used to determine 

the effects of different agricultural management strategies on the hydrological cycle, water use efficiency and 

crop growth in the irrigation district. 
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摘要 

摘要：SWAT 模型是一个具有物理基础、应用广泛的分布式水文

模型，但对基于日时间尺度和水文单元空间尺度的率定和验证研

究较少。本文以黑河流域典型盈科灌区为例，基于不同支渠测定

的灌溉量计算了作物的蒸发蒸腾量，改进了 SWAT2009 版本的作

物生长和灌溉模块，基于 SUFI-2 算法计算了不同水文参数对作

物生长和蒸散的全局敏感性，率定和验证了改进 SWAT 模型的模

型参数，分析了改进 SWAT 模型和 SWAT2009 的区别，提出了

改进 SWAT 模型可更好的模拟蒸散变化和作物生长动态。 
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