10.2478/sggw-2014-0004

Annals of Warsaw University of Life Sciences — SGGW

Land Reclamation No 46 (1), 2014: 43-55

(Ann. Warsaw Univ. of Life Sci. — SGGW, Land Reclam. 46 (1), 2014)

Using hydrodynamic modelling to assess the impact of the
development on hydrogeological conditions in a polygenic river

valley marginal zone

FILIP BUJAKOWSKI', TOMASZ FALKOWSKI!, GRZEGORZ WIERZBICKI!,

KORNELIA ZUKOWSKA?

"Department of Geotechnical Engineering, Warsaw University of Life Sciences — SGGW
2Institute of Hydrogeology and Engineering Geology, University of Warsaw

Abstract: Using hydrodynamic modelling to
assess the impact of the development on hydro-
geological conditions in a polygenic river valley
marginal zone. The study area is located in the
southern part of the Warsaw city agglomeration,
adjacent to the Chojnowski Landscape Park. The
study area is situated in the boundary zone be-
tween: (1) the bottom of the river valley reach
with peat cover and (2) the Pleistocene glacioflu-
vial plain on its lower level. The main aim of the
study is the analysis of the investment impact on
hydrogeological conditions. During the pre-con-
struction site works on the bottom of the valley it
was an earthwork constructed in order to extend
the zone of the buildings in the valley area. The
research method consists of field works (geo-
logical drillings, piezometers constructions and
observations, geodetic measurements), as well
as laboratory works (sieve analysis) and hydro-
dynamic modelling (Visual MODFLOW, version
2009.1). The hydrogeological model performed in
the study seems to became a base for the concept
of the restoration of groundwater conditions.

Key words: peat, wetlands, draining, hydrogeo-
logical modelling, hydrogeological condition

INTRODUCTION

A development of housing estates ob-
served in Poland since the end of the
1990s encourages investors to reclaim
even areas with difficult engineer-geo-
logical conditions, such as valley slopes
or floodplains. Residential investment is

currently being conducted also in areas
with shallow groundwater table. These
are mainly the plains of glaciofluvial
and ice-dam lakes deposition as well as
polygenic reaches of river valleys. The
presence of valuable hydrogenic habi-
tats, that often contains unique flora and
fauna species communities is very often
the characteristic feature of such zones
(Okruszko et al. 1996). Moreover wet-
lands cover 4.2% of the Polish area and
have a great importance in the retention
of the fresh water. Retention capacity of
the peatlands in Poland is estimated at
34 billion m® (Churski 1993). Therefore
development of such zones apart from
technical problems is often associated
with the need to resolve conflicts be-
tween the investment requirements and
the environmental protection.

The study area is located in the south-
ern part of the Warsaw city agglomera-
tion, adjacent to the Chojnowski Land-
scape Park (Fig. 1). This is the boundary
zone of the bottom of the polygenic river
valley (Mala River) that is covered with
peat (Brandyk 1990) and the Pleistocene
glaciofluvial plain on its lower level.
The environment in the bottom of the
Mata River valley (Fig. 1) was seriously
changed ca. five years ago by extension
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FIGURE 1. Location of the study area

of the investment zone. The draining
system was destroyed. The peat cover
was excavated and replaced by an earth-
work. The earthwork is built with differ-
ent kind of soils: sand, silt, clay, gravels,
and debris of anthropogenic origin. The
change of hydrogeological conditions
probably induced increase of groundwa-
ter table and seasonal flooding of adja-
cent building located easterly from the
study area.

The main aim of the study is the
analysis of the investments impact on
the polygenic river valley hydrogeologi-
cal conditions as well as determining
the suitability of the numerical, hydro-
dynamic groundwater flow model for
a concept of groundwater condition res-
toration of areas subjected to a human
impact. The research was realized within
spring and summer of 2012.
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MATERIAL AND METHODS

The research was executed in two stages.
The first one was to determine geologi-
cal and hydrogeological conditions of
the model. Geological mapping was car-
ried out to recognize a detailed geologi-
cal setting of the study area. Geological
mapping consists of 13 drillings with the
depth of 2.2 up to 8.0 m and some exca-
vations. A granulometric analysis (sieve)
of the soils composing the described
layers was also prepared. The basic ma-
terials for the construction of the nu-
merical model of groundwater flow con-
ditions was the monitoring of the water
level in seven piezometers, in the Mata
River channels and in the ponds. The re-
sults of groundwater and surface water
table monitoring as well as informations
about its seasonal dynamics obtained
from the people living in neighbourhood
were the basis for the model calibration.

