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Changhua is a county in central Taiwan that will house severalmajor economic development projects. Extracting
groundwater has caused large-scale land subsidence in Changhua, with the largest cumulative subsidence being
210 cm over 1992–2010. A multi-sensor monitoring system consisting of continuous GPS stations, a leveling
network, multi-layer compaction monitoring wells and groundwater wells is deployed to monitor land subsi-
dence and its mechanism in Changhua. Data from the monitoring well CGSG in Dacheng Township of Changhua
show a cumulative compaction of 110.6 cm over 1997–2010, occurring mainly at two aquifers and one aquitard.
A novel combination of GPS andmonitoringwell data was used to determine the stress–strain relations. The stra-
tumcompaction turns fromplasticity to elastoplasticity after a long-term compaction at the second aquifer below
the surface. Four hydrogeological parameters of the three sediment layers in Dacheng, vertical hydraulic conduc-
tivity, elastic skeletal specific storage, inelastic skeletal specific storage, and the initialmaximumpreconsolidation
stress, in the one‐dimensional compaction model COMPAC, are estimated using the genetic algorithm. With the
parameters, COMPAC predicts compactions to an accuracy consistent with in situ measurements, and the mean
absolute percentage errors of prediction are below 10%. The result provides a key reference for water manage-
ment in central Taiwan.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In many parts of theworld, large consumptions of water due to pop-
ulation and industry growths demand the use of groundwater to sup-
plement surface water. Existing studies suggest that over-withdrawing
of groundwater will cause land subsidence. Examples of groundwater-
induced subsidence are in Mexico (Carreón-Freyre and Cerca, 2006;
Lopez-Quiroz et al., 2009), United States (Galloway and Hoffmann,
2007; Burbey, 2008), Japan (Munekane et al., 2008), Italy (Ferronato
et al., 2004; Teatini et al., 2005), mainland China (Hu et al., 2009; Wu
et al., 2010), and Taiwan (Hu et al., 2006; Hung et al., 2010). In general,
land subsidence occurs over regions with sediment stratums formed by
rivers, lakes, sloughs and structural basins, where groundwater decline
can easily cause stratum compaction.

Taiwan is an island surrounded by oceans, with an average annual
rainfall over 2,000 mm. However, the rainfalls are distributed unevenly
throughout the year. Due to a large topographic relief, limited spaces
and natural hazards, storing surface water in Taiwan is difficult. Most
man-made reservoirs in Taiwan are prone to sediment by typhoons,
ineering, National Chiao Tung
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making water storage even more challenging. Therefore, in many parts
of Taiwan, groundwater becomes the major source of water, especially
during dry seasons. Because groundwater is not effectively replenished
during wet seasons, the long-term groundwater of Taiwan level has
been declining. Also, recent climate anomalies (extreme dry and wet
weathers) make it more difficult to allocate available water resources
(Hsu et al., 2007).

Changhua County (Figure 1) is located north of the Choushui River
Alluvial Fan in central Taiwan, and is an area with abundant groundwa-
ter. During the 1970s, the agriculture and aquaculture in this area grew
dramatically. Due to lack of sufficient surface water, massive amount of
groundwater has been withdrawn, resulting in severe land subsidence,
especially in coastal areas. Hundreds of square kilometers in Changhua
County have been affected by land subsidence, which also caused fail-
ures and deformations of man-made structures such as houses and
rail (Hung and Liou, 2009). Changhua will housemanymajor economic
development projects,with funds drawn fromTaiwan and international
investors. For example, Dacheng Township of Changhua Countywas the
proposed site of the Kuokuang Petrochemical Development Project,
whichwas initiated in 2005with a total investment of aboutUSD 30 bil-
lions. Despite the importance of this project on the long-term economic
development of Taiwan, this project is suspended because of concerns
about land subsidence, large water consumption and damage to sus-
tainable development. Local people of Dacheng fear that this petro-
chemical project will deteriorate the already serious land subsidence
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Fig. 1. Geographical location of Changhua County. The boundaries of the townships in the county are also given.
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problem here due to extensive water consumptions of the proposed
petrochemical plants.

