
CHALMERS TEKNISKA HOGSKOLA 

GEOHYDROLOGISKA FORSKNINGSGRUPP~N 

Geologi 
Geoteknik med grundlaggning 
Vattenbyggnad 
Vattenforsorjnings · och avloppsteknik 

ISSN 0347-8165 

PAPERS ON URBAN HYDROLOGY 1977 - 78 

Contents: 

Andersson A-C, Bergman G, Carlsson L, 1978. 

The Influence of Underground Constructions in Crystalline 
Rock on Groundwater Conditions and the Use of Artificial 
Recharge to Restore a Lowered Piezometric Surface. 

Carlsson, L, Ejdeling G, 1978. 

Estimation of Geohydrological Properties of Tectonic 
Zones in Hard Rocks by Using Artificial Recharge Tests 
and Numerical Modelling. 

Carlsson L, Falk J, 1978 

Water Budget for Urban Areas in Sweden -
a Rough Approximation. 

Horkeby B, Malmquist P-A, 1977. 

Microsubstances in Urban Storm Water. 

Malmquist P-A, Svensson G, 1977. 

Urban Storm Water Pollution Sources. 

Malmquist P-A, 1978. 

Atmospheric Fallout and Street Cleaning - Effects on 
Urban Storm Water and Snow. 

Svensson G, Malmquist P-A, 1977. 

Water Budget for a Housing Area in Goteborg 

Svensson G, 1978. 

Planning Models for the Evaluation of Storm water Alternatives. 

Goteborg 1978 



ISSN 0347-8165 

Contents: 

Andersson A-C, Bergman G, 
ground Constructions in 
and the Use of Artificial 
Surface. 

Carlsson L, 1978. The Influence of Under­

The International S~nposium 
Works in Granada 1978. 

Rock on Groundwater Conditions 
to Restore a Lowered Piezometric 

on Water in Mining and Underground 

Carlsson L, Ejdeling G, 1978. Estimation of Geohydrological Proper­
ties of Tectonic Zones in Hard Rocks by Using Artificial Recharge 
Tests and Numerical 
The Nordic Hydrological in Helsinki 1978. 

Carlsson L, Falk J, 1978. Water Budget for Urban Areas in Sweden­
a Rough Approximation. 
The Nordic Hydrological Conference in Helsinki 1978. 

Horkeby B, Malmquist P-A, 1977 Microsubstances in Urban Storm Water. 
The UNESCO Symposium on Effects of Urbanization and Industrialization 
on the Hydrological Regime and on Water Quality in Amsterdam 1977. 

Malmquist P-A, Svensson G 1977. Urban Storm Water Pollution Sources. 
The UNESCO Symposium on of Urbanization and Industrialization 
on the Hydrological Regime and on Water Quality in Amsterdam 1977. 

Malmquist P-A, 1978. Fallout and Street Cleaning -
Effects on Urban Storm and Snow. 
The Ninth IAWPR Conference in Stockholm 1978. 

Svensson G, Malmquist P-A, 1977. Water Budget for a Housing Area 
in Goteborg. 
The UNESCO Symposium on Effects of Urbanization and Industrialization 
on the Hydrological Regime and on Water Quality in Amsterdam 1977. 

Svensson g, 1978. Planning Models for the Evaluation of Storm Water 
Alternatives. 
The Nordic Hydrological Conference in Helsinki 1978. 

Page 

1 

13 

25 

39 

53 

61 

73 

81 

Postadress 

Fack 

402 20 GOTEBORG 5 

Gatuadress 

Sven Hultlns gata 8 

Telefon 

031-81 01 00 

81 02 00 

Telex 

2369 CHALBIB S 

Urban Geohydrology Research Group 
Chalmers University of Technology 
Fack 
S-402 20 GOTEBORG 5 SWEDEN 





1 

THE INFLUENCE OF UNDERGROUND CONSTRUCTIONS IN CRYSTALLINE ROCK ON GROUNDWATER 
CONDITIONS AND THE USE OF ARTIFICIAL TO RESTORE A LOWERED PIEZOMETRIC 
SURFACE 

Andersson, A-C 
Bergman, G 
Carlsson, L 

SUMMARY 
The increasing activi underground 
of groundwater and 1 i in 
the lowering and the head is 
done through wells in soil and 
tion to the fi uppermost zone 
occurs, but careful on and mai 
this problem. 

RESUME 
Les activites croi 
abaissements des eaux souterraines 
argileux. Pour empecher les 
employee la recharge 
dans le sol et par trous 
jusqu•aux zones fi 
aquifere peut se produire mais 
semble la recharge 

i i 

in 

en Suede produi 
aux endroi 
, une methode 

par pui 
constructions souterraines 

matage de 1 a 
le maintient 1 •en-
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1. INTRODUCTION 
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The crystalline bedrock in Sweden is in general very favourable for underground 
construction because i high strength and the fact that the loose and 
weathered parts at the bedrock surface have been removed by the land-ice during 
the Quarternary period. Water leakages to the tunnels are ·generally small but 
cause lowering of piezometric head in clay areas above the tunnels. This results 
in land-subsidences damage to buildings, roads, pi 

To prevent subsi , one use different methods, e.g. ficial recharge 
through wells or boreholes. The operational efficiency of-many of the recharge 
wells in operation in Sweden has been investigated, and the results emphasize 
the importance of correct operation and maintenance to reduce clogging effects. 