Topographic measurements of wells
in private estates (seven piezometers),
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as well as water level in the channel of
Mata River, were performed using the
conventional geodetic equipment and
GPS-RTK. As a tool for the model-
ling studies (mathematical modelling)
was used Visual MODFLOW (version
2009.1) from Waterloo Hydrogeologic
Inc. The model was integrated with GIS
database which had been created in Arc-
GIS (version 10) from ESRI Inc.

RESULTS

Outline of the geological
and hydrogeological conditions

The oldest sediments identified in the
study area are clays and silty clays. Ac-
cording to Sarnacka (1974), the age of
these deposits is dated back to the maxi-
mal stadial of Middle Polish Glaciation
[Odra Glaciation by Lindner (1988)] —
marked as layer 10, on Figure 2. Above
clays there are the series of fluvial facies
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FIGURE 2. Lithological cross-section of the analyzed zone; location on Figure 1; explanations: 1, 2, 3,
4, 5 —sand, respectively: silty, fine, medium, heterogranular, coarse, 6 — gravel, 7 — sandy clay, 8 — silt,

9 —sandy silt, 10 — loam, 11 — peat
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FIGURE 3. Lithological cross-section of the annalyzed zone; location on Figure 1; explanations as on

Figure 2

represented by sand with gravel (Figs 2,
3). Admixture of larger fragments may
suggest their formation under varying
conditions of the river regime what is
characteristic for the periglacial zone,
during Warta Glaciation stadial [Bugo-
-Narew stadial according to Sarnacka
(1974)]. Above them there is a layer
of medium and fine sand which can be
associated with the last glaciation pe-
riod (Vistulian). There are fluvial sands
transformed after deposition superficial-
ly by aeolian processes. Another series
of sediments are mineral deposits (me-
dium and fine sand) and organic ones
(silts and sands of humus) related to the
rain ablation processes and deposition of
episodical river channels. They often fill
deflationnary depressions. Surface sedi-
ments at the bottom of the Mata River
valley are mainly sands, peats and silts.
The youngest part of the geological
structure of the study area are anthro-
pogenic embankments. These are sandy
embankments of unpaved roads and pond
dikes, as well as uncontrolled earthworks
covering the central part of the analyzed
area (Figs 3, 4). These embankments are

built from clay sands, sandy clays and
occasionally loams and sands of different
grain. Post-peat exploitation excavation
is filled with earthworks. These filling
soils often contain significant admixture
of humic substances and anthropogenic
soils with debris. The earthworks and
embankments are characterized by the
horizontal variability and irregular, un-
controlled stratification.

All of the deposites mentioned earlier
are accumulated over the top of the gla-
ciolacustrine, cohesive deposits and they
create one differentiated aqufier. The
highest variation of the groundwater ta-
ble depth was observed in the piezometer
installed on the Pleistocene fluvioglacial
plain and equaled 0.49 m. The smallest
variation of the depth to groundwater ta-
ble was found in the vicinity of the Mata
River channel and was around 0.03 m.
This can be explained by a high reten-
tion of the valley filled up with organic
deposits (mainly peat). The value of hy-
draulic conductivity (estimated from the
grain-size distribution curves) of the flu-
vial deposits which formed Pleistocene
glaciofluvial accumulation level has
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range from 2.24-10~ up to 6.97-107 m/s
for fine sands and from 1.48-107* up to
1.8:10* m/s for medium sands. Within
the series of permeable sediments there
are intercalations of poor permeabil-
ity organic layers. The channel of Mala
River within the research area reveals
a drainage nature. The lack of insulation
in the first aquifer causes high vulner-
ability of groundwaters as well as river
waters for the contamination. According
to archival data (Miankowski 1997), the
quality of the water of the Mata River
is under an acceptable level. Chemical
analyzes reveal high concentration of
phosphate, BODS, dissolved oxygen
and Escherichia coli. Earthwork which
filled up the peat excavation is also the
reservoir of rainwaters, which in apart
of freezing period saturate this differ-
entiated structure. The earthwork could
be also hazardous for the water quality
because of unknown origin of the soils
of this structure.

The construction of a mathematical
model of the hydrogeological
conditions

The model of the hydrogeological sys-
tem is a result of archival materials ana-
lysis, field investigations and laboratory
tests. The principal purpose of model-
ling was to define an optimal drainage
system that will reduce the impact of the
earthwork. Determining the qualitive
change of groundwater table in the study
area was the expected result of model-
ling.

