6.2.2 Land Subsndence '

" The DMR Survey Division started levelmg survey at the DMR benchmarks as well as some of B
the CI stations (“AIT station” called by the DMR Survey Dmsnon) ‘benchmarks in 1991; But *
the survey in 1991 covered hrmted benchmarks 50 that a sub51dence rnap can be prepared usmg L.
onlythe datam 1992 and 1993 L : Sl e S

Figure 6.2.8 shows land subsndence from 1992 to 1993 measured at the DMR Im. depth": ﬁ
benchmarks. The maximum land subsidence of 64.8 mm was recorded at DMR41 benchmark -
in station No. 95, Bang Bo, Samut Prakan. The areas where the subsidence.is more than 40 -
mm can be found in Samut Prakan and eastern Bangkok. On the other hand, the: northern part -

of the study area were rebounded during the period. Tt is should be noted.that the rates of S

subsndence along the Chao Phraya Rlver are smaller rangmg from 0 to 20 mm/year : f'_: EEPE |
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6.3 'R'ecord_s of RTSD Benchmarks

. The RTSD continues leveling survey at several types of benchmarks in and around the study
area. The study team has selected only 1m depth benchmarks (CI-1 type and BMP type) to
draw subsidence maps. Figure 6.3.1 shows the average rate of land subsidence from 1991 to
1993 measured at those Im depth benchmarks. The areas having more than 30 mm/year of

‘subsiding rate are widely distributed in Samut Prakan and eastern Bangkok. It is also found

- that some parts of Pathum Thani, central Bangkok, and Samut Sakhon show more than 30

mm/year. '

_ Figure '6.3-.2 was prepared by compiling data from the DMR benchmarks and the RTSD
benchmarks from 1992 to 1993. The map indicates significant land subsidence areas in Samut
Prakan, eastern Bangkok, Pathum Thani, and Samut Sakhon, whereas the rate of subsidence is
. smaller along the Chao Phraya River.

The CI stations (= AIT stations) have different depths of benchmarks measured by the RTSD.

- The DMR has also started leveling survey at CI stations since 1991. Figure 6.3.3 shows land
subsidence measured at AIT14 station, Wat Rajsathathum, Bangkok. This station is located
near the center of significant land subsidence area. The subsidence value measured at CI-1
benchmark (im depth) is 648.4 mm from 1980 to 1993. The lower graph shows land

- subsidence since 1986, indicating about 55% of compression occurs between the depths from
~1.0m to 10.0m.

Similar graphs were prepared by using the data at AITO8 station, Chulalongkorn University,
Bangkok (Figure 6.3.4). In this station, only CI-1 benchmark shows significant land subsidence
since the start of measurement. The CI-4 benchmark shows rebound since 1981. The lower
graph indicates that the contributions of 1.0m to 27.1m layer and 27.1m to 196.3m for land
subsidence are 75% and 25%, respectively.

- InFigure 6.3.5, the graphs at AIT25 station, AIT, Pathum Thani, show that the benchmarks of

BM (depth = 19.0m), CI-2 (depth = 10.0m), and CI-4 (depth = 197.3m) indicate rebound since

. ‘starting measurement. Even though the CI-1 benchmark shows rebound during periods from
1988 to 1990 and from 1992 to 1993.
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CHAPTER 7 COMPUTER MODELING AND PREDICTIONS

.7.1 General

- The construction of the groundwater flow model, land subsidence model, and solute transport
" ‘'model for the Bangkok aquifer system was based on various kinds of the hydrogeologlcal

analyses done by the Study Team. This modeling activity is undertaken to predict future

: plezometric level and land subsidence, and specifically to:

(1) - Describe the hydrogeologic conditi_ons that led to heavy decline of piezometric
level, land subsidence and saline water intrusion; and

(2)  To estimate the behavior of groundwater and land subsidence resulting ﬁfom
. future groundwater use plans or regulattons

Because groundwater is essentially an invisible resource, studies of groundwater movement

under natural and artificial conditions require modeling techniques. Several types of models

_have been developed and used for this purpose. In recent years, digital computer models have

gained wider acceptance as they foster more efficient groundwater resources management.
These tools have considerable capability to aid decision-making in relation to the various uses

- of both actual and potential groundwater systems,

Digital groundwater models may be further subdivided into flow models and solute transport
models. Flow models _censis_t of a set of differential equations that are known to govern the
flow of groundwater. Solute transport models are based on a flow component and are coupled

~ with the solute transport equations. They are used to predict the movement and concentration

in the aquifers of various pollutants including saline water intrusion in coastal areas.

- Land subsidence models use the consolidation theory of soils. There are several approaches to

compute soil consolidation in the field of soil engineering. For the land subsidence simulation,
changes in groundwater pressure obtained from piezometric level are important besides the
consolidation parameters.

Figure 7.1.1 shows the flow of groundwater modeling. After defining the purpose, each model
was established based on accurate hydrogeological investigations and analyses. Appropriate

~ boundary ‘conditions  and geohydrologic parameters were assigned to each model. Initial

calibration for each model was carried out by steady-state simulation to understand the model
behavior. The assigned boundary conditions and the input parameters were checked and/or
modified by compan'ng computed piezometric heads with the actual piezometric heads.

The reliability of prediction using a groundwater model or a land subsidence model depends on
how well the model approximates the field situation. As natural aquifer systems are inherently

" complex and uncertain, construction of the model always requires the making of assumptions
- and simplifications. It is very important to keep this awareness about the model, even though
~ sophisticated numencal techniques and lngh-speed computers have already been developed
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72 3-D Gﬁiundwater-F!ow and Land Subsidence Model

7 2, I Model Concept

_VThe dlgltal model used for the Study is a- three-dlmensmnal groundwater flow model

(MODFLOW program) and a land subsidence model (SUBPRO-1 program). Groundwater

- flow in a groundwater basin is by nature three-dimensional. Thus the three-dlmenswnal model
is the best. suxted to sxmulate groundwater flow. :

.._It was dlfﬁcult however to snmulate three dimensional groundwater flow given the complex1ty
of the structure of a groundwater basin, the inadequacy of input data, and the limitations of
“numerical :solution techniques and memory capacity of -a computer. But, since the USGS

MODFLOW model, “A Three-Dimensional Finite-Difference Ground-Water Flow Model” by

Michael G. McDonald and Arlen W. Harbaugh has been updated and faster personal
' computers become popular, the MODFLOW is the most widely used groundwater flow model

in the world. .

