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AbstractAbstractAbstractAbstract    
Determining hydrogeological parameters is one of the important tasks of groundwater dynamics, in which the storage coefficient is an 
indispensable parameter to predict subsidence. Compaction and water-level data were assumed to collect data from a borehole 
extensometer recorded and groundwater pumping test in My Thuan bridge, Vinh Long province to estimate elastic and inelastic 
specific coefficient (S) in aquifer-system. The purpose of this study is to estimated and compared specific storage by three methods 
such as Theis’s method, Riley’s method and Galloway’s study in My Thuan bridge site, Vinh Long province. The final value of the 
storage coefficient is 0.00052. The results of this study also are the basis for calculating settlement and the impact that mining may 
have on regional groundwater flow systems. 
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction 
Nowadays, the Mekong Delta is seriously affected by climate 
change, which has effect agriculture, human health, food 
security and water resources, especially is the groundwater may 
cause compaction and subsidence. This large demand for 
groundwater has placed considerable stress on the aquifer-
system. 

Compaction and subsidence continue in both areas and 
may cause damage to manmade structures as well as reducing 
long-term yield to wells. The simulations were most sensitive to 
reduction of initial preconsolidation stress and least sensitive to 
changes in aquifer specific storage (Hanson, 1988). Compaction 
is used to describe the decrease in thickness of sediments as a 
result of an increase in the vertical compressive stress. A one-
dimensional mathematical model that calculates idealized 
aquifer-system compaction and expansion has been applied to 
observed water-level fluctuations and to the resulting observed 
transient compaction-expansion behavior of a total thickness 
interval at one site in the San Joaquin Valley (Helm, 1976). This 
field method of aquitard parameter evaluation has advantages 
over laboratory methods.  

The storage coefficients (S) of the aquifer-system is 
permanently reduced when lowering groundwater. The term 
“storage coefficient” is used to describe water that is released 
from or take into storage (Alex, 1989). Specific storage (Ss) is a 
property of both earth and water that describes how much water 
is released from storage in a pressure (confined) aquifer for each 
meter decline in hydraulic head (Anderson, 2018), which is the 
volume of water released from or taken into storage per unit 
volume of the porous medium per unit change in head (Lohman, 
1988). Specific storage can be estimated by many methods, 
including analysis of geotechnical. The typical storativity of a 
confined aquifer, which varies with specific storage and aquifer 
storage and aquifer thickness, ranges from 5×10-5

 to 5×10-3 

(Todd, 1988). The specific storage is useful for predicting a 
lower limit for the magnitude of subsidence. 

Riley (1969) demonstrated that estimated aquitard elastic 
and inelastic skeletal storage coefficients could be graphically 
calculated from stress-strain plots assuming constant total stress 
was acting on the aquifer-system. If additional geologic data on 
the number and thickness of aquitards are available, the specific 
storage, or compressibility, can be estimated.  On the other 
hand, in the aquitards and aquicludes which have low hydraulic 
conductivity and high specific storage, the vertical escape of 
water and adjustment of pore pressure is slow and time-
dependent (Poland, 1969).  

If the initial hydraulic head (starting water level) is above 
the initial critical head, the elastic-storage value is used until the 
hydraulic head falls below the critical head. When this happens, 
the elastic-storage value changes to an inelastic-storage value, 
associated with inelastic compaction, at the beginning of the 
next time step. The inelastic-storage value is used until the 
hydraulic head begins to recover; then the inelastic-storage 
value returns to the elastic-storage value. Elastic storage is a 
result of the expansion of water and the compression of 
sediments because of change in fluid pressure. Change in elastic 
storage is computed as the product of the elastic specific 
storage, the thickness of the confined aquifer, the aquifer area, 
and the decline in head (Alex, 1989). The amount of water that 
can be stored in the aquifer system during the recovery period 
by elastic storage is much less than the amount released by 
inelastic compaction (Poland and Davis, 1969). 

Therefore, the effective stress increase in the confined 
aquifers is equal to the decrease in fluid pressure. The aquifers 
respond essentially as elastic bodies. Hence the compaction in 
these is immediate and is chiefly recoverable if fluid pressure is 
restored, but usually is very small (Poland, 1969). 

 

 

When a well is pumped or otherwise discharges, water 
levels in its neighborhood are lowered. Unless this lowering 
occurs instantaneously it represents saturated sediments if the 
aquifer due to lowered pressure if the aquifer is artesian (Theis, 
1952). 

