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Abstract 
Under the possible hydrological conditions, with a design hyetograph of 3-month average rainfall 
intensities of Singapore, multiple regression equations on hydrological processes, specifically on 
overflow volume, average vertical ex-filtration rate and horizontal flow coefficient, of a soak-away 
rain garden are established based on simulated results of a mathematical model. The model that is 
based on Richard’s equation is developed using COMSOL Multiphysics. The regression equation on 
overflow volume and the regression equation on log of horizontal flow coefficient show a very 
strong relationship with the independent variables (saturated hydraulic conductivity of the filter 
media, saturated hydraulic conductivity of the in-situ soil, depth to groundwater table, and surface 
area of the soak-away rain garden). The coefficients of determination of the fitted equations on 
overflow volume and log of horizontal flow coefficient were 0.992 and 0.986, respectively. How-
ever, the regression equation on average vertical ex-filtration rate has high p-values (p-values > 
significance level, α = 0.01) for saturated hydraulic conductivity of the in-situ soil and surface area 
of the soak-away rain garden. Thus, forward stepwise regression was used to develop the best re-
gression equation on average vertical ex-filtration rate with saturated hydraulic conductivity of 
the filter media and depth to groundwater table. The coefficient of determination of the fitted eq-
uation was found to be 0.911. These easy to use regression equations will be of great utility for lo-
cal mangers in the design of soak-away rain gardens. 
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1. Introduction 
In catchment hydrology, in practice it is not feasible to measure a desired hydrological variable for every possi-
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ble hydrological condition mainly due to financial constraints. This limitation, among others, has promoted the 
application of mathematical models, whose basic principle is the process of solving physical problems by ap-
propriate simplification of reality, in the field of catchment hydrology, specifically in ground and surface water 
hydrology, to solve many hydrological problems. Hydrological process, such as overflow volume, average ver-
tical ex-filtration rate and horizontal flow coefficient, of a soak-away rain garden, is one of those hydrological 
problems. 

Soak-away rain gardens, shallow, landscaped depressions commonly located in parking lots or within small 
pockets in residential areas, receive stormwater runoff, attenuate surface water and enable it to percolate into the 
surrounding ground. As catchments become urbanized due to population growth, the impervious surfaces created 
by buildings and pavements cause rainwater to flow quickly over the landscape. To mitigate the adverse impact 
of urbanization such as increased flooding and depleted groundwater recharge around the world, several best 
management practices, in other words, green infrastructures, have been practiced [1]-[5], and soak-away rain 
garden is one of them. Despite the rapid acceptance of soak-away rain gardens throughout the world by water 
managers and land-use planners, detailed hydrologic performance information and related hydrologic design 
guidelines of soak-away rain gardens are not currently available for many regions including Singapore [1] [2]. 
On the other hand, to have a rapid assessment of soak-away rain gardens on a range of potential hydrologic con-
ditions (e.g., size of the soak-away rain garden, saturated hydraulic conductivity of the in-situ soil, and saturated 
hydraulic conductivity of the filter media), detailed hydrologic performance information and related hydrologic 
design guidelines of soak-away rain gardens from model simulation results need to be rendered into easy to use 
look-up charts or hydrologic design charts that are specific for local conditions [1] [2]. However, it is not feasi-
ble to model for every possible hydrological condition due to resource constraints and the continuous nature of 
those possible hydrological conditions. Therefore, a need exists to extrapolate and interpolate information from 
the available model simulation results. In addition, there is also a need to assess the likely hydrological impact 
of future system response. Therefore, it is the objective of this study to establish regression equations on hydro-
logical processes, specifically on overflow volume, average vertical ex-filtration rate and horizontal flow coeffi-
cient, of a soak-away rain garden, based on simulated results of a mathematical model using COMSOL Multi-
physics [6] [7] under the possible hydrological conditions. 