A graphlcal preprocessor and postprocessor that is known as PM (PROCESSING

MODFLOW), ' is used before running MODFLOW: to input data and to avoid serious input
errors. The reqmred input parameters are listed on the display. The model size of the latest
MODFLOW is only limited by the number of cells in'a model layer. A layer can consist of

- 15,000 cells and the- model can have up to 80 layers and 1,000 stress penods

'The SUBPRO 1 program was developed by the Study Team The program can compute

consolidation of clayey soils by considering thickness of clay, volume compressibility at loading
and unloading, and changes in piezometric heads. SUBPRO-1 uses computed piezometric
heads by MODFLOW as input data. Then soil consolidation of each aquifer unit is calculated:

~at each time step Total land subsxdence values are obtained by totaling each layer’s

consolldatlon

: 7.2.2 _G_roundwater Flow Equation

The three-dlmensmnal movement of groundwater of constant dens:ty through porous earth
material may: be descnbed by the parnal differential equation: :

Oh & Oh 8  ©oh oh
K — )t — Ky — )+ (K —)-W=S
Cox . oy dy - 0oz Oz ot
- e e - IR : (72.1)
where S T '
. Kxx, Kyy, and Kzz are-values of hydraulic conductivity along thex, y, and z
coordinate axis, which are assumed to be parallel to the major axes of
hydraulic conductivity (LT h;
-_his the potentiometric head (L), ._ .
W is a volumetric flux per unit volume and represents sources and/or sinks of
water (T™);
. Ssis the specnﬁc storage of the porous material (I."); and
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tis tlme (T)

In general, Ss; Kxx, Kyy, and Kzz may be functrons of space (Ss = Ss (xy,z) Kxx = Kxx (x,y,z)
etc.) and W may be a function of space and time (W = W(x,y,2,1)); equation (7.2.1y describes.
groundwater flow under nonequilibriim conditions in a. heterogeneous and : anisotropic -

medium, provided the pnnc:pal axes of hydrauhc conductmty are ahgned wrth the coordmate
directions. L . : ST St

| Equatlon (7. 2 1) together w1th spectﬁcatlon of ﬂow and/or head condltlons at the boundanes'
of an aquifer system and specification of initial head conditions, constitutes a ‘mathematical

representatlon of a groundwater flow system: A solution of equation. (7.2.1), in an analytical

sense,.is an algebraic expression giving h(xy,z f) such that; when the derivatives of 4 with _'
respect to space and time are substituted into equation (7.2. 1), the equation and its initial and
boundary conditions are satisfied. A time-varying head distribution of this nature characterizes -

the flow system, in that it measures both- energy of flow and the volume of water in storage
and can be used to calculate dlrectlons and rates of’ movement e :

Except for very snmple systems, analytical solutlons of equatton (7. 2 1) are rarely poss:ble $O

various numerical methods must be employed to obtain- approximate ‘solutions. ‘One such -
approach is the finite-difference method, wherein the continuous system described by equation.

(7.2.1) is ‘replaced . by a finite set of discrete points in space and time, and the partial

derivatives are replaced by terms calculated from the differences in head values at these points. |
The process:leads to systems of simultaneous linear- algebraic difference “equations; ‘their -

solution yields values of head at specific points and times, These values constitute an

approximation to the time-varying head distribution that would be: glven by an analytlcal '

solution of the parttal-dlfferenttal equatlon of flow,

7.2.3 Land Subsidence Equation e

The SUBPRO-I program uses the consohdatlon theory to compute land subs1dence The

compression of soil can be obtamed by: -

AS=m, b Ap : o o o - (722)

where AS is sorl consohdatlon m, is volume compresmbtltty at loadlng, b is thrckness of sorl '

and Ap is change in consolidation load. The rebound at unloading can be calculated by:

AS=m)b-4p - P '(7-.2.3)

where; m,’ is volume compressibility at unloadmg In this case, Ap should have a negatrve sign -

so that AS is also shows a negative value. The value of 4p can be obtained from the computed
piezometric heads. From equations (7.2.2) and (7:2. 3) consohdatton or- rebound at a period
between two (2) time steps is computed : - L :

It is known that the values of m, and m,’ vary with consohdatton process Therefore relatron
between volume compresstblhty and consolrdatlon pressure should be exatmned



7.2.4 R'equired' Input Data and Output Data
. The requlred mput data for the MODFLOW program are as follows

for sxmulatron control
- Type of simulation (steady-state or trans1ent)
- Time unit of model data -
- Number of stress period (time step) (f'or transient snmulauon)
s _ - - Length of stress period (for transient simulation) :
' - Number of time steps within a stress period (for transient srmulatlon)
- - Multiplier for length of time steps (for transient simulation)

for model grid . .

- X and Ax of cells
- Y and Ay of cells
- Position and landmarks -
- Z of layers _ :

- Top and bottom elevations of each layer
- Aquifer type of each layer
- Anisotropy factor (73/7Txx) of each layer
-~ Boundary array of each layer (actrve mactwe constant- head)
- Wetdry condltlons (options) :

: - for agurfer propertre
@ _ . - Porosity
- " - Specific storage
- Hydraulic conductivity
- Vertical hydraulic conductivity or vertical leakance
- Initial pieZometric heads

for optlonal package
+ - Well discharge or recharge by layer and by’tlme step
- Drainage River
- Evapotranspiration
- General-head boundary
- Recharge -
- Stream-aqurfer relatron

for. solver selectlon . '
- Strongly Implicit Procedure (SIP) parameters
@ o - Slice-Successive Overrelaxation (SSOR) parameters
: - Precondmoned Conjugate Gradrents 2 (PCG2) parameters

for outDut control
- Piezometric heads
e - Drawdowns =
- Volumetric budget’
= Cell-by-cell flow
" ~Output files




. Output frequency

The output data from MODFLOW are. computed prezometnc heads drawdown, volumetric =~
budget, and cell-by-cell flow. These out put data are available at each time step The PM_

programs can convert these data from unformatted ﬁles mto ASCII type ﬁles

- The land subsidence model (SUBPRO- 1) requrres followmg mput parameters
- Piezometric heads :
- Volume compre551b1hty (mv)
- Ratio of m,/m,’ '
- Thrckness of clay

The output data from SUBPRO-] are: :
- Computed consolidation of each layer at each time step
- Cumulative consolidation over time by layer
- Total land subsidence

7.2.5 Model Assumptlons

The MODFLOW program assumes that hydrogeologlc parameters such as hydrauhc

conductivity, specific storage, and leakance are not affected by changes in piezometric heads.