The purpose of this study is to estimated and compared the 
elastic and inelastic specific storage in aquifer-system in the 
study area by many methods (Theis’s method, Riley’s method 
and Galloway’s study) by compaction values and groundwater 
pumping values. Borehole extensometer records and ground‐
water hydrographs from piezometers are used to construct plots 
of effective stress and deformation. Elastic and inelastic specific 
storage are also estimated from the plots of effective stress and 
deformation. Limited research to calculate specific coefficient 
for aquifer-system compresses elastically. 
2.2.2.2. Analysis MethodsAnalysis MethodsAnalysis MethodsAnalysis Methods    
2.12.12.12.1 Theis’s methodTheis’s methodTheis’s methodTheis’s method    (1935)(1935)(1935)(1935)    
Theis (1935) developed an analytical solution for flow to a fully 
penetrating line sink discharging at a constant rate in a 
homogeneous, isotropic and nonlinearly confined aquifer of 
infinite extent is as follows: 
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Groundwater hydrologists commonly refer to the integral 
in (1) as the Theis well function, abbreviated as w(u). For the 
specific definition of u given above, the integral is known as the 
well function, W(u) and can be represented by an infinite Taylor 
series of the following form:  
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Using this function, the equation becomes:  
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u u
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(where: Q is pumping rate (m³/day), r is radial distance 
from pumping well to observation well (m), s is drawdown (m), 
S is storativity (dimensionless), t is elapsed time since start of 
pumping (min or hour), T is transmissivity (m²/day), w(u) is the 
Theis well function for nonleaky confined aquifers 
(dimensionless)). 

 
FigureFigureFigureFigure    1111.... Theis standard curve for pressure aquifer  

(Phat et al., 2014). 

The line on a log-log plot with W(u) along the Y-axis and 
1/u along the X-axis is commonly called the Theis curve. The 
field measurements are plotted as t or t/r2 along the X-axis and s 
along the Y-axis. The data analysis is done by matching the line 
drawn through the plotted observed data to the Theis curve. 
2.22.22.22.2 Riley’s methodRiley’s methodRiley’s methodRiley’s method    (1969)(1969)(1969)(1969)    
The time-varying stress-strain relation, measured in terms of 
drawdown and recovery in the aquifers and the vertical 
component of compression and expansion of the aquifer system, 
can provide estimates of the inelastic compressibility of the 
aquitards and the elastic compressibility of the aquifer system. 
For a specialled stress increase, the compressibility, 

ω
β , of the 

water, and the thickness, b′ , of the aquitard. The impedance is 
determined by the vertical permeability, K′ , and thickness of 
the aquitard. Thus, the required time, t , is a function of the time 
constant, τ , where 
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n is the porosity, and
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consolidating aquitards sk sw

S S′ >>> . 
2.32.32.32.3 Galloway’s studyGalloway’s studyGalloway’s studyGalloway’s study    (1998)(1998)(1998)(1998)    
The elastic and inelastic sketelal compressibilities, 
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where the primes signify aquitard properties, subscripts e 
and v refer to the elastic and virgin (inelastic) properties, ρ is 
fluid density and g is gravitational acceleration, maximum 
effective stress, (max)e

σ ; effective stress is 
e

σ the aquitard skeletal 
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A similar set of equations, one of the coarse-grained 
aquifers and one for the pore water, relates the compressibility 
of the aquifer system storage attributed to the pore water (Sw): 
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction 
Nowadays, the Mekong Delta is seriously affected by climate 
change, which has effect agriculture, human health, food 
security and water resources, especially is the groundwater may 
cause compaction and subsidence. This large demand for 
groundwater has placed considerable stress on the aquifer-
system. 

Compaction and subsidence continue in both areas and 
may cause damage to manmade structures as well as reducing 
long-term yield to wells. The simulations were most sensitive to 
reduction of initial preconsolidation stress and least sensitive to 
changes in aquifer specific storage (Hanson, 1988). Compaction 
is used to describe the decrease in thickness of sediments as a 
result of an increase in the vertical compressive stress. A one-
dimensional mathematical model that calculates idealized 
aquifer-system compaction and expansion has been applied to 
observed water-level fluctuations and to the resulting observed 
transient compaction-expansion behavior of a total thickness 
interval at one site in the San Joaquin Valley (Helm, 1976). This 
field method of aquitard parameter evaluation has advantages 
over laboratory methods.  

The storage coefficients (S) of the aquifer-system is 
permanently reduced when lowering groundwater. The term 
“storage coefficient” is used to describe water that is released 
from or take into storage (Alex, 1989). Specific storage (Ss) is a 
property of both earth and water that describes how much water 
is released from storage in a pressure (confined) aquifer for each 
meter decline in hydraulic head (Anderson, 2018), which is the 
volume of water released from or taken into storage per unit 
volume of the porous medium per unit change in head (Lohman, 
1988). Specific storage can be estimated by many methods, 
including analysis of geotechnical. The typical storativity of a 
confined aquifer, which varies with specific storage and aquifer 
storage and aquifer thickness, ranges from 5×10-5

 to 5×10-3 

(Todd, 1988). The specific storage is useful for predicting a 
lower limit for the magnitude of subsidence. 

Riley (1969) demonstrated that estimated aquitard elastic 
and inelastic skeletal storage coefficients could be graphically 
calculated from stress-strain plots assuming constant total stress 
was acting on the aquifer-system. If additional geologic data on 
the number and thickness of aquitards are available, the specific 
storage, or compressibility, can be estimated.  On the other 
hand, in the aquitards and aquicludes which have low hydraulic 
conductivity and high specific storage, the vertical escape of 
water and adjustment of pore pressure is slow and time-
dependent (Poland, 1969).  