2. Multiple Regression Equation 
In many hydrological applications, the relationship proposed by a simple linear regression equation, which has 
only one “X” variable, called the independent variable, does not sufficiently explain the variation in “Y”, called 
the dependent variable. This is because the “Y” variable in most hydrological applications depends on more than 
one independent variable. In such cases, multiple regressions are used to explore the relationship between a de-
pendent variable (e.g., ex-filtration and overflow volume) and a set of independent variables (e.g., size of the 
soak-away rain garden, saturated hydraulic conductivity of the in-situ soil, and saturated hydraulic conductivity 
of the filter media). Each independent variable is “weighted” differently based on its separate correlation with 
“Y” and its correlation with the other independent variablesin such a way that the combination of independent 
variables predicts the best “Y” than any single independent variable by itself. In general, the multiple regression 
equation follows the following format: 1 1 2 2 3 3Y a b X b X b X= + + + +� . The “weight” given to each indepen-
dent variable in the equation is represented by the letter “b” with the corresponding subscript. In general, these 
weights are unknown and will have to be estimated from sample data. In this study, the sample data on a range 
of potential hydrologic conditions (e.g., size of the soak-away rain garden, saturated hydraulic conductivity of 
the in-situ soil, and saturated hydraulic conductivity of the filter media) was generated by simulating a mathe-
matical model based on Richard’s equation [6]-[8] using COMSOL Multiphysics. 

3. COMSOL Multiphysics 
COMSOL Multiphysics is a powerful interactive environment for modeling and solving partial differential equ-
ations in scientific and engineering problems. The software provides a powerful integrated desktop environment 
with a Model Builder where the users get full overview of the model and access to all functionality. With 
COMSOL Multiphysics the users can easily extend models for one type of physics into multiphysics models that 
solve coupled physics phenomena. COMSOL Multiphysics also allows the users to perform various types of stu-
dies such as stationary and time-dependent studies. When solving the models, COMSOL Multiphysics uses the 
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proven finite element method. The software runs the finite element analysis together with adaptive meshing and 
error control using a variety of numerical solvers. A more detailed description of the mathematical and numeri-
cal foundation is in the COMSOL Multiphysics Reference Guide [7]. 

4. Methodology and Discussion of Results 
This section of the paper is divided into three sub-sections. Sub-section 4.1 describes the 3D model development 
in COMSOL Multiphysics, Sub-section 4.2 briefly summarizes the hyetograph to represent the 3-month average 
rainfall intensities (ARIs), which was used to simulate the developed model, and Sub-section 4.3 discusses the 
results. 

4.1. Model Development in COMSOL Multiphysics 
Modeling of a soak-away rain garden involves flow in variably saturated porous media. Flow in variably satu-
rated porous media is modeled using the Earth Sciences Module (Subsurface Flow Module) of COMSOL Mul-
tiphysics. A review of COMSOL’s Earth Sciences Module for simulating flow in variably saturated porous me-
dia can be found in [9]. Using the Earth Sciences Module of COMSOL, to develop a model in variably saturated 
porous media, among other things, it is required to define the model geometry, the mathematical representation 
of the physical processes of interest, the initial/boundary conditions, and the water balance of the soak-away rain 
garden. 

4.1.1. Model Geometry Using COMSOL Multiphysics 
Figure 1 shows the 3D geometry of a soak-away rain garden that allows stormwater runoff to ex-filtrate into the 
surrounding soil. For demonstration purpose, a soak-away rain garden with a width of 5 m and a height of 1.0 m  
 

 
Figure 1. Graphical representation of a soak-away rain garden in COMSOL Multiphysics. 
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is chosen. The length of the soak-away rain garden is 5 m. The shape of the soak-away rain garden is assumed to 
be of rectangular/square shape. The height of the filter media, the primary soil layer, is 0.6 m. The height of the 
ponding space, which is defined above the filter media, is limited to 0.2 m. The width and length of the area of 
the influence is 15 m. Using COMSOL Multiphysics, the 3D geometry of the soak-away rain garden of the above 
mentioned dimensions was formed by first creating a block feature, whose block name is “blk1”, to represent the 
outer dimensions. The width and the length of this block were set to “15” and the height was set to “5”. Similar 
to block feature, “blk1”, another block feature, whose block name is “blk2”, was created. The width and the 
length of this block were set to “5” and the height was set to “1”, but the block position was set to (5, 5, 4) in (X, 
Y, Z) direction. To represent the in-situ soil, the block feature, “blk2”, was subtracted from the block feature, 
“blk1”, by creating a Difference feature (“dif1”), a Boolean operation with the ‘input’ properties set to “blk1” 
and “blk2”. To represent the filter media, similar to block features “blk1” and “blk2”, another block feature, 
whose block name is “blk3”, was created. The width and the length of this block were set to “5” and the height 
was set to “0.6”, but the block position was set to (5, 5, 4) in (X, Y, Z) direction. To represent the soak-away 
rain garden, the block feature “blk3” was unioned with the Difference feature (“dif1”), by creating a Union fea-
ture (“uni1”), a Boolean operation with the ‘input’ properties set to “blk3” and “diff1”. 