Also, the program needs to assume that those parameters and boundary condmons do not
change over time. :

The SUBPRO-I assumes that a consolidation process is completed within a time step.
7.2.6 Model Grid

The study area covers a part of the Lower Central Plam The detalled hydrologrcal study has
been concentrated in the study area. However, it is necessary to consider the hydrogeologic

conditions of the Lower Central Plain to simulate basin-wide regional groundwater flow. The

merits to take a model domain up to the basin boundaries are to reflect the structures of the

groundwater basin in the model and to increase reliability of simulation at marginal area of the

study area. For instance, it is difficult to assign proper boundary conditions at the margin if
only the study area is taken as a model domain, because the aquifers continue up to the outside
of the study area and, especially near the northern boundary and-the western boundary of the
study area, the groundwater flow in outer area affects the groundwater flow i in the study area.

Therefore, the Study Team has taken the model grld as shown in thure 7. 2 1 '

The grid size in the study area is ﬁxed as 2km X 2km The gnd in the 0uts1de area varies from
2km x 4km to 16km x 16km in size as increasing size with increasing distance from the study

area. A total number of modeled grids in one (1) layer is 2 860 (55 rows X 52 columns) The
number of gnds in the study area is 1,600. ' -

The model is divided into ten (10) layers based on the hydrogeologlcal classrﬁcatlon and the

memory size of the personal computer. The total number of 3-D cells is 28,600 (55 rows x 52 -
columns x 10 layers). The structure of the 3-D model is given in Figure 7.2.2. The top layer is

an unconfined aqu1f'er {UC), which is not conﬁrmed from the ﬁeld 1nvest1gatrons However
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-~ this layer is needed f‘or the model to express almost constant levels of surface water existing-on
the Bangkok Clay; otherwise a constant head boundary must be assigned to Bangkok Soft

~ Clay then the heads in the'clay cannot be simulated. The Bangkok Soft Clay (BC) is taken as
- an independent layer beécause the clay contributes to the land subsidence significantly in the

study area. The aquifer units of Bangkok Aquifer (BK) to Pak Nam Aquifer (PN) are based on

- the hydrogeological classification studied in the previous stage. The units include not only sand
‘and gravel facies but also silt and clay facies. The Stiff Clay of Bangkok Clay (Moh er al.,

1969) is significantly older than the Soft Clay (AIT, 1980) and its physical properties are quite

- different from the Soﬁ Clay 0 that the St1ff Clay is treated asa member of Bangkok Aqu1fer in

_the rnodel

7. 2 7 Boundary Condrtlons

Appropnate boundary condmons miuist be specrﬁed for numerical calculation based on the
hydrogeologic information. At ﬁrst the extent of each aquifer unit was defined based on the
geological studies done in the previous stage. Figure 7.2.3 shows a schematic profile of the
Bangkok aquifér system and the concept of the 3-D model applied to the aquifer system.

A'c:cor'dl_ng: to the geological information, Bangkok area is underlain by Bangkok Clay (BC),

_ -but the extent of the clay is limited by Ayutthaya on'the north, by Nakhon Nayok on the

northeast, and by Nakhon Pathum on the west (AIT, 1980). The schematic geological diagram
of the Lower Central Plain made by the Study Team indicates that the area from Ayutthaya to

- Chai Nat is underlain by the sediments of Ayutthaya Delta and Chai Nat Delta which can be

cotrelated to the Bangkok Aquifer (BK). The eastern and western marginal areas of the Lower

- Central Plain are underlain by fan deposits and middle terrace deposits, which can be correlated
- to Phra Pradaeng {(PD) Aquifer and Nakhon Luang (NL) Aquifer. The higher terrace deposits

in those ‘areas can be correlated to Nonthaburi (NB) Aquifer. On the other hand, the sediments
of Sam Khok (SK) Aquifer to Pak Nam (PN) Aquifer do not have outcrops. The schematic
profile of Figure 7.2.3" (a) was made based on the above mformatron with consrdenng the-
depths to the bedrock : : : - :

The geologlc settmgs of the Bangkok aquifer system were conceptually modeled as shown in
Figure 7.2.3 (b). An unconfined layer (UC) at the top was created on the BC layer to make the
top of BC layer constant head. Some recharge shall be given to the cells of BK, PD, and NB
layers where those layers are outcroppmg The layers from SK to PN are bounded by the

: bedrock

| The areal boundanes of the aqurfer units are shown in Figures 7.2.4 and 7.2.5. The NB layer is
‘most widely distributed in the modeled area up to the bedrock outcrops. The extent of PN

layer is lumted by the bedrock structure

. The cells located out of the boundary in each layer are treated as inactive cells in the model

Constant head _boundary condition is assigned to the entire active cells of UC layer, Also the
constant head boundaries are given to the active cells located in the southernmost row (row
No. = 55) within the Gulf of Thailand for each layer. The constant flow boundary is assigned
to the active cells at northernmost row in NB layer because the layer continues toward north.

 Rest of the boundaries in each layer-are treated as no-flow boundaries.
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After the rnodel cahbranon the constant head boundanes were extended to the upstream areas -
of BK to NB layers where each layer occurs just below the ground surface.. The cells in this
area were prewously identified as the recharge cells, but the reliable’ recharge rate were not
‘able to be glven dueto. ]ack of data and variation of the vertlcal hydrauhc conductrvrty

7 2 8 Hydrogeologlc Parameters

(1) Top and bottom elevatlons _ : o S ; _
Top and bottom elevations of each layer are- prepared from a ground elevatron map and the
bottom depth map of each aquifer unit. The data of ground elevation in the study area were -
obtained from the latest elevation of the DMR and RTSD benchmarks. It is noted that the

elevation of benchmarks is generally higher than the original ground elevation. For instance,
the measuring point of the DMR benchmarks is about 30 cm higher than the ground surface.