The first step was to establish the
currently existing geological and hy-
drogeological conditions in the model.
The Visual MODFLOW is considered

as the apropriate tool for the simulation
of steady state and transient ground-
water flow conditions occurring in the
complexes consisting of one or multiple
aquifers also hydraulically connected by
direct or indirect contact, through the lay-
ers of separation (Matecki et al. 2006).
The Visual MODFLOW is applicable
for the estimation of the groundwater
flow in polygenic valleys (Batelaan and
Kuntohadi 2002, Brandyk 2011). The
program solves the problem of ground-
water flow using the finite difference
method using iteration. Implementation
of the numerical model requires the tran-
scribe of differential equations for each
point of the discrete space for each time
step (McDonald and Harbaugh 1988).
Following assumptions have been
made in the model for described hydro-
geological conditions: (I) transient flow
is modeled, (II) the infiltration recharge
changes in time, (III) the hydraulic con-
ductivity is stable in time, (IV) distribu-
tion of the spatial parameters and unho-
mogenity of the layers are demonstrated
through diversification of parameters
within the discretization framework.
Projection of the conceptual model in
the horizontal plane (XY) was performed
using an irregular rectangular grid. Digi-
tizing grid for the research model consists
of 113 columns and 100 rows. Model of
the research area was projected in the
local coordinate system (PUWG 1992).
Digitizing of space by the vertical axis
is usually in order to take into account
the heterogeneity of the aquifer, through
its division into sub-layers with different
parameters of filtration. In the case of
the modeled area six-layer diagram has
been applied. The level of the top of the
first layer is equal to the ground level.
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Elevation data necessary for modelling
was acquired from the GIS resources of
the CODGIiK (Centre for Documenta-
tion of Geodesy and Cartography) in the
form of DEM (digital elevation model).
The morphology of the research area
that existed before the construction of
the earthwork has been reconstructed on
the basis of the DEM data. These were
used when type III condition in DRAIN
variant was applied during the simula-
tion of conditions within non-existent
drainage ditches before the construction
of the earthwork. The top of the other
layers was projected in the model ac-
cording to the geological cross-sections.
All layers in the model (except for sur-
face topography), have been limited by
parallel planes on the top and at the bot-
tom, respectively. The natural conditions
were calculated on the way of diversifi-
cation of the filtration coefficients in the
all layers. Laboratory tests were used to
calculate the filtration parameters.
While modelling of groundwater flow
in terms of unknown filtration it is ne-
cessary to solve the system of differential
equations. The equations are based on
the defining of the boundary conditions
and the initial conditions. These condi-
tions provide the possibility to set the
relation between the study area and the
surrounding environment. Proper iden-
tification of the boundary conditions is
one of the key elements needed to obtain
reliable results of the study (Dabrowski
et al. 2010). The natural hydrodynamic
boundaries of the study area and its hy-
drodynamic relation with the adjacent
area were projected in the model by
boundary conditions. The groundwater
flow model uses three types of boundary
conditions: type I — Specified Head, type

IT — Specified Flow, type III — Head-de-
pendent flow. All of these boundary con-
ditions were used for the modelling of
the study area.

The boundary conditions were de-
fined according to a map of hydroiso-
hypses as the result of hydrogeologi-
cal analysis and field investigations
including groundwater and water table
measurements performed from April
to June 2012. The Mata River channel
creates the main groundwater drainage
base within the study area, therefore the
drainage follows to the West. It was as-
sumed, that Mata River valley has water
stagnation zones because it is a poly-
genic landform of melt-out, as well as
deflation origin. Lateral supply from the
southern direction can be disregarded in
the model, because of the geomorpho-
logical features of Mata River channel
as well as hydrogeological conclusions
drawn from the geological cross-sections
and the map of hydroisohypses. These
results of our study indicate very low
supply from the South. Supply from the
eastern dominates, in particular from the
wathershed (drainage divide) towards to
the Mata River channel. The eastern lim-
it of the study area is located inside the
watershed (drainage divide) zone. Due
to lack of water table measurements in
this part of the catchment, type I condi-
tion in version Constant Head was used
on existed reservoirs (which have good
hydraulic connections with groundwater
layer). The medium-grained sand occurs
at the bottom of these water basins. Type
III condition of River kind was used due
to colmatation of riverbed. This condi-
tion was applied in first two layers that
have contact with the river waters. The
permeability parameter was estimated
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according to sequential approximation
method during the calibration of the
model. The system of drainage ditches
was simlutaed by using a type III con-
dition in the Drain kind. It is assumed
that the drains remove water from the

the Piaseczno weather station) and mean
effective infiltration value [data derived
from Pazdro and Kozerski (1990)]. All
the boundary conditions that were used
in the model are shown in Figure 4.