Land subsidence is a consequence of stratum compaction, which
may vary in extent over different seasons and can be affected by
changes in climate and groundwater level (Amelung et al., 1999;
Hoffmann et al., 2001; Buckley et al., 2003; Schmidt and Burgmann,
2003). It has been demonstrated that the effect of groundwater level
change on land subsidence can be modeled based on a stress–strain
relationship considering the elastic or inelastic skeletal specific stor-
age of the underlying stratum (Hanson, 1989; Sneed and Galloway,
2000; Burbey, 2001; Pavelko, 2004; Liu and Helm, 2008a, b). For
example, Larson et al. (2001) used the MODFLOW model of ground-
water flow (McDonald and Harbaugh, 1988) and the IBS model of
land subsidence (Leake and Prudic, 1991) to determine the stratum
compaction coefficients and to estimate the groundwater safe yield
in Los Banos-Kettleman City, California. Hoffmann et al. (2003b)
used MODFLOW-2000, SUB (Hoffmann et al., 2003a) and UCODE
to model groundwater flow and land subsidence, and estimate
the compaction coefficients in Antelope Valley, California. With the
stratum compaction coefficients estimated, it is possible to forecast
land subsidence and develop an optimal groundwater management
strategy.
Due to the great societal, economic and political impacts of land
subsidence in Changhua County, in this paper we conduct an exten-
sive study to collect in situ monitoring data and then to model land
subsidence in Changhua using a method that is proved to be efficient
in the literature. Specifically, we first collect data from continuous
GPS, precision leveling, multi-layer compaction monitoring wells
and groundwater wells, and then use a one-dimensional compaction
model to estimate four important hydrogeological parameters. Such
hydrogeological parameters will refine the previous estimates of soil
properties such as time constant of consolidation, and will be also
used to predict land subsidence. The result from this paper will
serve as an important reference for the water resource management
in central Taiwan.

2. Land subsidence from geodetic and geotechnical measurements

To effectively monitor the land subsidence in Changhua, since
1992 we have deployed a leveling network and installed continuous
GPS stations, multi-layer compaction monitoring wells and ground-
water monitoring wells here. The total length of the leveling routes
is about 400 km. There are 2 continuous GPS stations, 7 compaction
monitoring and 40 groundwater monitoring wells (Hung and Liou,
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2009) in Changhua. Fig. 2 shows the distribution of the leveling
benchmarks and monitoring sensors. Sample pictures of the bench-
marks and sensors are illustrated in Fig. 3. Fig. 4 shows the cumulative
subsidence over 1992–2009. The maximum subsidence occurs in
Dacheng Township and is about 210 cm.

The Central Geological Survey (CGS, 1997) has published a hydro-
geology model over Dacheng, and the model suggests that there are
four aquifers and three aquitards. In this paper, the hydrogeological
drilling data in 1997 from our borehole (made by ITRI, affiliated
with the lead author) (Figure 5) is used to identify the boundary
and thickness of each aquifer and aquitard based on the a priori
knowledge of CGS. The thicknesses of aquifers 2 and 3 are about
100 m, and are relatively large compared to the aquifer thicknesses
over other regions of Taiwan. Most of the soil formation over Dacheng
Fig. 2. Distributions of leveling benchmarks, monitoring wells and continuous GPS station
CGSG at Dacheng are used for COMPAC.
contains fine sand and clay, with occasional sizable layers of coarse
sand. Because the soil formation in Changhua is complicated, a land
subsidence monitoring system sensitive to the compactions of all
strata is needed to gather data for clarifying the mechanism of land
subsidence.

A monitoring well, named CGSG, was installed in Dacheng in 1997,
and provides more than 13 years of compaction data (Figure 2).
Based on the soil formation, 25 magnetic rings were deployed at the
CGSG well (Table 1) to collect monthly data. The vertical dislocation
of two adjacent rings is the compaction of the soil layer within the
two rings. With all dislocations collected by the rings, the contribu-
tion of each layer's compaction to the surface subsidence, which can
be measured by leveling or GPS, is determined. Fig. 5 shows the cu-
mulative compactions at different depths at CGSG starting from May
around Changhua County. Data from the co-located GPS and monitoring well station

image of Fig.�2


Fig. 3. Sample pictures of monitoring sensors.
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1997 at nearly annual intervals to July 2010. For example, the blue
curve shows the cumulative compactions up to July 2004. Table 2
shows the cumulative compactions over May 1997 to July 2010 at se-
lected depth ranges. Table 2 suggests that the major compaction oc-
curs over the depth range between 52 and 153 m, followed by the
range between 153 and 174, and then the range between 174 and
277 m. These three layers correspond to aquifer 2, aquitard 2, and
aquifer 3 defined by CGS, and the compactions here contribute ap-
proximately 96% to the total compaction.