4.1.2. Representation of the Physical Processes Using COMSOL Multiphysics 
Richards’ equation models flow in variably saturated porous media. Many efforts to simplify and improve the 
modeling of flow in variably saturated media have produced a number of variants of Richards’ equation. In this 
paper, the form of the Richards’ equation adopted in COMSOL Multiphysics is used [6] [7]. The Richards’ equ-
ation was applied for both the in-situ soil and the filter media of the soak-away rain garden. The adopted equa-
tion is presented in Equation (1). 

( ).m s
e r m

C kpS S k p g D Q
g t

ρ ρ ρ
ρ µ

   ∂
+ +∇ − ∇ + ∇ =   ∂   

                      (1) 

where the pressure, p, is the dependent variable. In this equation, Cm represents the specific moisture capacity, Se 
denotes the effective saturation, S is the storage coefficient, κs gives the hydraulic permeability, μ is the fluid 
dynamic viscosity, kr denotes the relative permeability, ρ is the fluid density, g is acceleration of gravity, D 
represents the elevation, and Qm is the fluid source (positive) or sink (negative). The fluid velocity across the 
faces of an infinitesimally small surface is given by Equation (2). 
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where u is the flux vector. The porous medium consists of pore space, fluids, and solids, but only the liquids 
move. Equation (2) describes the flux as distributed across a representative surface. To characterize the fluid 
velocity in the pores, COMSOL Multiphysics also divides u by the volume liquid fraction, θs. This interstitial, 
pore or average linear velocity is ua = u/θs [6] [7]. 

4.1.3. Initial/Boundary Conditions Using COMSOL Multiphysics 
To solve flow in variably saturated porous media, it is necessary that appropriate boundary conditions are speci-
fied. From a mathematical standpoint, the application of boundary conditions ensures that the solutions to the 
problems are self-consistent. In this study, the following boundary conditions are identified as appropriate. As 
shown in Figure 2, which represents the frontal view of cut-plane (YZ Plane) A-A of Figure 1, the top surface 
of the rain garden is a rainfall-runoff boundary, a non-steady-state flow condition typical of urban stormwater 
runoff. The external side boundaries do not allow water to flow in or out of the area of influence, implying that 
the chosen area is large enough that it does not affect the flow performance around the rain garden. The bottom 
boundary of the area of influence is specified by a hydraulic head corresponding to an assumed groundwater ta-
ble level. When water starts to pond, the boundary condition at the top surface of the rain garden becomes a hy-
draulic boundary. Therefore, there is a need to be able to switch the top surface of the rain garden from flow to 
hydraulic head. The switching was done using COMSOL Java API, a Java-based interface [6] [7]. The initial 
condition was set to hydrostatic condition. In other words, above groundwater table, the suction is equal to the 
distance above groundwater table. 
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Figure 2. Boundary conditions of a soak-away rain garden in COMSOL Multiphysics. 

4.1.4. Water Balance of the Soak-Away Rain Garden Using COMSOL Multiphysics 
Water Balance of the soak-away rain garden was carried out using a continuity equation whose components are 
stormwater runoff, overflow (water that is in excess of the ponding space), change of soil moisture within the 
filter media, change of water storage within the ponding space, vertical ex-filtration, and horizontal ex-filtration. 
At a given time, horizontal ex-filtration and vertical ex-filtration were computed by integrating the model com-
puted velocity along the four side walls and the bottom surface of the soak-away rain garden, respectively. 