III type condition (River and Drain)

I type condition (Constant Head)

FIGURE 4. Boundary conditions used in the model; dotted line shows outline of the earthwork

aquifer with the expense proportional to
the difference of pressure between the
drain and the aquifer. This process occurs
only when the groundwater table is lo-
cated above the drain. The drain is treat-
ed as a spring that can drain water from
the aquifer, but in the opposite direction
the flow does not occur. The infiltration
recharge was calculated as relation be-
tween rainfall value (data derived from

Current groundwater flow condition
with the earthwork presence

The identification of groundwater circu-
lation system in the study area, including
the conditions of supply and drainage
flow and the flow balance, was made on
the basis of the results obtained from the
mathematical modelling of the ground-
water filtration.
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Preparation of steady state and its cali-
bration according to the values obtained
from the monitoring of groundwater and
surface water table was the first stage of
modelling. Insertion of the seven piezome-
ters to the model was achieved by using
Head Observation package. The calibra-
tions values are: standard bug of 0.112 m
and normalized RMS 13.866%. The au-
thors evaluated them as acceptable in the
calibrated model. The other calibration pa-
rameters are presented in Figure 5.

great part of the area located easterly
from the earthwork is drained — isoline
103 m a.s.l. (Fig. 6). The model, that was
used in the study, was calibrated during
the low water stage (May 2012). For this
stage the other map of hydroisohypses
has been constructed. It reveals predom-
inantly westward direction of ground-
water flow. The base of the drainage for
the ground and surface water is the Mata
River valley. Groundwater resources are
mainly influenced by infiltration of rain
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FIGURE 5. Calibration diagram

Impact of the earthwork and drain-
age ditches on the groundwater level is
significant in the study area. One of the
drainage ditches has been made along
the northern boundary of the region. The

T T
103.59

Mum. of Data Points : 7

Standard Error of the Estimate © 0,112 (m)
Roct Mesn Sguared : 0277 (m)
Mormalized RMS : 13866 ( % )
Correlstion Cosfficient : 0.954

water. However, the research was con-
ducted during a dry period, while the
groundwater level was stabilized on the
depth of 1-2 m under the earth surface,
and there was not risk of inundation.
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FIGURE 6. Map of hydroisohypses showing the conditions after the construction of the earthwork

Natural conditions, before the con-
struction of the earthwork

Three-months transient flows simula-
tions (90 steps) were conducted to imi-
tate the response of the system to a heavy
rainfall in conditions before the con-
struction of the earthwork. Simulations
were performed by gradual increasing of
water supply within the range between
“initial value” and “maximal effective
infiltration” for established geomorpho-
logical condidions.

Natural groundwater conditions were
reconstructed basing on the model with-
out existing earthwork (Fig. 7). Before
the construction, westward direction of
groundwater flow occurred. The drain-
age ditches, constructed 50 years ago
to decrease the groundwater level, had

a great impact on the hydrogeological
conditions in the study area. The result-
ing map of the modelling shows scope of
the drainage. Southern part of the study
area, that was not covered by a drainage
system, is affected mostly by the lower
groundwater level than in the rest of the
region (Fig. 7).

Simulation of the aquifer system
response to planned engineering
works

Basing on the hydrodynamic model, we
can conduct multivariate simulations
of aqufier response to the engineering
works. The greatest risk of inundation
occurs in the eastern part of the study
area. To avoid that it is necessary to
redesign water table slopes and dredge
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FIGURE 7. Piezometric contours map showing the condition before the construction of the earthwork

the drainage ditch located between the
earthwork and the endangered build-
ings. This works should facilitate the
drainage of groundwater in the study
area and isolate the earthworks from
private properties located in the eastern
part of the study area. In order to restore
the hydrogeological conditions is nec-
essary to carry out a series of drainage
works that will improve the drainage of
the river valley bottom. The beginning
of the ditch should be at equal level to
the ground level that existed before the
construction of the earthwork. Currently
trench drains water into the Mata River
channel and its channel slope is 0.024
(the length of the ditch is 463 m). Deep-
ening the ditch, at the expense of reduc-
ing the channel slope, will increase the
efficiency of the drainage of the earth-