A continuous GPS station was installed next to the CGSG well to
determine the three-dimensional deformations for inter-comparison
with the compactions from the well. The determination of the coordi-
nates at this GPS station was carried out jointly with 20 other contin-
uous GPS stations in Taiwan (Figure 6). The GPS stations in Fig. 6 were
installed by various governmental agencies in Taiwan, including
CentralWeather Bureau (CWB), Industry Technology Research Institute
(ITRI), Ministry of Interior (MOI), and Water Resource Agency (WRA).
Fig. 7(a) compares the vertical displacements from GPS and leveling
with the total compactions (regarded as vertical displacements) from
themonitoring well (based on Table 2 and Figure 5) at CGSG. The verti-
cal displacements from the three sensors agree to 1 cm and that the
subsidence can be attributed to compaction of strata in the interval
measured by the monitoring well.

Fig. 7(a) also shows a slowdown of subsidence since July 2008. This
is due to a strict regulation of groundwater consumption imposed here.
To see the effect of groundwater change on subsidence, in Fig. 7(b) we
compare the vertical displacements and groundwater level variations
over July 2001-July 2005 at CGSG. Fig. 7(b) shows that seasonal land
subsidence and uplift in some periods are highly correlated with the
seasonal variation of groundwater level. For example, during January
2002 to July 2002, most of the GPS result shows an upward movement
associated with the rise of groundwater level. A more in-depth analysis
of the relation between groundwater and vertical displacement will be
given in Section 3.

In comparison to the large vertical displacement seen in Fig. 7(a),
the horizontal displacements at CGSG are small. This comparison is
given in Fig. 8, which shows that the ranges of coordinate variation in
the vertical and horizontal directions are about 53.9 cm and 1.0 cm,
respectively. This large vertical-to-horizontal ratio suggests that the
major stratum compaction at CGSG due to change of groundwater
level occurs in the vertical direction. As such, it is plausible to use the
one-dimensional (vertical) compaction model to describe the mecha-
nism of subsidence at CGSG (see Section 4).

3. Stress and strain at CGSG

As the first approximation, the subsidence at CGSG can be partial-
ly explained by the variation of groundwater level using the one-
dimensional consolidation theory of Terzaghi (1925) as follows. First,
the effective stress σe of soil can be expressed as

σe ¼ σT−pw ð1Þ

where σT is the total stress (the total overburden load or geostatic pres-
sure) and pw is the fluid or pore water pressure. In a confined aquifer,
the geostatic pressure changes negligibly with changes in fluid pressure
in the confined aquifer, so that the change in the effective stress is due
to the change in pore water pressure. That is, Δσe=−Δpw, where Δ
stands for change. The change in pore water pressure, Δpw, is in turn
caused by the change in groundwater level:

Δpw ¼ ρwgΔh ð2Þ

where

ρw water density
g gravity
Δh change in groundwater level

Fig. 9 shows the relationship between groundwater level and
strain at aquifer 2 of CGSG. A strain is defined as

τ ¼ ΔB
B0

ð3Þ

image of Fig.�3


Fig. 4. Cumulative subsidence in Changhua County from 1992 to 2010.
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where ΔB and B0 are the compaction and the total thickness of aquifer 2
(101 m, Table 4). Because the vertical displacement from GPS and the
total compaction from the monitoring well are consistent to 1 cm
(Figure 7) and the sampling rate of GPS is higher than that of the well,
a novel use of GPSdata at CGSGwasmade in this paper.Weused the par-
allel observations of GPS and monitoring well to compute the compac-
tion ratios between the compaction at aquifer 2 and the displacement
from GPS. For any desired epoch, this ratio was used to compute the
compaction at aquifer 2 using the displacement from GPS at a much
higher frequency than the monitoring well. Fig. 9 compares the in situ
compactions (monitoring well) and the GPS-derived compactions at
aquifer 2, which are consistent in depicting the behavior of the stratum
deformation at CGSG. This suggests that, with proper auxiliary data, a
high-frequency variation of the compaction at aquifer 2 can be deter-
mined using the GPS-derived displacements.