However, it is difficult to determine the exact. ground elevation because the height varies from
‘station to- station. Thus, the elevation of benchmark is regarded as the ground elevation. The -
elevations of the outer area were read from the 1:50,000 scale toposheets and the 1 250 000 -
scale geological maps. Figure 7. 2 6 shows the ground elevatlon in the. modeled area. - '

Then the top and bottom elevations of each layer except UC and PN layers were deterrmned ,
The top elevatron of UC layer was given by S -

('lop elevanon of UC) (ground elevatlon)+ Im: - B RN . (7'2 4).

The bottom elevatron of UC is the same as ground elevatron The bottom elevatlon of PN
aquifer was glven as -600m uniformly. . LR :

Flgure 727 shows the xsopach of Bangkok Soft Clay (BC) prepared from borehole data and

lithologic logs.of the DMR monitoring wells. Figures 7.2.8 t0'7.2.11  show the bottom depths.
of BK, PD, NL, and NB aqurfers These . maps were based on the aquifer classification done by
the Study Team in the previous stage.- The bottom depth maps of SK, PT, and TB. aquifers
(Figures 7.2.12 to 7.2.14) were prepared from the hydrogeological profiles made by the DMR.
(1987) and the hydrogeological profiles made by the Study Team. The aquifer classification
was extended to the outside of the study area by using the lithologic logs - listed on the

database, then the top and bottom elevations for each aqulfer in the modeled area were
obtained. : : oo : : '

From the top and bottom elevation data, the MODFLOW calculates the thlckness of each
aquifer unit by cell during the computation. »

(2) Type of each layer

An Aquifer type must be specified for each layer The unconﬁned aquer type was assngned to
UC layer. The confined aquifer type was assngned to the rest , _

3) Porosrty

For the simulation of steady state ﬂow porosrty is not requrred by MODFLOW However
porosity is required by MODPATH program, which is the subprogram of MODFLOW for the
calculation of the flow velocities, and, therefore, this parameter is -required by MODFLOW
input program, PM. The porosity value of 0. 05 was uruformly given to the model '
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(4) Specnﬁc storage

Although the Block-Centered Flow (BCF) Package of MODFLOW program requires
dimensionless storage coefficient values in each layer of the model, however, it is only needed
to specify specific storage values for each cell in PM. Then PM converts the specific storage-

vaiue into dnmens:onless storage coeﬁielent by multlplymg the layer thickness of the cell.

It is comrmon that the values of storage coefﬁment obtamed from pumping tests take a wide
range of variation, however, Walton (1970) suggested the range of storage coefficient values
in confined aquifers varies between 1.0E-3 and 1.0E-5 for all soils and the range varies
between 5.0E-5 and 1.0E-2 in productive aquifers. Therefore, the initial storage coefficient of
each layer except UC and BC was assumed to be 1.0E-3, then this value was converted into
specific storage by dividing the value by the thlckness of the cell, -

The specific storage values of BC were computéd by following equatlon from the volume
compressnblhty values obtained from consolldatlon tests:

Ss=m- p/10 : | | E - (7.2.5)

where Ss is specific storage (M/m), m, is volume compressibility (cm*/kgf), and 7, is unit
weight of water (g/cm ): Details of estimating appropriate volume compressibility values shall

© be mentroned in the later sectlon The spec:ﬂc storage values of UC were based on the values

ofBC

It is noted that equation (7.2.5) indicates the actual value of specific storage may not be
constant when soil consolidation occurs. For example, if land subsidence occurs due to the
drop of piezometric level, the volume compressibility may be changed. This will cause changes
in speclﬁc storage, however the MODFLOW program does not congider this phenomenon.

- (5) Hydraulic conductivity

The parameter of transmissivity is the most important parameter for the model. PM will
compute transmissivity from horizontal hydraulic cdnductivity (or permeability) by multiplying
the layer thickness. An anisotropy factor (7yy / Txx) can be specified in the model.

Generally, transmissivity values are obtained from pumping tests. The Study Team collected
previous pumping tests’ data and carried out pumping tests at the newly constructed
monitoring wells. However, the number of pumping tests and obtained aquifer parameters are
still inadequate to evaluate regional aquifer characteristics. Therefore, the transmissivity values
by aquifer were obtained from the hydrogeological information and specific capacity data of
the - productlon wells listed on the database. The method of estimating transmissivity is as
foilows C :

. a) Classify production wells by aquifer using screen depths,
~b) Compute specific capacity value. .
“¢) Estimate apparent transmissivity from specific capaelty using well data.
d) Estimate permeability from apparent transmissivity and screen length.
¢) Compute clay content of each aquifer unit. -
f) Compute transmissivity of aquifer facies from estimated permeability, clay
content, and isopach.
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e) Compute hydrauhc conductlvzty for MODFLOW input by dmdmg e
transmnssmty of aqunfer facxes by thlclcness of layer

The product:on wells havmg screen length and productlon test data were used to’ compute' :
specific capacity.’ ‘The aquifer name of each well was 1dent1fied by the bottomn depth maps.
Figure 7.2.15 shows the distribution of specific: capacity values by aquifer ‘with. a logarithmic -
average and a range of the standard deviations. Figures 7.2:16 to 7.2.23 show the distribution -
of specxﬁo capamty for BK aqulfer to PN aquxfer w1th locatlons of the productlon wells e

Transmlssmty values of the productlon wells were: estlmated by follow:ng three (3) methods
- Unsteady-state estimation - : . TR
- Steady-state estimation
- Estlmatlon method by Logan (1964)

 If the well has the data of . dlschaxge drawdown pumping time, and well radlus the spemﬁc :
capacity is given by the approximate nonequilibrium equation w1thout well- loss in oonﬁned..

aquifers presented by Cooper and J acob (1946), that is:

o 47rT_

So=—= R  _ : R (7.2_-'5)'

s 23010g(225Tt/r2S)

where Scis speolﬁc oapacxty (m /d) Qis well dlscharge (m /d) Tis transmlssmty (mzld) tis
pumping duration (day), r is well radius (m), and . is storage coefficient (dimensionless). If §
can be assumed as mentioned before, T' can be obtamed by solvmg Equation (7 2. 6)
numencally :