If the initial hydraulic head (starting water level) is above 
the initial critical head, the elastic-storage value is used until the 
hydraulic head falls below the critical head. When this happens, 
the elastic-storage value changes to an inelastic-storage value, 
associated with inelastic compaction, at the beginning of the 
next time step. The inelastic-storage value is used until the 
hydraulic head begins to recover; then the inelastic-storage 
value returns to the elastic-storage value. Elastic storage is a 
result of the expansion of water and the compression of 
sediments because of change in fluid pressure. Change in elastic 
storage is computed as the product of the elastic specific 
storage, the thickness of the confined aquifer, the aquifer area, 
and the decline in head (Alex, 1989). The amount of water that 
can be stored in the aquifer system during the recovery period 
by elastic storage is much less than the amount released by 
inelastic compaction (Poland and Davis, 1969). 

Therefore, the effective stress increase in the confined 
aquifers is equal to the decrease in fluid pressure. The aquifers 
respond essentially as elastic bodies. Hence the compaction in 
these is immediate and is chiefly recoverable if fluid pressure is 
restored, but usually is very small (Poland, 1969). 

 

 

When a well is pumped or otherwise discharges, water 
levels in its neighborhood are lowered. Unless this lowering 
occurs instantaneously it represents saturated sediments if the 
aquifer due to lowered pressure if the aquifer is artesian (Theis, 
1952). 

The purpose of this study is to estimated and compared the 
elastic and inelastic specific storage in aquifer-system in the 
study area by many methods (Theis’s method, Riley’s method 
and Galloway’s study) by compaction values and groundwater 
pumping values. Borehole extensometer records and ground‐
water hydrographs from piezometers are used to construct plots 
of effective stress and deformation. Elastic and inelastic specific 
storage are also estimated from the plots of effective stress and 
deformation. Limited research to calculate specific coefficient 
for aquifer-system compresses elastically. 
2.2.2.2. Analysis MethodsAnalysis MethodsAnalysis MethodsAnalysis Methods    
2.12.12.12.1 Theis’s methodTheis’s methodTheis’s methodTheis’s method    (1935)(1935)(1935)(1935)    
Theis (1935) developed an analytical solution for flow to a fully 
penetrating line sink discharging at a constant rate in a 
homogeneous, isotropic and nonlinearly confined aquifer of 
infinite extent is as follows: 
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Groundwater hydrologists commonly refer to the integral 
in (1) as the Theis well function, abbreviated as w(u). For the 
specific definition of u given above, the integral is known as the 
well function, W(u) and can be represented by an infinite Taylor 
series of the following form:  
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Using this function, the equation becomes:  
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(where: Q is pumping rate (m³/day), r is radial distance 
from pumping well to observation well (m), s is drawdown (m), 
S is storativity (dimensionless), t is elapsed time since start of 
pumping (min or hour), T is transmissivity (m²/day), w(u) is the 
Theis well function for nonleaky confined aquifers 
(dimensionless)). 

 
FigureFigureFigureFigure    1111.... Theis standard curve for pressure aquifer  

(Phat et al., 2014). 

The line on a log-log plot with W(u) along the Y-axis and 
1/u along the X-axis is commonly called the Theis curve. The 
field measurements are plotted as t or t/r2 along the X-axis and s 
along the Y-axis. The data analysis is done by matching the line 
drawn through the plotted observed data to the Theis curve. 
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The time-varying stress-strain relation, measured in terms of 
drawdown and recovery in the aquifers and the vertical 
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can provide estimates of the inelastic compressibility of the 
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For a specialled stress increase, the compressibility, 
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water, and the thickness, b′ , of the aquitard. The impedance is 
determined by the vertical permeability, K′ , and thickness of 
the aquitard. Thus, the required time, t , is a function of the time 
constant, τ , where 

 
2( '/ 2)

s
S b

K
τ

′

=

′
   (4) 

and where s
S ′ is the specific storage of the aquitard, 

defined as: 
s sk s

S S S
ω

′ ′= +    (5) 
In which  

sk

a

b
S

b h

′∆
′ =

′∆

   (5a) 

and 
s

S n
ω ω ω

β γ=    (5b) 

sk
S′ is the component of specific storage due to 

compressibility of the aquitard, s
S

ω
, is the component due to the 

compressibility of water, a
h is the average head in the aquitard, 

n is the porosity, and
ω

γ is the unit weight of water. For 
consolidating aquitards sk sw

S S′ >>> . 
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where the primes signify aquitard properties, subscripts e 
and v refer to the elastic and virgin (inelastic) properties, ρ is 
fluid density and g is gravitational acceleration, maximum 
effective stress, (max)e

σ ; effective stress is 
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A similar set of equations, one of the coarse-grained 
aquifers and one for the pore water, relates the compressibility 
of the aquifer system storage attributed to the pore water (Sw): 
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where b∑ is the aggregate thickness of the aquifers; n and 
n’ are the porosities of the aquifers and aquitards. 