Fig. 9 shows that the cumulative strain increases almost linearly with
decreasing groundwater level. This linear relation over the range of strain
is consistent with inelastic behavior of aquifer compaction in the typical
ranges of applied stresses in these aquifer systems (Leake and Prudic,
1991). At the ending session of Fig. 9, a significant rise of groundwater

image of Fig.�4


Fig. 5. Layers of sediments and cumulative compactions from May 1997 to a given time at CGSG. F1–F4 indicates the four layers of aquifer and aquitard.

Table 2
Cumulative compactions over different depth ranges at CGSG from May 1997 to July
2010.
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level (and hence a decrease in the measured effective stress) occurred
(see also Figure 11 below), but the strain (compaction) remains
unchanged.

The variation in the slope of groundwater level-strain is explained
as follows. Without horizontal deformation (see Figure 8 for this as-
sumption), the change in the soil volume is caused by the change in
the thickness, that is, compaction. As such, the one-dimensional com-
pressibility α is related to the skeletal specific storage Ssk as

α ¼ −ΔB=B0

ρwgΔh
¼ Ssk

ρwg
ð4Þ

Table 1

Information for the monitoring well at station CGSG.

No. of magnetic rings 25
Sediment types (1) 0–120 m: interlayers of sand

and clay
(2) 120–220 m: clay with thick coarse

sand interbed
(3) 220–300 m: interlayers of sand

and clay
Depth of major compaction (m) 50–200 m
Cumulative compaction from July 2001
to July 2007 (cm)

51.3 cm
Eq. (4) leads to

Δh ¼ − τ
Ssk

ð5Þ

Thus, for a constant Ssk, the strainwill vary linearly with the ground-
water level. Fig. 10 shows the relations between strain and groundwater
level variation at three selected time spans where significant changes
Depth range (m) Compaction (cm) Percentagea (%)

Aquifer 1(F1) 0–32 3.5 3.2
Aquitard 1 (T1) 32–52 0.9 0.8
Aquifer 2 (F2) 52–153 63.4 57.3
Aquitard 2 (T2) 153–174 17.8 16.1
Aquifer 3 (F3) 174–277 24.7 22.3
Aquitard 3 (T3) 277–286 0.3 0.3
Aquifer 4 (F4) 286–299 0.0 0.0

Sum 110.6 100.00

a Compaction in the depth range divided by the total compaction (110.6 cm).
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Fig. 6. Distribution of 21 GPS stations established by various organizations in Taiwan (see the text for the abbreviations of the organizations).

84 W.-C. Hung et al. / Engineering Geology 147–148 (2012) 78–90
of groundwater level and compactions occurred. For each time span,
a line is fitted to the strains and groundwater levels. The linear regres-
sions result in correlation coefficients of about 0.86 for all cases,
suggesting that the linear model fits well the relation between strain
and groundwater level change.

For each time span, the skeletal specific storage is the negative, in-
verse slope of the fitted line in Fig. 10. Table 3 shows the skeletal specific
storage taken from the slopes in the three time spans. The decrease of the
skeletal specific storage is related to the decrease in porosity resulting
from compaction. The reduced porosity (in time) causes a reduction in
compressibility and therefore a reduction in skeletal specific storage.
As the compaction continues for a sufficiently long time, the stratum is
slowly consolidated and the density increases with time. In the process
of consolidation, the stratum turns from plasticity to elastoplasticity.

image of Fig.�6
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Fig. 7. (a) Vertical displacements from GPS, monitoring well and leveling at CGSG. (b) Groundwater level and subsidence at CGSG.
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Being elastoplastic, the deformation is both elastic and inelastic, and
eventually only a minor compaction will take place. At the final stage
of consolidation, decrease in groundwater level will no longer cause stra-
tum compaction. For example, during September 2002 to December
2002, a drop of 2 m in groundwater level results in an increase of about
0.00019 in strain. However, during December 2005 to March 2006, a
2-m groundwater level drop leads to only an increase of about
0.000034 in strain. The former (strain) is about 5.6 times larger than
the latter.