4.2. Development of Design Hyetograph 
The design of soak-away rain gardens involves water quality. Thus, the establishment of a design hyetograph for 
the design of soak-away rain gardens, specifically, requires data on intensity-duration-frequency (IDF) values 
for relatively frequent storms such as 3-month ARIs that carry up to 90% of the total load on annual basis. As 
underscored in the literature, to date, there are few methods available for the establishment of design hyeto-
graphs using IDF data [10]. In this paper, the alternating block method [10], which represents an event of a se-
lected return period both for the selected duration of the event and for any period within this selected duration, is 
used in developing a design hyetograph from an IDF relationship of Singapore. Storm duration of 720 min was 
considered. Considering an event of 720 min of the 3-month ARIs, a design hyetograph for 3-month ARIs 
built-up using this method represents a 3-month ARI event both for the 720 min total duration and for any pe-
riod (i.e., 5 min, 10 min, 15 min, 30 min, 60 min, ···, 360 min) within this duration centered on the maximum 
block [10]. The design hyetograph produced by this method specifies the rainfall depth occurring in n successive 
time intervals of duration Δt over a total duration of 720 min = nΔt. Duration Δt is often determined by the finest 
resolution of the hydrological model that is used to generate the design hydrograph, the time distribution of dis-
charge. The hyetograph to represent a 3-month ARI event of 720 min duration is shown in Figure 3 for a dura-
tion (Δt) of 6 min which is the finest resolution of MUSIC (Model for urban stormwater improvement conceptu-
alization) model which was used to generate the hydrographs for different urbanized (impervious percentage of 
90% was assumed) catchment sizes varied from 100 to 250 m2. 

4.3. Discussion of Results 
In this study, to obtain the values for dependent variables (overflow volume, horizontal flow coefficient, and av-
erage vertical ex-filtration rate), the simulation was carried out for different values of independent variables (sa-
turated hydraulic conductivity of the in-situ soil, surface area of the soak-away rain garden as a % of catchment 
area, saturated hydraulic conductivity of the filter media, and depth to groundwater table measured from bottom 
of the filter media). The in-situ hydraulic conductivity was varied from 10 mm/hr to 50 mm/hr, typical range in 
Singapore. The surface area of the soak-away rain garden (as a % of catchment area) was varied from 6% to 
15%. The width and the length of the soak-away rain garden were assumed to be of the same size. The saturated  
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Figure 3. Design hyetograph for 3-month ARIs. 
 
hydraulic conductivity of the filter media was varied from 100 mm/hr to 200 mm/hr, typical range in Singapore. 
The depth to groundwater table measured from bottom of the filter media was varied from 0.5 m to 1.5 m. Hav-
ing obtained the values for dependent variables for different values of independent variables, the multiple re-
gression equations were fitted for each of the dependent variables. 

4.3.1. Multiple Regression Equation of Overflow Volume (as a % Total Runoff Volume) 
To understand the relationship between the dependent variable, overflow volume, and the independent variables, 
as shown in Figure 4, the graph of overflow volume (total volume of water for the simulation period = 720 min 
in excess of ponding space)versus the surface area of the soak-away rain garden (as a % of catchment area) was 
plotted. The overflow volume is expressed as a % of total runoff volume. For this graph, the saturated hydraulic 
conductivity of the filter media and the depth to groundwater table were set to 100 mm/hr and 0.5 m, respec-
tively. The graph also shows the variation with the saturated hydraulic conductivities of the in-situ soil. The sa-
turated hydraulic conductivity of the in-situ soil varies from 10 mm/hr to 50 mm/hr. As can be observed from 
the graph, there exists a linear relationship between the dependent variable and the independent variables. This 
same behaviour was observed with the other graphs, which account for the variation in depth to groundwater ta-
ble and the saturated hydraulic conductivity of the filter media, as well. Therefore, it was decided to fit a mul-
tiple linear regression. In the subsequent paragraphs, the statistical measures of the regression are discussed. 