The aquifer-system storage coefficient S*: 
*S S S S

k k w
′= + +                       (9) 

3.3.3.3. Considered casesConsidered casesConsidered casesConsidered cases    
Figure 2 presented generalized soil profile. The soil profile at the 
bridge site can be summarized as follow: (i) First “Clay” Layer, 
(ii) First Sand Layer, (iii) Second Clay Layer, (iv) Second Sand 
Layer, (v) Third Clay Layer, (vi) Third Sand Layer. 

Based on the results of the field and laboratory test results, 
the geological model shown in Figure 3 was formulated for the 
site, for the purpose of providing geotechnical parameters for the 
design of the bridge foundation elements, and of the approach 
embankment. 

The study was carried out at a borehole in My Thuan 
bridge, which had 4 layers in Figure 4, the total thickness of the 
aquifer-system is 130m. The confined middle aquifers, along 
with the deep aquitard (Figure 2), were considered their own 
multi-layered aquifer-system. Aquifer-system primarily alternat 
consists of thick clay with thin sand layers. The aggregate 
thickness of aquitard is 72m and the aggregate thickness of 
aquifer is 58m. 

The aquifer and aquitard properties may extensometer data 
or may be based on estimated from geologic considerations in 
the paper. The simulation, the water-level records were 
presented in table 1, data on number and thickness of 
compressible aquitards in the compacting aquifer system, which 
references from data in Poland's study in 1972. 

 
Figure 2Figure 2Figure 2Figure 2.... Soil profile in My Thuan bridge, Vinh Long province. 

 
Figure 3Figure 3Figure 3Figure 3. . . . Geotechnical model in My Thuan bridge, Vinh Long 

province. 

 
Figure Figure Figure Figure 4444.... Aquifer-system in My Thuan bridge, Vinh Long 

province. 
Assuming for document borehole pumping experiment which 
presents in table 3. Based on the research of Phat et al. and 
compaction values on Erban et al. present data of pumping test 
in the field by the method of groundwater (GW) pumping test, 
which shows in table 4. 

TableTableTableTable    1111.... Annual compaction rates at compaction-measuring 
sites (Values were simulated from annual compaction rates at 

compaction-measuring sites, San Joaquin Valley (Poland, 1972)). 
 

Well numberWell numberWell numberWell number    1111    2222    
Anchor depth when installed (m) -100.0 -100.6 
Depth interval (m) 100.0 100.6 
 
 
Annual compaction 
values 

2006 0.029 0.030 
2007 0.030 0.035 
2008 0.033 0.040 
2009 0.036 0.039 
2010 0.032 0.036 

Total measured compaction (m) 0.160 0.172 
 

Table 2Table 2Table 2Table 2.... Geological parameters of My Thuan Bridge. 
 
Aggregate 
thickness (m) 

Aquifer (b) 72 
Aquitard (b’) 58 
Total monitored (b*) 130 

The change in compaction ( )b∆  (m)  0.012 
The change effective stress ( )h∆ (kN/m2)  6 
The change in groundwater table ( )a∆ (m) 0.6 
Diameter of pile (d) (m) 3.50 
Volume (m3) 0.005 
Compressibility (cm2kg-1) 
(Freeze et al. 1979) 

Clay ( )
ke

α ′  10-8 to 10-6 

Sand ( )
ke

α  10-9 to 10-7 

Compressibility of water ( )
w

β (cm2kg-1) (Riley, 
1969) 

4.7 x 10-5 

Gravitational acceleration g (m3/s) 9.81 
Density of water ( )ρ  (kg/m3) 1 
Unit weight of water ( )

w
γ (kN/m3) 1 

Porosity (n) 0.53 

 

 

Table 3Table 3Table 3Table 3.... Document of experimental borehole pumping. 
Name 
of well 

Deep  
of well 

Thickness 
of aquifer 

b (m) 

Distance from 
pump well to 
observation 

well  
r (m) 

The rate of 
water flow 
Q (m3/h) 

1 130 58 86 20 
 

Table Table Table Table 4444.... Pumping test data for borehole in My Thuan bridge. 
 
No. Time (Min) Drawdown of the water table (cm) 

1 0 0 
2  

5 1.6 
3 10 2.9 
4 15 4.2 
5 20 4.4 
6 25 4.6 
7 30 4.8 
8 35 5.0 
9 40 5.2 

10 45 5.4 
11 50 5.6 
12 55 5.8 
13 60 5.9 
14 65 6.2 
15 70 6.5 
16 75 7.3 
17 80 7.5 
18 85 8.7 
19 90 9.3 
20 95 9.5 

4.4.4.4. Results and discussionsResults and discussionsResults and discussionsResults and discussions    
    
4.1 Results of Theis’s method4.1 Results of Theis’s method4.1 Results of Theis’s method4.1 Results of Theis’s method    

 
 

    
FigureFigureFigureFigure    5555.... Coincidence of s ~ t curve with Theis standard curve. 

 

 

 

Table Table Table Table 5555.... Values of the hydro-geological parameters of Theis’s 
method. 