The linear model in Eq. (5) can only roughly relate compaction
to groundwater change. A detailed numerical model is needed to ade-
quately account for the cause of compaction in connection to groundwa-
ter and some hydrogeological parameters. In this paper, we adopt the
one-dimensional model COMPAC to model the subsidence at CGSG
and the genetic algorithm is used to estimate the hydrogeological pa-
rameters in the model.

4. Modeling compaction by COMPAC

4.1. The principle

In Section 3, the compaction is only parameterized by the skeletal
specific storage. Here we extend the parameterization using COMPAC
(Helm, 1975) to account for (1) the elastic and immediate deformation
of coarse-grained sediments (gravel or sand), and (2) the elastoplastic
and delayed deformation of fine-grained sediments (clay, mud or silt).
That is, the extended model is

ΔB ¼ Δbþ Δb′ ð5Þ

where Δb and Δb' are the elastic and elastoplastic parts, respectively.
The elastic part is modeled as

Δb ¼ −Sskeb0Δh ð6Þ

where Sske is the elastic skeletal specific storage of the coarse-grained
sediment, b0 is the total thickness and Δh is the variation of groundwa-
ter level within the aquifer. Sske is about 1×10−5 m−1 in the study area
(Schwartz and Zhang, 2008). The elastoplastic part is modeled as

Δb
0
¼ NequivΔb

� ð7Þ

Δb* is the compaction of the fine-grained sediment and Nequiv is the
number of equivalent interbeds explained as follows. One aquifer may
contain a large number of clay interbeds, and it may take a considerable
computational time to calculate the total compaction from all interbeds.
To reduce the computational time, the equivalent thickness of a single

image of Fig.�7
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idealized aquitard was used to represent the thickness of an aquifer.
The equivalent (or weighted average) thickness was estimated by
Helm (1975)

b�equiv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
j¼1

b�j
� �2

vuut ð8Þ

where

N total number of the fine-grained interbeds
(for aquitard N=1)

bj* the thickness of specified interbed j
Fig. 9. The relationship between groundwater levels and strains over July 2001 to December
given at 1-week interval. The red line fits the long‐term inelastic trends and the three gree
The number of equivalent interbeds is computed as (Liu and Helm,
2008a)

Nequiv ¼ 1
b�equiv

XN
j¼1

b�j ð9Þ

Because of the low hydraulic conductivity, the compaction of
the fine-grained sediment depends on the pore pressure equilibrium
to the surrounding aquifer. The vertical transient head distribution in
the fine-grained sediment can be described by the diffusion equation

K�
z

S�sk

∂2h
∂z2

¼ ∂h
∂t ð10Þ
2009 from both monitoring well and GPS at aquifer 2 of CGSG. GPS-derived strains are
n lines fit the three elastic trends. Dates are given next to the four lines.



Fig. 10. Fitted lines to groundwater level-strain during three time spans.
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where z is vertical dimension, Kz* is the vertical hydraulic conductiv-
ity and Ssk* is the skeletal specific storage of a homogeneous aquitard.
Coefficients Kz* and Ssk* are assumed to be time independent. Labora-
tory consolidation tests have indicated that the compressibility, and
thus the skeletal specific storage, can vary significantly depending
on whether or not the effective stress exceeds the past maximum
effective stress (preconsolidation stress). When the effective stress
is less than the preconsolidation stress, a change in effective stress
will cause elastic deformation, compression for increases and dilation
for decreases in the effective stress. When the effective stress exceeds
the preconsolidation stress, the inelastic (or virgin) behavior is pres-
ent. For the same change in effective stress, inelastic deformation can
be one or two magnitude larger than elastic deformation. To account
for the change of the skeletal specific storage, two separate values are
used

S�sk ¼ S�skeforσe < σ max
S�skvforσe≥σ max

�
ð11Þ

where σe is defined in Eq. (1) and σmax is the previous maximum
stress ( or preconsolidation stress) of soil.