The steady—state estimation was used for the, wells not havmg pumpmg tlme The equlhbrlum |

equation for conﬁned aqulfers deve]oped by Thlem (1906) is written as
Q In(ry/ r1)

' 27[ (51 - S2)

29

where, s, (m) and s, (m) are drawdowns of p1ezometnc level at distances r, (m) and r (m)
respectively. Khmentov (1967) gave an empirical equatlon for computmg the radxus of
influence as below: : .

r=2vVT _': -.d,'} (“f hdfmj (7.02&

where, s (m) is drawdown in a well having well radius r (m). Changmg from natural 10.

common log base and substituting Equation (7.2.8) in _Equation (7:2.7), Sc can be written as:

- 5.46T

w2 _ T R T _;'.-'(7',2.9) |

s log(4TS /Py

Then, T can be obtained by solving Equation (7.2.9) by some nl_imerical -methods.'. e
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- If the well has only the value of spectﬁc capacrty, following equatron presented by Logan
_ (1964) was used to estimate transmrsswtty

”-;T'=1.22__Sc ' o : s o - (7.2.10)

The estimated transmissivity. can be called as “apparent transmissivity”, because the estimated

 transmissivity describes the ability of the perforated portion of the aquifer to transmit water.
- After obtaining the apparent transmissivity of the well by the said methods, the permcabtllty k

value was computed based on the definition of transmissivity given by:

kT/b L e e - (.21

) where b 15 the screen length F1gure 7. 2 24 shows the dtstrlbutlon of estimated permeability by

aqunfer Flgures 7.2: 25t07.2.32 shcw the dtstnbutlon of estimated permeability by aquifer.

The clay content maps of BK aqutfer to NL aquifer were prepared based on the lithologic logs

of the DMR momtonng wells and some production wells. The clay content was computed by:

(total thickness of clay beds) - '
(Clay content) == - X 100 (%) - (7.2.12)
o : : (aqulfer tluckness) o .

In case the layer is sandy clay, avalue of 0. 7 was multrplred to the thlckness Similarly, a value.
of 0.3 was used to multiply the thickness when the layer is clayey sand. The clay content maps
of NB to TB-aquifers were prepared based on the lithologic logs of productlon wells, because

- the DMR menitoting wells do not penetrate NB aquifer. Figures 7.2.33 to 7.2.39 show the |
‘aquifer thickness (1sopach) of BK aquifer to TB aquifer. The drstrrbutlons of clay content for

BK aqurfer to TB aquifer are shown in thures 7.2.40t0 7.2.46,

The thickness of aquifer facres such as sand and gravel in each aqurfer unit was then computed
as follows

L ._(_Thickness of aquifer facies) = (100 - clay content (%)) x (isopach) / 100 _ ,
T o (7.2.13)

-Tllen the transmissivi_ty ot‘ the whole aquifer facie_s ‘was computed for each cell by:.

 (Transmissivity of aquifer facies) = (thickness of aquifer facies) x (permeability)
o - | (7.2.14)

The transrmssmty of clay beds can be neglécted -due to the small values of permeabtlrty,
meaning that the estimated transrmssmty of aquifer facies can represent the transmissivity of

'the aquifer unit.. Figures 7.2.47 to 7.2.54 show the finally estimated transmissivity of BK

aqutfer to PN aquifer. For PN aquifer, although the bottom depth is not confirmed from the

field data, the elevation up to -600m was taker into account.

For MODFLOW mput the estimated transmissivity values were converted to. hydraultc :

_ conductmty values by dmdmg the transmlssmty by the layer thickness.
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"The hydrauhc conductmty of BC layer was estlmated from the permeablllty obtamed from the"

consohdatlon tests as follows

-k,zcé.mv.%/(;ms)' S TR T (72215) B

: where 'k is permeability of clay (m/d) ¢y is coefficient of consolldatlon (cmzld) m, is volume
. compressibility . (cm’/kgf), and ¥, is unit weight of: water (g/em’). Figure 7.2.55- shows. the

distribution of clay permeability by aqunfer unit. The obtamed hydraullc values- for BC layer _

were also given to UC layer

(6) Vertlcal hydraulic conductmty or vertlcal leakance e '

The MODFLOW needs an input data set of vertical hydraulic conductmty or vertlcal leakance
to calculate the vertical groundwater flow terms. If the data set type is- selected: as “vertlcal
_hydraullc conductmty PM calculates the vertlcal lea.kance with the equatlon

a2 df2

1
L k fp,'l krz

where, L is vertical leakance (1/day), k 5 ; and k oz are vertlcal hydraullc conductmty of the

upper aquifer and the lower aquifer (m/d), d; and d, are thicknesses of the upper aquifer and .

the lower aquifer (m). Actually, the leakance value is one of the unknown parameters from the
field investigations, so the tentative values were estimated from the method ment10ned below
then the appropriate values were 1dent1ﬁed from the model callbratton o

It was already mentioned that each layer of the model consists of sandy facres and clayey facnes
except BC and UC layers. These facies beds occur alternately in the layer.”So the average
vertical hydraulic conductivity of the layer was ‘computed based on the tluckness and the
permeabthty of each fac:es by the equatlon :

log (Ku) = [b - log () + b, - log W] /B - L (12.17)

where, k', is average vertical hydraulic conductivity of the layer (m/d), &', and k', are vertical

hydraulic conductivities of sandy facies and clayey facies (m/d), b, and b, are thicknesses of
sandy facies and clayey facies (m), and & is the total thickness of the layer.- The values of &’;
and k'. were estimated from Figures 7.2.24 and 7.2.55. with considering the ‘effect’ of

sedimentary structure, which may reduce vertlcal permeablllty values companng with the
horizontal permeabrllty values. :

(7) Initial piezometric heads

The initial piezometric heads of UC arld BC layers for the 1mt1a1 ‘steady-state callbratlon were
given as the ground elevation shown in Figure 7.2.6. The initial heads of the other layers were
assigned to be Om in elevation. For the historical calibration for a period from 1983 to 1992
the computed heads by the steady-state callbratlon were mput as the lmtlal heads

(8) Recharge rate - L
The recharge ¢ells were identified based on the boundaries of the layers. A tentatlve recharge
rate was given to the cells as' 5% of annual precipitation. However, as a result of model

calibration, it was found that unrealistic rise of piezometric level occurred at the cells where .
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relatively small values of hydraulic conductivity and/or vertical hydraulic conductivity were
assigned. This is natural because recharge rate is greatly affected by soil conditions, such as
infiltration rate, soil moisture, field water holdin'g capacity, etc. In other words, the recharge