Con. 1/u W(u) s  
cm 

t 
min 

T 
m2h-1 

K 
mh-1 

S 

( )
4

Q
W u

sπ

 T

b
 

2

4uTt

r
 

 
Values 

85 2.3 5.2 70 70.43 1.21 5.19x10-

4 

From the pumping test data for borehole in My Thuan 
bridge. In Table 4, graphing the plot of the relationship between 
the water level of drawdown (s) and the pumping time (t) on 
logarit paper.  

Put on the relationship curve (s ~ t) was drawn and the 
Theis standard curve (the same scale) on each other and select 
the coincidence point as presented in Figure 5. 

Figure 5 shows the point of coincidence, at this point has 
values: (1/u) = 85; W(u) = 2.3; s = 5.2cm and t = 70min. From 
here to calculate the hydro-geological parameters, the results 
present in table 5. The storage coefficient in this method is 5.19 
x 10-4. 

4444.2 Result.2 Result.2 Result.2 Resultssss    of Riley’s methodof Riley’s methodof Riley’s methodof Riley’s method    
Table Table Table Table 6666.... Results for specific storage parameters of Riley’s 

method. 
Component due to skeletal compressibility 

Average specific storage                                                                                                                             Storage coefficients 
Aquifers 

 
Sske (m-1) 

Aquitards  
 

S’ske (m-1) 

Aquifer-
system 

S*ske(m-1) 

Aquifers 
 

Ske 

Aquitards 
 

S’ke 

Aquifer-
system 

S*ke 
2.89x10-6 4.51x 10-7 3.34 x 10-6 1.67x10-4 3.25 x 10-5 2 x 10-3 

Total skeletal plus water compressibility storage 
Average specific storage Storage coefficients 

Aquifers 
 

Ss (m-1) 

Aquitards  
 

S’s (m-1) 

Aquifer-
system 
S* (m-1) 

Aquifers 
 
S 

Aquitards 
 

S’ 

Aquifer-
system 

S* 
5.38x10-6 2.94 x 10-6 4.16x10-6 3.12x10-4 2.11 x 10-4 5.24 x 10-4 

4444....3333    ResultResultResultResultssss    of Galloway’studyof Galloway’studyof Galloway’studyof Galloway’study    
Table Table Table Table 7777.... Results for specific storage parameters of Galloway’s 
study (Choose: ( ) ( )

7 2 1 8 2 17.3 10 cm kg ; 1.5 10 cm kg
ke ke

α α
− − − −

′ = × = × ). 

Component Values 
sk ske ke

S S gα ρ′ ′ ′= = (m-1) 7.16 x 10-6 
' '
k ke ske

S S S b′ ′= =  5.16 x 10-4 

ke ke
S gbα ρ=  7.97x 10-6 

/
ske ke

S S b= (m-1) 1.37 x 10-7 

[ ]'w w
S g nb n bβ ρ ′= +  3.18 x 10-6 

*
k k w

S S S S′= + +  5.26 x 10-4 

Table 6 presents the result of analyses according to Riley’s 
method. In component due to skeletal compressibility, average 
specific storage in aquifer-system is 3.34 x 10-6(m-1), storage 
coefficients in aquifer-system is 2 x 10-3. Total skeletal plus 
water compressibility storage, average specific storage in 
aquifer-system is 4.16 x 10-6(m-1), storage coefficient in aquifer-
system is 5.24 x 10-4. 

Table 7 shows the result of analyses according to 
Galloway’s study. The storage coefficient in aquifer-system is 
5.26 x 10-4. 
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where b∑ is the aggregate thickness of the aquifers; n and 
n’ are the porosities of the aquifers and aquitards. 

The aquifer-system storage coefficient S*: 
*S S S S

k k w
′= + +                       (9) 

3.3.3.3. Considered casesConsidered casesConsidered casesConsidered cases    
Figure 2 presented generalized soil profile. The soil profile at the 
bridge site can be summarized as follow: (i) First “Clay” Layer, 
(ii) First Sand Layer, (iii) Second Clay Layer, (iv) Second Sand 
Layer, (v) Third Clay Layer, (vi) Third Sand Layer. 

Based on the results of the field and laboratory test results, 
the geological model shown in Figure 3 was formulated for the 
site, for the purpose of providing geotechnical parameters for the 
design of the bridge foundation elements, and of the approach 
embankment. 

The study was carried out at a borehole in My Thuan 
bridge, which had 4 layers in Figure 4, the total thickness of the 
aquifer-system is 130m. The confined middle aquifers, along 
with the deep aquitard (Figure 2), were considered their own 
multi-layered aquifer-system. Aquifer-system primarily alternat 
consists of thick clay with thin sand layers. The aggregate 
thickness of aquitard is 72m and the aggregate thickness of 
aquifer is 58m. 

The aquifer and aquitard properties may extensometer data 
or may be based on estimated from geologic considerations in 
the paper. The simulation, the water-level records were 
presented in table 1, data on number and thickness of 
compressible aquitards in the compacting aquifer system, which 
references from data in Poland's study in 1972. 

 
Figure 2Figure 2Figure 2Figure 2.... Soil profile in My Thuan bridge, Vinh Long province. 