As shown in Table 1, before fitting a multiple regression, the simulated results for all the considered ranges 
of potential hydrologic conditions or independent variables (e.g., size of the soak-away rain garden, saturated 
hydraulic conductivity of the in-situ soil, saturated hydraulic conductivity of the filter media) were analyzed to 
develop a correlation matrix to detect if the problem of multicollinearity exists. The problem of multicollinearity, 
which can have impact on the quality and stability of the fitted regression model, occurs when some of the in-
dependent variables are highly correlated. 
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Figure 4. Overflow volume (as a % total runoff volume) for a depth to groundwater table of 0.5 m and a saturated hydraulic 
conductivity of filter media of 100 mm/hr. 
 
Table 1. Correlation matrix of the regression for overflow volume data. 

 Y X1 X2 X3 X4 

Y 1.00E+00     
X1 −2.49E-01 1.00E+00    
X2 −1.25E-01 1.37E-17 1.00E+00   
X3 2.84E-01 8.63E-03 1.63E-17 1.00E+00  
X4 −7.71E-01 −1.73E-01 −1.61E-17 2.16E-01 1.00E+00 

 
In Table 1, dependent variable, “Y”, is the overflow volume which is expressed as a % of total runoff volume. 

X1, X2, X3, and X4, which are the independent variables of the regressed equation, are saturated hydraulic con-
ductivity of the filter media, saturated hydraulic conductivity of the in-situ soil, depth to groundwater table 
measured from bottom of the filter media, and size of the soak-away rain garden (as a % of catchment area), re-
spectively. The correlation matrix shows that there is essentially no correlation between the independent va-
riables and dependent variable, and between the independent variables themselves. Thus, as the problem of mul-
ticollinearity does not exist, the regression relationship was further analyzed. As placed in Table 2, the sample 
multiple correlation is 0.996. It has a very strong positive correlation. Table 2 also shows the coefficient of de-
termination, which in this case is 0.992, indicating that the proportion of the variation in Y that is due to inde-
pendent variables in the sample is 0.992. In other words, there is very little unexplained (residual) variation 
whose mean square error is only 1.182, as shown in Table 3. 
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Table 2. Regression statistics of the regression for overflow volume data. 

Regression Statistics 

Multiple R 0.996 

R Square 0.992 

Adjusted R Square 0.992 

Standard Error 1.087 

Observations 230 

 
Table 3. ANOVA of the regression for overflow volume data. 

 df SS MS F Significance F 

Regression 4 32536.598 8134.150 6881.361 6.3702E-234 

Residual 225 265.962 1.182   
Total 229 32802.561    

 
On the other hand, the test of significance is placed in Table 3. If the independent variables explain very little 

of the Y, dependent variable, the F-value should have been 1 or less. However, the fitted regression is very sig-
nificant as the F-value is 6881.361. In the fitted regression, the explained variation due to regression and the in-
dependent variables is 6881.361 times greater than the unexplained variation. Furthermore, if the selected inde-
pendent variables and Y are unrelated, the probability of getting the sample evidence is more extreme and is 
6.3702E-234. In other words, it is almost impossible to get this kind of data as a result of chance and thus the 
null hypothesis is rejected. Thus, it is concluded that there is a relationship between these variables in the popu-
lation. 

The “weight” given to each independent variable in the fitted regression is presented in Table 4. In a multiple 
linear regression, the value of the coefficient for each independent variable gives the size of the effect that vari-
able is having on the dependent variable, and the sign on the coefficient (positive or negative) gives the direction 
of the effect. In the fitted regression, except the independent variable, X3, depth to groundwater table measured 
from bottom of the filter media, the considered independent variables have a negative effect on dependent varia-
ble, overflow volume which is expressed as a % of total runoff volume. When these values of coefficients are 
placed in the regression equation, the equation for predicting the overflow volume, which is expressed as a % of 
total runoff volume, from the considered independent variables, is Y = 74.441 − 0.122X1 − 0.105X2 + 14.672X3 
− 5.224X4. 

The t-test results to test the regression for significance are also presented in Table 4. As can be observed from 
Table 4, the t-values for independent variables are very significant. The probabilities of getting of these magni-
tudes if the null hypothesis for the test is true are very small as given by p-values. Thus, it is almost impossible 
to get this kind of data as a result of chance and thus the null hypothesis is rejected. Therefore, it can be con-
cluded that fitted regression between these variables is significant. 