- rate may vary from place to place. Therefore, it is needed for accurate recharge assignment to
.investigate surface soil condmons however ‘this was not done due to lack of data in the
modeled area, = : _

Instead of assigning' the recharge rate, constant head boundary was assigned to the cells
representing the recharge area. The prezometnc levels at these cells were assumed to be the
same as the ground elevatron : :

(9) Volume compressibility '

The SUBPRO-1 needs a data set of volume compressrblhty at loading (m,,) and volume
compressibility at unloading (m,’) for each layer. The values of compressibility were obtained
from the consolidation tests done by the Study Team. Figure 7.2.56 shows the distribution of
volume compressibility by aquifer unit. It is noted that the volume compressibility value of each

sample was taken at the hydrostatic pressure, because the value changes over the loading steps.
Tt is also noted that the identification of the preconsolidation pressure is difficult from deeper
- 'samples. Figure 7.2.57 shows the relation between sample depth and volume compressibility at

the CI stations. The graph also indicates that the values sharply increase with decreasing depth.
Figure 7.2.58 shows that the changes in volume compressibility with ground water pressure at
Site-A. The graph indicates that the values of volume compressibility at shallower depths
generally decrease with decreasing groundwater pressure. The changes of the values below
300m in depth are very small even though the groundwater level drops 70m. Therefore, it is
suggested that the appropriate volume compressibility values should be given to the shallow
layers considering the past and ﬁ.lture groundwater pressures

The m,, value is smaller than m,. The ratio of my/ m, drﬁ‘ers by aquifer unit and groundwater
pressure. Based on the consolidation tests appropriate ratios of m,/m,” were input to the

. model.

7.2.9 Model Cslibrstion

(l) Preparatlon of pumpage data -
Groundwater pumpage is one of the most 1mportant parameters for the srmulanon The

' _hl_stoncal pumpage data of the Case-2, which were estimated from the database prepared by
~ the Study Team, were used for the model calibration. Each production well can be located on

the 1 km x 1 km grid system from its UTM coordinates. Then the pumpage of each model grid
was computed 'horizontally by well location. The pumpage data cover not only the Study Area
but also the whole seven (7) provmces

Vertlcal drstnbutmn of the pumpage was carefully exanuned because it is very important for
the 3-D. model. The tapped aquifer(s) of each well was identified from its screen depth(s) or

well depth by comparing with the bottom. depth of each aquifer unit at the grid. If the well

does not have the data of screen depth(s) and well depth, the tapped aquifer was estimated

“from the other wells located in the same grid: No wells extract groundwater from UC and BC

layers In case of the well tapped two (2) or more aquifers, the pumpage  was divided by. the
number of tapped aquifers then distributed into each aquifer unit at the location,
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A yearly pumpage data ﬁle and a quarterly data ﬁle for a penod frorn 1983 to 1992 were.._.
prepared for the model. calibration. .The yearly ‘data were used for the plezometnc level -

calibration and the quarteriy data were used for the calibrations of plezometnc level and land
': subsiderice. For preparing the quarterly: pumpage data, the quarterly groundwater pumpage

coefficients (QGPC) by type of user were used It was also consndered that the exact date of -

Jissuance for each pnvate well.

The QGPC values were obtamed from the we]ls havmg monthly pumpage data measured by o

flow meter. The average values of QGPC by user type are glven in Table 7. 2 1

Table 7.2.1 AVERAGE VALUES OF QUARTERLY GROUNDWATER
~ PUMPAGE COEFFICIENTS (QGP(,) :

. TYPE QF,_U‘S__E_R . .Quarter1i S '-Quartel_'z Quarters - Quarterd -
‘PRIVATE WELLS ~ * L e TR T e
- DOMESTIC. ~ { - 1.053" 0965 . 1.049 0033 0
-PUBLIC... 4 . 1088 - - 0972 - .- 00964 - 0.976 . .
COMMERCIAL . 1032 - 1052 . 0960 - . 0956
CINDUSTRIAL -~ | 0989 - 1027 - 0093. 0991

PUBLICWELLS = | 0999 - 1024 : 0993 0984

(Annual average pumpage = 1 000}‘-_ T —

The QGPC values ‘are generally hlgher in the ﬁrst quarter and the second quarter mdrcatmg

that the pumpage in the dry season'is larger than that in the ramy season

Figures 7.2.59 shows the historical pumpage in the Study Area by aqurfer unit ﬁ'om 1983 to

1992. The pumpage from NL aquifer is the largest throughout the period, that is 553,009

m’/day in 1983 and 640,850 m’/day in 1992. However, the percentage of NL aquifer to the.
total pumpage has decreased from 49.51% in 1983 to 43.27% in 1992. This is mainly due to-

the reduction of the MWA pumpage. The pumpage from NB aquifer is second largest, having

289,930 m*/day (25.96%) in 1983 and 396,054 m’/day (26.74%) in 1992. This pumpage was

also decreased from 1985 to 1986 due to the reduction of the MWA wells. Tt is noted that the
pumpage increasing rates of deeper aquifers have significantly increased. For instance, the
pumpage from SK aquifer has increased from 11,559 m3/day (1.03%) to 55,257 m3/day

(3.73%) for the period from 1983 to 1992. This 1ndlcates that the groundwater explortatron

from the deeper aquifers has grown in'the decade

Frgure 7.2.60 and Figure 7.2.61 show the dlstnbutlon of groundwater pumpage from PD
aquifer in 1983 and 1992, respectively. A heavily pumped grids can be seen from both the
maps along the Chao Phraya River in Samut Prakan. Numbers of pumped grids have increased

in the eastern parts of Samut Prakan, Bangkok, and Pathum Thani. The distribution of .

pumpage from NL aquifer in 1983 (Figure 7.2.62)"indicates that the pumpage  was
concentrated in the central part of Bangkok in 1983, But by 1992, the heavily pumped. gnds

has ‘been spread to the wide areas in Samut Prakan, eastern 'Bangkok, Pathum Thani, and