 
Figure 3Figure 3Figure 3Figure 3. . . . Geotechnical model in My Thuan bridge, Vinh Long 

province. 

 
Figure Figure Figure Figure 4444.... Aquifer-system in My Thuan bridge, Vinh Long 

province. 
Assuming for document borehole pumping experiment which 
presents in table 3. Based on the research of Phat et al. and 
compaction values on Erban et al. present data of pumping test 
in the field by the method of groundwater (GW) pumping test, 
which shows in table 4. 

TableTableTableTable    1111.... Annual compaction rates at compaction-measuring 
sites (Values were simulated from annual compaction rates at 

compaction-measuring sites, San Joaquin Valley (Poland, 1972)). 
 

Well numberWell numberWell numberWell number    1111    2222    
Anchor depth when installed (m) -100.0 -100.6 
Depth interval (m) 100.0 100.6 
 
 
Annual compaction 
values 

2006 0.029 0.030 
2007 0.030 0.035 
2008 0.033 0.040 
2009 0.036 0.039 
2010 0.032 0.036 

Total measured compaction (m) 0.160 0.172 
 

Table 2Table 2Table 2Table 2.... Geological parameters of My Thuan Bridge. 
 
Aggregate 
thickness (m) 

Aquifer (b) 72 
Aquitard (b’) 58 
Total monitored (b*) 130 

The change in compaction ( )b∆  (m)  0.012 
The change effective stress ( )h∆ (kN/m2)  6 
The change in groundwater table ( )a∆ (m) 0.6 
Diameter of pile (d) (m) 3.50 
Volume (m3) 0.005 
Compressibility (cm2kg-1) 
(Freeze et al. 1979) 

Clay ( )
ke

α ′  10-8 to 10-6 

Sand ( )
ke

α  10-9 to 10-7 

Compressibility of water ( )
w

β (cm2kg-1) (Riley, 
1969) 

4.7 x 10-5 

Gravitational acceleration g (m3/s) 9.81 
Density of water ( )ρ  (kg/m3) 1 
Unit weight of water ( )

w
γ (kN/m3) 1 

Porosity (n) 0.53 

 

 

Table 3Table 3Table 3Table 3.... Document of experimental borehole pumping. 
Name 
of well 

Deep  
of well 

Thickness 
of aquifer 

b (m) 

Distance from 
pump well to 
observation 

well  
r (m) 

The rate of 
water flow 
Q (m3/h) 

1 130 58 86 20 
 

Table Table Table Table 4444.... Pumping test data for borehole in My Thuan bridge. 
 
No. Time (Min) Drawdown of the water table (cm) 

1 0 0 
2  

5 1.6 
3 10 2.9 
4 15 4.2 
5 20 4.4 
6 25 4.6 
7 30 4.8 
8 35 5.0 
9 40 5.2 

10 45 5.4 
11 50 5.6 
12 55 5.8 
13 60 5.9 
14 65 6.2 
15 70 6.5 
16 75 7.3 
17 80 7.5 
18 85 8.7 
19 90 9.3 
20 95 9.5 

4.4.4.4. Results and discussionsResults and discussionsResults and discussionsResults and discussions    
    
4.1 Results of Theis’s method4.1 Results of Theis’s method4.1 Results of Theis’s method4.1 Results of Theis’s method    

 
 

    
FigureFigureFigureFigure    5555.... Coincidence of s ~ t curve with Theis standard curve. 

 

 

 

Table Table Table Table 5555.... Values of the hydro-geological parameters of Theis’s 
method. 

Con. 1/u W(u) s  
cm 

t 
min 

T 
m2h-1 

K 
mh-1 

S 

( )
4

Q
W u

sπ

 T

b
 

2

4uTt

r
 

 
Values 

85 2.3 5.2 70 70.43 1.21 5.19x10-

4 

From the pumping test data for borehole in My Thuan 
bridge. In Table 4, graphing the plot of the relationship between 
the water level of drawdown (s) and the pumping time (t) on 
logarit paper.  

Put on the relationship curve (s ~ t) was drawn and the 
Theis standard curve (the same scale) on each other and select 
the coincidence point as presented in Figure 5. 

Figure 5 shows the point of coincidence, at this point has 
values: (1/u) = 85; W(u) = 2.3; s = 5.2cm and t = 70min. From 
here to calculate the hydro-geological parameters, the results 
present in table 5. The storage coefficient in this method is 5.19 
x 10-4. 