4.3.2. Multiple Regression Equation of Horizontal Flow Coefficient 
To understand the relationship between the dependent variable, horizontal flow coefficient, and the independent 
variables, as shown in Figure 5, the graph of horizontal flow coefficient versus the surface area of the soak- 
away rain garden (as a % of catchment area) was plotted. Horizontal flow coefficient is defined as the ratio be-
tween total horizontal ex-filtration (drained through sides of the soak-away rain garden, summed over the simu-
lation period = 720 min, and expressed in m3) and total vertical ex-filtration (drained through bottom of the 
soak-away rain garden, summed over the simulation period, and expressed in m3). For this graph, the saturated 
hydraulic conductivity of the filter media was set to 100 mm/hr and the depth to groundwater table measured 
from bottom of the filter media was set to 0.5 m. The graph also shows the variation with the in-situ hydraulic 
conductivities. As can be observed from the graph, there exists a non-linear (power: Y = aXb) relationship be-
tween the dependent variable and the independent variables. This same behaviour was observed with the other  



S. Mylevaganam et al. 
 

 
57 

Table 4. Coefficients of the regression for overflow volume data. 

 Coefficients Standard Error t Stat p-Value 

Intercept 74.441 0.466 159.720 1.46E-233 

X1 −0.122 0.002 −68.358 1.70E-152 

X2 −0.105 0.005 −20.807 2.47E-54 

X3 14.672 0.183 80.119 2.14E-167 

X4 −5.224 0.034 −152.012 8.95E-229 

 

 
Figure 5. Horizontal flow coefficient for a depth to groundwater table of 0.5 m and a saturated hydraulic conductivity of fil-
ter media of 100 mm/hr. 
 
graphs, which account for the variation in depth to groundwater table and the saturated hydraulic conductivity of 
the filter media, as well. Thus, it was required to transform the data using a log-log transform. Having trans-
formed the data, a multiple linear regression to find the best-fit line for the transformed data was obtained. In the 
subsequent paragraphs, the statistical measures of the regression are discussed. 

Table 5 shows the correlation matrix. As shown in Table 5, the dependent variable, “Y”, is the log of hori-
zontal flow coefficient. X1, X2, X3, and X4, which are the independent variables of the regressed equation, are 
the logs of saturated hydraulic conductivity of the filter media, saturated hydraulic conductivity of the in-situ 
soil, depth to groundwater table measured from bottom of the filter media, and size of the soak-away rain garden 
(as % of catchment area), respectively. The correlation matrix shows that there is essentially no correlation be-
tween the independent variables and dependent variable, and between the independent variables themselves. 
Thus, as the problem of multicollinearity does not exist, the regression relationship was further analyzed. 
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As shown in Table 6, the coefficient of determination is 0.986 and thus there is a very little unexplained vari-
ation. Furthermore, as shown in Table 7, the fitted regression is very significant and the explained variation due 
to regression and the independent variables is 5498.676 times greater than the unexplained variation. Further-
more, if the selected independent variables and Y are unrelated, the probability of getting the sample evidence is 
more extreme and is 2.2218E-286. Thus, it was concluded that there is a relationship between these variables in 
the population. 

The “weight” given to each independent variable in the fitted regression is presented in Table 8. When these 
values are placed in the regression equation, the equation for predicting log of horizontal flow coefficient, from 
logs of the considered dependent variables, is Y = 1.318 − 0.236X1 + 0.160X2 + 1.569X3 − 0.552X4. The t-test 
results to test the regression for significance are also presented in Table 8. As can be observed from Table 8, the 
t-values for independent variables are very significant. The probabilities of getting of these magnitudes if the 
null hypothesis for the test is true are very small as given by p-values. Thus, it is almost impossible to get this  
 

Table 5. Correlation matrix of the regression for horizontal flow coefficient. 

 Y X1 X2 X3 X4 

Y 1.00E+00     
X1 −8.86E-02 1.00E+00    
X2 1.20E-01 −9.68E-17 1.00E+00   
X3 9.44E-01 −7.11E-16 −5.07E-17 1.00E+00  
X4 −2.78E-01 −3.33E-18 2.22E-18 −7.97E-03 1.00E+00 

 
Table 6. Regression statistics of the regression for horizontal flow coefficient. 