To compute Δb*, COMPAC divides a single fine-grained layer into
(J−1) layers with an uniform spacing of Δz=b0

∗/(J−1) at any time
step n>0 as follows

Δb� ¼ Δz
2

S�ske
XJ−1

j¼1

Δheð Þnj þ Δheð Þnjþ1

h i
−S�skv

XJ−1

j¼1

Δhvð Þnj þ Δhvð Þnjþ1

h i8<
:

9=
;
ð12Þ

where

Δheð Þnj ¼ hprec
� �n

j
−hnj

Δhvð Þnj ¼ hprec
� �n

j
− hprec
� �0

j

and
Table 3
Skeletal specific storage (in 1/m) at CGSG over three different time spans.

Time span 9/2002–12/2002 12/2004–3/ 2005 12/2005–3/2006

Ske. spe. storage 1.0×10−4 3.5×10−5 1.8×10−5
hj
n groundwater level at step n

(hprec)j0 initial maximum preconsolidation stress.
(hprec)jn preconsolidation stress

In this paper, the value (hprec)j0 is assumed to be uniform in depth
throughout the entire aquifer system including aquitards, that is
hprec
0 =(hprec)j0 for any j. Note COMPAC does not require that (hprec)jn

be a constant. The preconsolidation stress (hprec)jn changes with time
and depth, and it is a function of the calculated vertical migration of
stress within the subsidence model.
4.2. Estimating the hydrogeological parameters by the genetic algorithm

In Eq. (12), the observations Δb* (see the monthly observations in
Fig. 7(a)) are from the magnetic ring readings of the CGSG monitoring
well, and the four parameters to be estimated are the vertical hydraulic
conductivity (Kz*), inelastic skeletal specific storage (Sskv*), elastic
skeletal specific storage (Sske*), and initial maximum preconsolidation
stress (hprec0 ). The determination of the four parameters is based on
the least-squares principle that minimizes the following objective func-
tion (the RMS difference between modeled and observed values):

Φ xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
k¼1

Uk xð Þ−Vk½ �2

n

vuuuut ð13Þ

where

Uk(x) model value at epoch k .
Vk observed compaction
n total number of observations
x a vector containing the four parameters

In fact, Φ(x) is the root mean squared (RMS) misfit (residual) be-
tween the observations and model values. A genetic algorithm (Davis,
1991) was used to estimate the four parameters. In comparison to the
method of Newton–Raphson for parameter estimation (Liu and Helm,
2008a), the genetic algorithm uses parameter encoding, reproduc-
tion, crossover, and mutation to determine the optimal values of the
four parameters by minimizing the objective function.

image of Fig.�10


Table 5
Equivalent thickness and time constant for the three layers at CGSG.

Layer Equivalent thickness (m) Time constant (years)

Aquifer 2 30.54 238.3
Aquitard 2 21.00 5221.6
Aquifer 3 14.81 1106.3
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5. Result of modeling compaction

5.1. Estimated parameters for one-dimensional compaction

Based on the analysis in Section 3, the major stratum compaction
occurs at aquifer 2 and 3. Therefore, the four hydrogeological param-
eters are needed for the COMPAC model at aquifers 2 and 3, and
aquitard 2. The data used for parameter estimation is the stratum com-
paction data from January 2003 to June 2008. The searching ranges for
the genetic algorithm are as follows

KZ
∗: 0.00001 to 1 (m/year) for both aquifers 2 and 3

Sskv
∗ and Sske

∗ : 0.00001 to 0.1 (1/m) for both aquifers 2 and 3
hprec
0 : −15 to 0 m for aquifer 2, −10 m to 5m for aquifer 3

The number of iterations for searching is set to 50000. In fact, the
objective function (RMSmisfit) becomes stable after some 30000 itera-
tions. Use of 50000 iterations is to ensure the estimated parameters
are finalized and stable. Table 4 shows the estimated parameters for
aquifers 2 and 3 and aquitard 2. The RMS misfits in all cases are below
0.5 cm.