4444.2 Result.2 Result.2 Result.2 Resultssss    of Riley’s methodof Riley’s methodof Riley’s methodof Riley’s method    
Table Table Table Table 6666.... Results for specific storage parameters of Riley’s 

method. 
Component due to skeletal compressibility 

Average specific storage                                                                                                                             Storage coefficients 
Aquifers 

 
Sske (m-1) 

Aquitards  
 

S’ske (m-1) 

Aquifer-
system 

S*ske(m-1) 

Aquifers 
 

Ske 

Aquitards 
 

S’ke 

Aquifer-
system 

S*ke 
2.89x10-6 4.51x 10-7 3.34 x 10-6 1.67x10-4 3.25 x 10-5 2 x 10-3 

Total skeletal plus water compressibility storage 
Average specific storage Storage coefficients 

Aquifers 
 

Ss (m-1) 

Aquitards  
 

S’s (m-1) 

Aquifer-
system 
S* (m-1) 

Aquifers 
 
S 

Aquitards 
 

S’ 

Aquifer-
system 

S* 
5.38x10-6 2.94 x 10-6 4.16x10-6 3.12x10-4 2.11 x 10-4 5.24 x 10-4 

4444....3333    ResultResultResultResultssss    of Galloway’studyof Galloway’studyof Galloway’studyof Galloway’study    
Table Table Table Table 7777.... Results for specific storage parameters of Galloway’s 
study (Choose: ( ) ( )

7 2 1 8 2 17.3 10 cm kg ; 1.5 10 cm kg
ke ke

α α
− − − −

′ = × = × ). 

Component Values 
sk ske ke

S S gα ρ′ ′ ′= = (m-1) 7.16 x 10-6 
' '
k ke ske

S S S b′ ′= =  5.16 x 10-4 

ke ke
S gbα ρ=  7.97x 10-6 

/
ske ke

S S b= (m-1) 1.37 x 10-7 

[ ]'w w
S g nb n bβ ρ ′= +  3.18 x 10-6 

*
k k w

S S S S′= + +  5.26 x 10-4 

Table 6 presents the result of analyses according to Riley’s 
method. In component due to skeletal compressibility, average 
specific storage in aquifer-system is 3.34 x 10-6(m-1), storage 
coefficients in aquifer-system is 2 x 10-3. Total skeletal plus 
water compressibility storage, average specific storage in 
aquifer-system is 4.16 x 10-6(m-1), storage coefficient in aquifer-
system is 5.24 x 10-4. 

Table 7 shows the result of analyses according to 
Galloway’s study. The storage coefficient in aquifer-system is 
5.26 x 10-4. 
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Comparing the results of three methods, the storage 
coefficient is nearly equal and the value is 5.2 x 10-4.  

The component or specific storage coefficient attributable 
to compressibility of the granular skeleton of sediments 
determines the magnitude of mechanical deformation resulting 
from a unit change in head (pore pressure). When the increasing 
intergranular stress caused by declining pore pressures exceeds 
the maximum past stress. 
5.   Conclusions5.   Conclusions5.   Conclusions5.   Conclusions    
Compaction and water-level data were assumed to collect data 
from a borehole extensometer recorded and groundwater 
pumping test in My Thuan bridge, Vinh Long province, 
application for methods for evaluating aquifer-system 
parameters from Theis’s method, Riley’s method and Galloway’s 
study. The calculation has been used to determine numerous 
aquitard elastic and inelastic skeletal specific storage values for 
all types of aquifer-system arrangements. The storage coefficient 
is one of hydro-geological parameters.  

The storage coefficient in aquifer-system in My Thuan 
bridge by three methods is 5.2 x 10-4. The less compressible the 
aquitard units are the closer the average inelastic skeletal 
specific storage will be to the aquitard elastic skeletal specific 
storage values. The results of this study are also the basis for 
calculating settlement and the impact that mining may have on 
regional groundwater flow systems. 
    
ReferencesReferencesReferencesReferences    
[1] C. V. Theis, (1935). The relation between the lowering of the piezometric 

surface and the rate and duration of discharge of a well using ground 
water storage. United States depart ment of the Interior Geological 
Survey, Water resources devisions groundwater branch, Washington , 
D. C. Groundwater notes hydraulics, No. 5, August 1952. 

[2] D. C. Helm, (1976). Estimating parameters of compacting fine-grained 
interbeds within a confined aquifer system by a one-dimensional 
simulation of field. Publication n°121 of the International Association of 
Hydrological Sciences. Proceedings of the Anaheim Symposium, 
December 1976. 

[3] D. L. Galloway, K. W. Hudnut, S. E. Ingebritsen, S. P. Phillips, G. Peltzer, F. 
Rogez, and P. A. Rosen, (1998). Detection of aquifer system compaction 
and land subsidence using interferometric synthetic aperture radar, 
Antelope Valley, Mojave Desert, California. Water resources research, Vol. 
34, No. 10, Pages 2573-2585, October 1998. 

[4] F. S. Riley., (1969). Analysis of borehole extensometer data from central 
California. Int. Assoc. Sci. Hydrol. Publ 89 423-31. 

[5] J. F. Poland, (1969). Status of present knowledge and Needs for additional 
research on Compaction of aquifer systems, Land subsidence, Vol 2, P.11. 

[6] K. W. Alex, D. E. Prudic, and L. A. Swain, (1989). Ground-water flow in the 
central valley, California. U.S. Geological survey professional paper 
1401-D. 

[7] L. E. Erban, S. M. Gorelick and H. A. Zebker., (2014). Groundwater 
extraction, land subsidence and sea-level rise in the Mekong Delta. 
Vietnam Environ. Res. Left. 9.  