Regression Statistics 

Multiple R 0.993 

R Square 0.986 

Adjusted R Square 0.986 

Standard Error 0.039 

Observations 315 

 
Table 7. ANOVA of the regression for horizontal flow coefficient. 

 df SS MS F Significance F 

Regression 4 33.487 8.372 5498.676 2.2218E-286 

Residual 310 0.472 0.002   
Total 314 33.959    

 
Table 8. Coefficients of the regression for horizontal flow coefficient. 

 Coefficients Standard Error t Stat p-Value 

Intercept 1.318 0.043 30.824 2.07E-96 

X1 −0.236 0.018 −13.232 5.43E-32 

X2 0.160 0.009 17.946 7.00E-50 

X3 1.569 0.011 140.620 7.55E-283 

X4 −0.552 0.014 −40.392 1.56E-125 
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kind of data as a result of chance and thus the null hypothesis is rejected. Therefore, it can be concluded that fit-
ted regression between these variables is significant. 

4.3.3. Multiple Regression Equation of Average Vertical Ex-Filtration Rate 
To understand the relationship between the dependent variable, average vertical ex-filtration rate, and the inde-
pendent variables, as shown in Figure 6, the graph of average vertical ex-filtration rate was plotted. The average 
vertical ex-filtration rate is obtained by dividing the average vertical ex-filtration (drained through bottom of the 
soak-away rain garden, averaged over the simulation period, and expressed in m3) by the surface area of the 
soak-away rain garden and the simulation time step. For this graph, the saturated hydraulic conductivity of the 
filter media was set to 100 mm/hr. The graph also shows the variation with the in-situ hydraulic conductivities. 
The saturated hydraulic conductivity of the in-situ soil varies from 10 mm/hr to 50 mm/hr. 

As can be observed from the graph, there exists a linear relationship between the dependent variable and the 
independent variables. This same behaviour was observed with the other graphs, which account for the variation 
in saturated hydraulic conductivity of the filter media. Therefore, it was decided to fit a multiple linear regres-
sion. In the subsequent paragraphs, the statistical measures of the regression are discussed. As shown in Table 9, 
by performing a normal multiple regression using all the independent variables, it was found that X2, saturated 
hydraulic conductivity of the in-situ soil, and X4, surface area of the soak-away rain garden (as % of catchment 
area) have high p-values (p-values > significance level, α = 0.01) even though the “Significance F” is very low. 
Thus, forward stepwise regression was used to develop the best model that contains some of the independent va-
riables. 

With forward stepwise regression, as shown in Table 10, the correlation matrix shows that there is essentially 
no correlation between the independent variables and dependent variable, and between the independent variables 
themselves. Thus, as the problem of multicollinearity does not exist, the regression relationship was further ana-
lyzed. 

 

 
Figure 6. Average vertical ex-filtration rate for a saturated hydraulic conductivity of filter media of 100 mm/hr. 
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As shown in Table 11, the coefficient of determination is 0.911 and thus there is a very little unexplained 
variation. Furthermore, as shown in Table 12, the fitted regression is very significant and the explained variation 
due to regression and the independent variables is 1591.399 times greater than the unexplained. If the selected 
independent variables and Y are unrelated, the probability of getting the sample evidence is more extreme and is 
2.062E-164. Thus, it was concluded that there is a relationship between these variables in the population. 

The “weight” given to each independent variable in the fitted regression is presented in Table 13. When these 
values are placed in the regression equation, the equation for predicting theaverage vertical ex-filtration rate 
from the considered independent variables, is Y = 26.682 + 0.077X1 − 23.483X3. 
 

Table 9. Coefficients of the regression for average vertical Ex-filtration rate with all the in-
dependent variables. 

 df SS MS F Significance F 

Regression 4 32103.210 8025.802 810.448 9.8951E-163 

Residual 310 3069.905 9.903   
Total 314 35173.115    

 

 Coefficients Standard Error t Stat p-Value 

Intercept 28.170 0.993 28.370 3.71E-88 

X1 0.077 0.004 17.640 1.04E-48 

X2 −0.013 0.013 −1.041 0.298 

X3 −23.483 0.434 −54.070 6.90E-160 

X4 −0.103 0.042 −2.450 0.015 

 
Table 10. Correlation matrix of the regression for average vertical ex-filtration rate. 