For cross validation, we also used the method of Riley (1969) to es-
timate Sskv. Fig. 9 shows a long-term inelastic trend and several episodic
elastic trends. We fitted a line to the long-term inelastic trend (red line
in Figure 9), which gives Sskv = 1.33×10−3 m−1 (red line). However,
Fig. 9 shows the total compaction of aquifer 2 that includes the effects
of coarse-grained sediments and fine-grained sediments. However, in
this paper, COMPAC models only the effect of the fine-grained sedi-
ments. Therefore, we need to adjust the value of Sskv based on the actual
thickness of aquifer 2. In aquifer 2, the total thickness is 101 m and the
thickness of fine-grained sediments is 61 m. With Eq. (5), the adjusted
Sskv value is 2.22×10−3 m−1 , which is close to the model value (Sskv)
of 3.19×10−3 m−1 given in Table 4.

With the estimated parameters in Table 4, we determined the
time constant needed to complete 93% compaction for each layer.
The time constant, t, is defined as (Terzaghi et al., 1996)

t ¼ TvH
2

4Cv
ð14Þ

with

Cv ¼ K�
Z

S�skv
ð15Þ

where Cv is coefficient of compaction, H is thickness , and Tv is set to 1.
In Eq. (14), it is assumed that H is equal to bequiv*. The time constant is
also the time for a confining unit to equilibrate to the head of the sur-
rounding aquifer. Table 5 shows the thicknesses and time constants of
the three layers. For each layer, the equivalent thickness is smaller
than the depth range given in Table 4, because the former contains
only the fine-grained sediments in the layer while the latter is simply
the difference in depths. Table 5 shows that aquifer 2 takes the least
time to complete the compaction, followed by aquifer 3, and then
aquitard 2. This suggests that aquifer 2 responds to groundwater change
Table 4
Estimated parameters for the one-dimensional compaction model at CGSG and the
RMS value of residuals.

Layer
(depth range)

Estimated parameters RMS
( cm )

Kz* ( m/y ) Sskv* ( 1/m ) Sske* ( 1/m ) hprec
0 (m)

Aquifer 2
(52–153 m)

3.12×10−03 3.19×10−03 4.07×10−04 −5.626 0.450

Aquitard 2
(153–174 m)

5.29×10−04 2.51×10−02 3.13×10−03 −1.261 0.193

Aquifer 3
(174–277 m)

6.20×10−04 1.25×10−02 4.28×10−04 −2.047 0.234
(either rise or drop) faster than the other two layers. Aquitar 2 takes
the longest time to consolidate, and this is also consistent with the re-
sult in Table 4, which shows that the initial maximum preconsolidation
stress (hprec0 ) of aquitar 2 is larger than the hprec0 values in the other two
layers.

5.2. Model validation and compaction prediction

The parameters in Table 4 are estimated from the observations
over January 2003 to June 2008 in the COMPAC model. Here we use
such parameters to predict compactions over June 2008 to June
2010, which are then compared with the monthly observations over
this period. This is to investigate the possibility of predicting compac-
tion based on the COMPAC model with appropriate hydrogeological
parameters. Table 6 shows the cumulative compactions over January
2003 to June 2010 from the observations and from the model values
of COMPAC (based on the parameters from Table 3). The RMS values
of the monthly differences between the observation and model values,
and the mean absolute percentage errors (MAPEs) over June 2008 to
June 2010 are also given in Table 6. MAPE is themean value of the abso-
lute relative differences between model and observation. In all layers,
the RMS differences are below 0.5 cm, and the MAPE are below 10%.
These MAPEs are classified as good according to Lewis (1982a,b). This
suggests that COMPAC is able to predict compactions to an accuracy con-
sistent with the accuracy in the estimation of the four hydrogeological
parameters.

Fig. 11 shows the monthly compactions from the observations and
from the predictions of COMPAC in the three layers. The model values
are in good agreementwith the observations. Relatively large deviations
between model and observation at aquifer 2 and aquitard 2 occurred
over August 2008 to December 2008, when aquifer 2 experienced a re-
bound due to the increase of groundwater by about 6 m in this layer.
During this period, no rebound at aquifer 3 occurred, and this is proba-
bly due to the relatively small increase of ground water (1.5 m) here.
Based on Fig. 5, there are more thin layers of fine sediment at aquifer
2, and this type of stratum allows change in the water level in a short
time period. That is, when the groundwater level rises significantly,
aquifer 2 will quickly rebound, but aquifer 3 will continue to descend.