work and the areas located easterly of it.
The drainage ditch should be constructed
along the entire length of the earthwork,
and not just part of it, as is the case now.
It is also necessary to ensure drainage of
water from the ditch to the Mata River
channel. Drainage ditch located in the
southern part of the study area (along
the boundary with the forest) discharg-
es water to the pond. The pond has not
a hydraulic contact with the river. To im-
prove the operation of drainage systems
it is essential to also dredge the reach of
the Mata River channel located south-
erly from the study area. Dredging the
river channel will reduce the resistance
to flow and decrease the water stage in
the channel. Outlets of the ditches to the
river channel should be protected from
possible backflow during a high water
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FIGURE 8. The surface of piezometric pressure affected by heavy rainfall (duration of 30 days) in the
condition after the improvement of the draining system

stage. Reaction of the hydrogeological
system on the drainage works is shown
on the Figure 8. Our study shows that the
proposed work may affect the decreas-
ing of groundwater level about 1 up to
1.5 m in the eastern part of the study area
back to the previous (before the earth-
work construction) conditions.

CONCLUSIONS

The study area is located on the Pleis-
tocene glaciofluvial plain and in the
river valley that is polygenic, peated

and human impacted, on the area that
determines the small hydraulic gradient
of the groundwater level. Polygenesis
of the valley (the reach of present day
Holocene river valley is located within
the Pleistocene concave melt-out de-
pression, created during aerial deglacia-
tion of older ice sheet and modified in
periglacial zone of the ice sheet during
the last glaciation) determines the high
retention of the valley, as manifested by
slight variations in the level of ground-
water.

Implementation of the earthwork in
the middle part of the study area resulted
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in changes in groundwater flow regime,
in particular, changes in flow directions
within the slope of the valley, as well as,
in raising the level of the groundwater
table in the south-western part of the up-
land, causing local inundation.

The Visual MODFLOW enables
modelling of hydrogeological dynamics
of the study area in different conditions:
(1) natural condition in the past; (2) in
present condition including human im-
pact; and (3) in future condition includ-
ing improvement of draining system.
Numerical modelling therefore is a suit-
able tool for finding out the best concept
of restoration.

Intentional simplification of the
model conditions, especially bound-
ary conditions, included consideration
of geomorphological aspect of the val-
ley polygenesis and its hydrogeologi-
cal conclusions. This way of the model
construction was not as precise as regu-
lar hydrodynamic analysis, based on the
long-term hydrogeological as well as hy-
drological studies. However, it proved to
be sufficient for the purpose of reclama-
tion way (drainage revitalization works)
selection.
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Streszczenie: Zastosowanie modelowania hydro-
dynamicznego do okreSlenia wphwu zagospo-
darowania strefy brzeznej poligenicznej doliny
rzecznej na rezim hydrogeologiczny. Teren badan
znajduje si¢ w potudniowej czg$ci aglomeracji
warszawskiej (miejscowos$é Baniocha w powie-
cie piaseczynskim) i od potnocy przylega do
Chojnowskiego Parku Krajobrazowego. Celem
artykutu jest okreslenie wplywu rozbudowy osie-
dla mieszkaniowego na dynamike wod podziem-
nych w mokradtowym obszarze o niekorzystnych
warunkach geologiczno-inzynierskich i jego sa-
siedztwie. Pod wzgledem geomorfologicznym te-
ren ten jest potozony na pograniczu malej doliny
rzecznej wypelnionej torfami oraz nizszego po-
ziomu plejstocenskiej rowniny sandrowej. Torfy
wypehniajace doling rzeczna w zwiazku z rozbu-
dowa osiedla mieszkaniowego zostaly wykopane
i zastapione niekontrolowanymi nasypami co
doprowadzito do okresowego podtapiania bu-
dynkow potozonych na réwninie sandrowej. Ba-
dania sktadaly si¢ z prac terenowych (wiercenia
geologiczne, instalacja piezometréw, obserwacje
wahania zwierciadta wod podziemnych, pomia-
ry geodezyjne), laboratoryjnych (sitowa analiza
granulometryczna osadow pobranych z otwordw

wiertniczych) i modelowania hydrodynamiczne-
go (Visual MODFLOW w wersji 2009.1). Model
hydrogeologiczny stat si¢ podstawa do opracowa-
nia koncepcji renaturyzacji i poprawy stosunkow
wodnych w analizowanym terenie.

Stowa kluczowe: torf, mokradta, odwodnienie, mo-
delowanie hydrogeologiczne, wody podziemne
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