 Y X1 X3 

Y 1.00E+00   
X1 2.96E-01 1.00E+00  
X3 −9.07E-01 0.00E+00 1.00E+00 

 
Table 11. Regression statistics of the regression for average vertical ex-filtration rate. 

Regression Statistics 

Multiple R 0.954 

R Square 0.911 

Adjusted R Square 0.910 

Standard Error 3.172 

Observations 315 

 
Table 12. ANOVA of the regression for average vertical ex-filtration rate. 

 df SS MS F Significance F 

Regression 2 32033.015 16016.508 1591.399 2.062E-164 

Residual 312 3140.100 10.064   
Total 314 35173.115    
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Table 13. Coefficients of the regression for average vertical ex-filtration rate. 

 Coefficients Standard Error t Stat p-Value 

Intercept 26.682 0.809 32.969 1.1246E-103 

X1 0.077 0.004 17.498 3.01733E-48 

X3 −23.483 0.438 −53.634 1.5956E-159 

 
The t-test results to test the regression for significance are also presented in Table 13. As can be observed 

from Table 13, the t-values for independent variables are very significant. The probabilities of getting of these 
magnitudes if the null hypothesis for the test is true are very small as given by p-values. Thus, it is almost im-
possible to get this kind of data as a result of chance and thus the null hypothesis is rejected. Therefore, it can be 
concluded that fitted regression between these variables is significant. 

5. Conclusions 
To have a rapid assessment of soak-away rain gardens on a range of potential hydrologic conditions, with a de-
sign hyetograph of 3-month average rainfall intensities of Singapore, this study establishes easy to use multiple 
regression equations of soak-away rain gardens, which are specific for local conditions, by developing a mathe-
matical model based on Richard’s equation using COMSOL Multiphysics, a finite element analysis and solver 
software package for various physics and engineering applications. The outcome of this study, among other 
things, shows the followings: 

1) The regression equation on overflow volume (total volume of water for the simulation period = 720 min in 
excess of ponding space), which is expressed as a % of total runoff volume, with the independent variables— 
saturated hydraulic conductivity of the filter media (X1), saturated hydraulic conductivity of the in-situ soil (X2), 
depth to groundwater table measured from bottom of the filter media (X3), and surface area of the soak-away 
rain garden as a % of catchment area (X4), shows a very strong relationship (coefficient of determination = 
0.992). The fitted regression is Y = 74.441 − 0.122X1 − 0.105X2 + 14.672X3 − 5.224X4. 

2) The regression equation on log of horizontal flow coefficient which is defined as the ratio between total 
horizontal ex-filtration (drained through sides of the soak-away rain garden, summed over the simulation period 
= 720 min, and expressed in m3) and total vertical ex-filtration (drained through bottom of the soak-away rain 
garden, summed over the simulation period, and expressed in m3), with the independent variables (logs of X1, X2, 
X3, and X4), shows a very strong relationship (coefficient of determination = 0.986). The fitted regression is Y = 
1.318 − 0.236X1 + 0.160X2 + 1.569X3 − 0.552X4. 

3) The regression equation on average vertical ex-filtration rate that is obtained by dividing the average ver-
tical ex-filtration (drained through bottom of the soak-away rain garden, averaged over the simulation period, 
and expressed in m3) by the surface area of the soak-away rain garden and the simulation time step has high 
p-values (p-values > significance level, α = 0.01) for saturated hydraulic conductivity of the in-situ soil (X2) and 
surface area of the soak-away rain garden as a % of catchment area (X4). 

4) The regression equation on average vertical ex-filtration rate with saturated hydraulic conductivity of the 
filter media (X1) and depth to groundwater table (X3) shows a very strong relationship (coefficient of determina-
tion = 0.911). The fitted regression is Y = 26.682 + 0.077X1 − 23.483X3. 
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