[8] L. V. Phat, T. M. Thuan và T. V. Ty, (2017). Xác định thông số địa chất thủy 
văn bằng phương pháp thực nghiệm bơm hút nước dưới đất (pumping 
test) tại khu công nghiệp Trà Nóc - thành phố Cần Thơ: Kết quả sơ bộ. Tạp 
chí Khoa học Trường Đại học Cần Thơ. Số chuyên đề: Môi trường và 
Biến đổi khí hậu (1): 31-38. 

[9] R. T. Hanson, (1988). Aquifer-system compaction, Tucson Basin and Avra 
Valley, Arizona, A Thesis Submitted to the Faculty of the department of 
hydrology and water resources, in the graduate college the University 
of Arizona. 

[10] S. W. Lohman, (1972). Definitions of Selected Ground-WaterTerms- 
Revisions and Conceptual Refinements, A report of the Committee on 
Redefinition, geological survey water-supply paper 1988, United States 
government printing office, Washington: 1972. 

DYNAMIC ANALYSIS OF THE PLATE ON MULTI-ELASTIC-LAYER FOUNDATION 
UNDER MOVING LOAD 

 

    
The The The The Tuan NguyenTuan NguyenTuan NguyenTuan Nguyen,,,,    Dinh Dinh Dinh Dinh Huong VuHuong VuHuong VuHuong Vu1111    

1 Institute of Technical Special Engineering, Military Technical Academy 
Received 15/11/2020, Revised 05/12/2020, Accepted 16/01/2021    

 
    
    
AbstractAbstractAbstractAbstract    
The dynamic respones of the plate under moving load is an open problem, it has been researched, developed in many majors of solid 
mechanics, particularly in transport construction. This article presents a methodology of finite element analysis and a solution of the 
partial differential equation for the structure of the Kirchhoff plate on the multi-elastic-layer foundation bearing moving load. In which, 
the multi-elastic-layer foundation is described as the homogeneous Winkler foundation. The moving load with mass oscillates together 
with the plate. The surveys have been studied in order to show the effects of parameters of foundation and load to the oscillation of the 
plate. 
Key wordsKey wordsKey wordsKey words: Dynamic of structures, Kirchhoff plate, oscillation, moving load, multi-elastic-layer foundation. 
 
1. 1. 1. 1. IntroductionIntroductionIntroductionIntroduction    
In the construction field, particularly in transportation, ready-
mix-concrete pavement (rigid pavement) is especially concerned. 
Rigid pavement can be used for high-level roads such as airport 
roads, expressways, heavy-load access roads at the terminals, 
city roads, rail-tracks, border patrol roads, local roads. 

When constructing rigid pavement, we can take advantage 
of available materials that can be produced and exploited such 
as cement, sand, and stone. Although the initial investment cost 
is higher than the asphalt concrete pavement (flexible pavement), 
but with low costs in long-term maintenance, long-life operation, 
high-resistant under weather conditions in Vietnam, and the 
most important thing are to self-utilized the available materials, 
which can be exploited and produced autonomously, are an 
advantage that stimulates a long-term economic development, 
and avoids the import of materials that cannot be produced 
domestically.  

The behavior of the rigid pavement, which can be modeled 
by a Kirchhoff plate on a Winkler foundation with a single 
parameter as calculated by most current international standards 
(USA, Russia, ICAO ...) as well as Vietnamese ones (22TCN 223: 
1995, Decision 3230 / QD-BGTVT). However, the calculation 
from these current standards still uses static load and multiplies 
by a shock coefficient to calculate for dynamic analysis. On the 
other hand, the stress-limit test is uniformly applied at the 
midpoint on the long edge of the plate (free edge only links 
against the drift), which is the vulnerable default position of the 
plate. 

As mentioned above, in order to have a better 
understanding of the behavior of the plate under the effect of 
moving load to apply in the construction of rigid pavement, this 
article uses the finite element analysis to establish and solve the 
partial differential equations of the oscillation of Kirchhoff plate 
on the multi-elastic-layer foundation under moving load. In 

which, the multi-elastic-layer foundation is described as the 
homogeneous Winkler foundation as calculated from the 
standards. The moving load with mass oscillates together with 
the plate. 

    
2. 2. 2. 2. FormulationFormulationFormulationFormulation       
2.1 2.1 2.1 2.1 Analytical Analytical Analytical Analytical modelmodelmodelmodel    
Kirchhoff plate on multi-elastic-layer foundation under moving 
load. 

Plate element under time-dependent moving load as 
Figure1: 

 
Figure 1Figure 1Figure 1Figure 1.... Plate element under moving load. 

 
The plate is considered as Kirchhoff plate based on three 

basic hypotheses: 
- Straight lines normal to the mid-surface remain straight 

after deformation. 
- Straight lines normal to the mid-surface remain normal to 

the mid-surface after deformation. 
- The thickness of the plate does not change during a 

deformation 
The foundation is considered under the elastic phase of a 

multilayer parameter. Equivalent elastic modulus converted from 
a multi-layered system to a two-layer system [6]: 