Samut Sakhon (Figure 7.2.63). However, the pumpage in the central Bangkok has decreased
due to the phase-out of the MWA wells. The groundwater of NB aguifer was mainly used in

the central part of Bangkok Nonthabun and Pathum Tham in 1983 (anure 7 2. 64) But aﬁer
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S 10 years 'heavily pumped area h'as.been' spread to Pathum Thani, eastern Bangkok, Samut
_ Prakan and Samut Sakhon (anure 7.2. 65) ~

. (2) Steady-state heads eahbratlon -_ : -
- The steady-state calibration was carried out pnor to the hnstoncal cahbratxon The purposes of

the steady-state calibration are to understand model behavior, to check boundary conditions, to

- estimate approximate values of unreliable geohydrologic parameters, and to generate initial

piezometric heads at the beginning of 1983 for each aqunfer unit. The pumpage data in 1983

- were used for the steady-state cahbratlon

A duratlon of 30 years ‘was taken for the steady-state simulation using the constant pumpage

" rate with a time step of three (3) years. The reason of using. the 30-year period is that the

intensive groundwater development in the Study Area might be started from 1950s. The initial -

_piezometric heads for the steady-state calibration were given as the ground elevation for UC
and BC layers and Om in elevation for the other. layers :

Dunng the cahbratlon the constant head boundanes were extended to the upstream areas of

‘BK to NB ldyers where each layer occurs just below the ground surface. The cells in this area

were: prewously identified as the recharge. cells, but the reliable recharge rate were not able to

‘be given due to lack of data and.variation of the vertical hydraulic conductivity. The initial

piezometric levels at these cells were assumed to be the same levels as the ground surface. The

- values of vertical hydraulic conductivity, which is one of the unreliable parameters in the Study

Area, were: modified. But hydraulic_ conductmty ‘and - specific capac1ty were kept at the
ongmally estlmated values. - o

As a result it is found that the computed heads of BC to TB layers become almost stabie
within the first three (3) steps (= 9 years) starting from the initial piezomemc heads. But the

- heads of PN layer continue to decline even though the declining rate is small. This is due to the
- small vertical hydraulic conductivity of PN layer, that allows small amount of upward leakage.

The computed piezometric heads have reasonably matched with the actual piezometric heads

| . Then the heads were used as the initial heads for the historical callbratlon

'(3) Hlstoncal heads eahbratlon

The annual historical pumpage data from 1983 to 1992 were mput to the model Dunng the
historical calibration, computed piezometric heads were carefully compared with the actual
heads. Then the values of vertical hydraulic- conductivity were modified by the trial-and-error
method. The values of other parameters- such as hydraulic conductivity and specific storage
were not modified from the beginning, Because if several parameters were modified at the
same tlme the effect of each parameter change cannot be !dentlﬁed

' Aﬂer modlfymg the parameters the historical s1mulat10n was again carned out together with

the steady-state simulation because the parameter change affects initial piezometric heads for
the  historical snmulauon Therefore, simulation of 20 time steps, which consists of 10 time

" steps. of steady-state snnulatlon (1 time step =.3 years) and 10 time steps of historical -

sm:ulauen (1 time step = 1 year), was carried out.

. The. calibfation of 3-D model is not easy even fet modifying one (1) parameter because when
. the. parameter value of - a-cell is modified; it will affect piezometric. heads of not only
_ honzontally surroundmg cells but vextlcally surroundmg cells. It is also needed to consuier the
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- pumpage drstnbutron of each aqurf'er unit near the cell as. well as the possrble range of vanatron _
of the parameter. This is liké a complicated puzzle so that the logical calibration: procedure is.
required. -About 30 DMR monitoring stations were selected to carry out fine simulation by
considering the monitoring period and location. Then reasonable paraineter valués were.
identified from upper aquifer units to lower aquifer units, ‘because the top layer is maintainied as

- the constant head boundary. It took about 50 times of historical simulation to obtain a good* -

agreement between the actual heads and the computed heads at most of the pomts

As a result it was found that oniy modrfylng vertrcal hydrauhc conductrvrty can almost match _
the computed heads with the actual heads. This means the originally input parameters. of
hydraulic conductrvrty and specific storage of each ‘aquifer unit were reasonably estimated.

There are some momtormg stations where the computed heads cannot be matched with the-

actual heads. There may be several reasons, for i instarice, screei posrtron of the momtormg well N
is not exactly located at the: aquifer unit, some problems in the well- structure influence of

nearby pumpage, difference between actual pumpage and éstimated pumpage, etc. In these.
cases, computed heads cannot match with the actual heads even though modrfyrng hydraulic

conductivity and/or specific: storage. It is noted that the accuracy.of pumpage data  greatly .
affects the simulation results; especially in the piezometric level changes. There were several

cases to estimate groundwater pumpage in the Study Area. However, it can be said-that the
Case-2 estimation, which was used for the model cahbratron, is the best estlmate for the Study-
Area from the result of the s1mu1at10n e R C o

Fmaliy, the 50 trme steps hrstoncal caltbratlon was camed out: by lnput the quarterly pumpage

- data. The simulation consists of 10 time steps of steady-state simulation (1 time step =3

years).and 40 time steps of historical simulation (1 time step = 91.25 days). The pumpage of

the first quarter in 1983 was mput to the former 10 time steps, ‘then the quarterly pumpage ‘

data from 1983 to 1992 were glven from llth step to 50th step

Frgure 7.2.66 shows the compansons between the srmulated prezometnc heads by the SO time-
steps historical calibration and the actual piezometric heads at the DMR. momtorrng stations.
The computed heads are reasonably simulated at the stations. The recoveries of piezometric

levels at ST005 and STO5S are also revived by the model. Figures 7.2.67 to 7.2.69 show the
comparisons between the simulated heads and actuai heads of PD, NL and NB aqurfers at the‘_-_

end of 1992.

(4) Land subsidence calibration ' ' S
The quarterly computed piezometric heads from 1983 to 1992 were used for the: land

‘subsidence model. It is important for land subsidence simulation to input quarterly piezometric-

heads data. Because in case of cyclic loading and unloading, the volume compressibility
changes during the process of consolidation. From the results of the consolidation tests, the

volume compressibility at the time of unloading (m,) is only about 1/5 to 1/20 of that-at the

time of loading (m.). Therefore, logarithmic average value of m, and the typical value of the m,

/'m,’ ratio of each clay was input to the model. The thickness of clay layer-in each aquifer unit . -
was grven by each model grid from the isopach map and the clay content map of the aqurfer -

unit.