6. Discussion and conclusions

The long-term (more than 10 years) geodetic and geotechnical ob-
servations collected in this paper are complementary with each other
in explaining land subsidence in Dacheng. Continuous GPS records
from July 2001 to June 2010 show a cumulative vertical displacement
of 53.9 cm and a horizontal displacement of 1 cm in Dacheng. This
Table 6
Cumulative compactions over January 2003 to June 2010 from observation and model,
and RMS of monthly differences.

Layer Obs. total
compaction (cm)

Pred. total
compaction (cm)

RMS diff. (cm) MAPE

Aquifer 2
(52–153 m)

−14.3 −15.0 0.484 8%

Aquitard 2
(153–174 m)

−6.6 −7.2 0.250 7%

Aquifer 3
(174–277 m)

−14.6 −14.6 0.210 5%



Fig. 11. Comparison between observed and predicted compactions in three layers of CGSG.
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suggests that the major deformation caused by stratum compaction
occurs in the vertical direction. The observations also depict some sea-
sonal variations of land subsidence and uplift associated with ground-
water variations. With a proper transformation from GPS coordinate
variation to stratum compaction, the compactions at aquifer 2 were
determined at a weekly frequency. The long-term skeletal storage coeffi-
cients estimated from the strains and groundwater levels suggest that the
property of compaction has turned from plasticity into elastoplasticity.

This paper uses the COMPAC model to explain the observed com-
pactions. In the modeling, the vertical hydraulic conductivities, elastic
skeletal specific storage, and inelastic skeletal specific storage at aquifer
2, 3 and aquitard 3 were estimated by the genetic algorithm. The fact
that the RMS residuals in all cases are below 0.5 cm suggests that the
COMPAC model fits well the observations. The estimated parameters
were used to determine the times needed to consolidate the three
layers. It turns out aquifer 2 needs the least time for consolidation,
followed by aquifer 3 and aquitard 2. Because aquifer 2 is quick to re-
spond to groundwater change, it may be possible tomitigate land subsi-
dence in Dacheng by increasing groundwater of aquifer 2. On the other
hand, if groundwater at aquifer 2 is depleted, a quick compaction will
occur. In conclusion, a proper management of groundwater at aquifer
2 is important for land subsidence mitigation in Dacheng.

Prediction of land subsidence based on COMPAC and the four esti-
mated hydrogeological parameters results in an average MAPE of
below 10% over June 2008 to June 2010. Thus, the compaction model
(with estimated parameters), along with the change of groundwater
level, can be used to predict future land subsidence with a sufficient
confidence in Dacheng. However, the prediction will be sufficiently ac-
curate over a future time span (2 years in the case study of this paper)
only if the hydrogeological parameters are properly calibrated. As such,
continuous collection of data from themonitoring system (Section 2) is
critical to the success of prediction.

Although COMPAC canmodel land subsidence to a high accuracy, the
model itself is one-dimensional and site specific. With the data from 7
monitoring wells and 40 groundwater wells in Changhua (Section 2),
it is possible to extend the current study to cover all coastal areas in
Changhua and use a model based on a three-dimensional groundwater
flow(USGS MODFLOW model) and the SUB package to simulate land
subsidence to determine the stratum compaction coefficients and to es-
timate the groundwater safe yield. In addition to Dacheng, Erlin
(Figure 2) is another important township: it is the planned site of a
science-based industrial park, which is vital to the economic develop-
ment of Taiwan. Because this industrial park will consume a large
amount of water, a proper water management plan taking into account
land subsidence is of great importance. According to Table 6, the cali-
brated parameter values predict subsidence values consistent with the
observations to 0.5 cm. Therefore, thewatermanagement agency of Tai-
wan (Water Resource Agency, WRA) can use our model to estimate fu-
ture subsidence values under different situations with good confidence.
In order to prevent irreversible compaction, WRA can manage to keep
the groundwater levels of the field above the corresponding past maxi-
mumpreconsolidation stress around the study area. The result from this
paper will provide an important reference for such a management plan.
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