Dunng the calibration, the computed compressron of each clay layer and the total’ computed

land subsidence were checked. The changes in computed piezometric heads were also carefully

exaniined to identify the parameters because the changes greatly affect the computed‘
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~compression.: After several times of trial- and-error callbratnon the values of m, and m, / m,. _
were 1dent1ﬁed as shown in Table 7.2.2. :

Table 7.2.2 IDENTIFIED VALUES OF m, AND m,/ m,

Ciay Layer oomy ' m,/m,’
: : (cm*/kgf) o
BC - 7 B.TI5E-02 20.0
BK .- oL TJ0E-03 0 100
PD o - 212E-03 10.0 -
NL . 1.25E-03 100
NB- 8.72E-04 - 100

SK . . - 4.83E-04 5.0
PT. = ‘400E-04 50

- TB 1. 3.00E-04 - 5.0
PN, . 235E-04 . 50

It was found that the. 1dent.1ﬁed m, and 'fn., / -n'r,, .c'an satisfy the calibration without modlfymg |
the thlckness of .clay layers and without considering regional variation of m, and m, / m,’
values. Figure 7.2.70 shows the smulated land subsidence from 1983 to 1992. The actual land

 subsidence values for the period are not available because the RTSD did not conduct leveling

survey from 1982 to 1984. However, the model can compute reasonable dlstnbutlon of land
sub31dence comparing with the actual fand subsidence distribution.

7.2.10 Predictions

' (1) Future pumpage

Future piezometric levels can be predlcted by usmg the cahbrated simulation model. To predict
future behavior of the model, nine (9) future pumping scenarios were prepared by considering
several conditions and constraints. A 25-years predlctlon pcnod was taken from 1993 to 2017.
Each scenano was prepared based on the actual pumpage in. 1992

: Before prepanng each scenario, the trend of groundwater pumpage during the ‘past five (5)

years' penod from 1988 to 1992 was examined by the following categories:

Txpe of user
Private wells (DMR regxstered wells)

Domestic, Public, Commercial, and Industnal
: Pubhc wells '
. ARD, DOH, IEAT, MWA, PWA, and PWD
_ Changwat ' :
. Bangkok, Nonthabun, Path_um Thani, Samut Prakan, Samut Sakhon,
~* Phra Nakhon Si Ayutthaya, and Nakhon Pathom
Area '
. The Study Area, Qutside Area, and Whole Area

Then the basm pumpage data ﬁles in 1992 containing X and Y coordmates were prepared by
the above category and by aqunfer unit. It was assumed for preparing each scenario that the
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- present well locations. (-» gnds) wrll not change in ﬁrture and the pumpage d:stnbutton rate by o

aqu1fer umt at the grid is proportlonal to that in 1992..

The details of each scenario are. mentroned in the Mam Report The sununary of assumptlons :

for the scenarios are presented in Table 7. 2 3

The future szmulatton was carried out by mput each scenario’s pumpage data to the cahbrated
3-D model. Since the accurate land subsidence prediction requires quarteriy pumpage data a
data set of 100 time steps from 1993 to 2017 was prepared for each scenario based on the
QGPC by type of user. The initial piezometric heads for the future simulation was prepared
from the computed- heads at the last time step of the ﬁnal hlstoncal calrbratlon

(2) Scenarlo 1 ‘ o '
The computed piezometric levels will stratghtly drop in- the whoie modeled area from 1993 to

2017. Figure 7.2.71 shows the simulated piezometric heads at the JICA monitoring stations. At

Site-A. (Lat Krabang, Bangkok), the simulated heads of NL aquifer and NB aquifer are below -

80 masl in 2017. The piezometric level of NL aqu1fer at' Site-B (AIT, Pathum Tham) drops
below -190 masl in 2017. The piezometric levels. of NL aquifer and NB _aquifer at Site-C o

{Samut Sakhon) also drop strarghtly located between 170 masl and 180 masl in 2017

F:gure 7.2.72 shows the srmulated land subsidence at the JICA momtormg statrons and the-' :

DMR office (central Bangkok). Severe land subsidence occurs. at all the stations over the

simulation period. The cumulative subsidence from 1993 to 2017 exceeds 200 cm at Site-C. .
The predicted land subsidence map by the year 2017 (Figure 7.2.73) shows a wide- area in the

Study Area will be subsided more than 50 cm. The subsidence more than 100 ‘cm occurs in
Samut Prakan, Bangkok, Pathum Thani, Samut Sakhon, and part of Nakhon Pathom The
areas subsided more than 150 cm are found in Samut Pra.kan and Samut Sakhon L

@) Scenan02 . _ , 5 SN R P I TUUTRE I o
The piezometric levels in the MWA: respons1ble area (Bangkok., Nonthabun and ‘Samut

Prakan) recover from 1998 due to the reduction of pumpage by the MWA Master Plan. Flgure' '
7.2.74 shows that the piezometric level of NL aquifer at Site-A recovers-about 15m from 1998
to 2017. In Pathum Thani, the piezometric levels recover when the surface water is supphed to
the area, however, the piezometric levels again drop due to the increase of the’ groundwater'
demand. The simulated piezometric heads at Site-C show straight drop similar to Scenario 1,

because Samut Sakhon is not covered by any water supply projects. The heads of NL aqulfer
and NB aquifer will be located between -160 masl and -170 masl in’ 2017 '

Figure 7.2.75 shows that the subsrdence at Srte-A and the DMR office will almost stop from -
1998. At Site-B, the subsidence becomes gentle from 1997 to 2003 with small rebound in1997

and 2002 due to the changes in piezometric level. However, subsidence will again occur from
2004 then the rate of subsidence will be more than 3 cm/year The substdence at Site-C
continues straightly, reachmg 17 0 cm by the year 2017, B S~

Figure 7.2.76 shows that the area subsided more than S0 cm by 2017 cannot be seen in major' B

parts of Bangkok and Samut Prakan. The subsidence in central Pathum Thani ranges from 50

cm to 75 cm, which is smalier than that of Scenario 1. However the subsndence in Samut?f '

Sakhon is still severe, showing more than 150 cm inthe central part.
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