2. THE BEDROCK OF SWEDEN 
The main part of the bedrock in Sweden consi of crystalline rock (about 95%). 
With the exception of ledonian mountains, the age of the crystalline rocks 
is more than 500 million years (pre-Cambrian). The remaining bedrock consists 
mainly of sedimentary rock of the Paleozoic and Mesozoic ages. 

Valleys and depressions are in most places indications tectonic zones in the 
underlying rock, which have been eroded and deepended by the land-ice. The 
tectonic zones are formed in several ways. Some of them contain clay-minerals 
and are impervious, but most of the zones are the only permeable parts in the 
crystalline rocks. 

3. HYDROGEOLOGICAL CONDITIONS IN SWEDISH ROCK AND CLAY AREAS 
The most frequently appearing soil in Sweden is the till, formed by the latest 
glaciation. In connection with and after the deglac~ on, parts of Sweden were 
covered with water ( g. 1). During this time, from about 10 000 B.C. to date, 
clay and silt were deposited partly as products from the melting land-ice, part­
ly from redeposited and washed out material during the land upheaval. The clays 
and silt are in many places deposited over a layer of till or sand and gravel on 
the surface the bedrock. The areas covered by clay are rather small, but 
urban ions such as Stockholm and Gothenburg are situated in these areas. 

a clay-fill vall is ill 
n.aln.av•::lllly occurs a 

in exi 

. In the bottom 
on between the 
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Fig. 1 Areas in Sweden covered by 
water after the latest 
glaciation (with exceptions 
of ice-dammed lakes in the 
Caledonian mountains). 

Fig. 2 Schematic section through a 
clay-filled valley. 

The frictional layer on the bedrock forms a confined aquifer with a transmissivi­
ty and a storage coefficient of about 10-6 - lQ-5 m2/s and lQ-5 - lQ-4, respect­
ively. The aquifer is naturally recharged through the clay and the bedrock. Of 
great importance is the possibility of recharge in localities where the aquifer 
reaches the ground surface. 

The clays in Sweden are very young. They are normally consolidated to slightly 
overconsolidated. The water content of the clays is usually high, 60%~ while the 
shear strength is low, usually less than 20 to 30 kPa (BROMS et al., 1976). The 
compressibility is high, and even a relatively small change -- can 
cause a high compaction. An equilibrium lly between the pi n~,~T~ c 
head in the clay and the underlying aqui 

The clay at the is by the 
fluctuation in groundwater 1 in the uppermost 
part of the ay an upper unconfined aqui 
climatic situation. 



4. UNDERGROUND CONSTRUCT! 
The highly devel 
1 service lines 
tunnel system in 
ground construction 
WINQVIST, 1976). 
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it inexpensive to 
s in rock. In Fig. 3 the 
increasing vity in under-

future (JANSON 

Fig. 3 Map of the tunnel 
system in the Stockholm 
region, Sweden 
(MORFELDT, 1976). 

A tunnel crossing a zone in contact with an overlaying aquifer will 
act as a drain and causes a lowering of piezometric head in the confined 
aquifer and in the covering cl Due to the properties of the clay, large sub-
sidences usually occur se the lowering. Subsidences of more than one 
metre in 25 years were calcula an area in Stockholm, where a fall of nine 
metres in the piezometric in one year during the construction of 
the subway. In Gothenburg a sewerage caused a lowering of the piezo-
metric head of six metres a leakage to the tunnel of about 15 1/min. 
This lowering will cause 0.25 metres in five years. 

roads, and 
in damage. How-

ever, many 

Problems with been studied 
under by several research 
groups (LINDSKOUG ) . 
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on, e.g. by 
a tunnel by grouting in 
to maintain the pore water 

In driving a tunnel by present-day methods, it is almost impossible, despite 
all efforts in pre-grouting the tunnel, to avoid some groundwater leakage. A 
well performed artificial recharge can reduce or even possibly eliminate this 
fall of the groundwater head. 

6. ARTIF1CIAL RECHARGE TO RESTORE A LOWERED PIEZOMETRIC SURFACE 
The most common methods used in carrying out artificial recharge to restore a 
lowered piezometric surface are, as illustrated in Fig. 4: 

1) Recharge through wells into the thin layer of frictional material on the 
bedrock. 

2) Recharge through boreholes from the tunnel into the fissured top zone 
of the bedroc~, which is in contact with the overlying aquifer in the 
soil. 

6.1 
Arti c 
The well, usually a 
cause aqui are thin, in 
metres and in the Stockholm area 

in the same manner as a 

Fig. 4 Artificial recharge 
in soil and rock. 

in 1 ace through 
, penetrates compl aqui 
Gothenburg area from zero up ve 

up to ten ..... ,.. ....... ,..... well should 
production 1. Up now, , this 
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6. 2 i 
Rock outcrops high infil ity (BERGMAN, 1 }. 
Therefore, holes tunnels towards es in the highly 
fissured uppermost zone of the bedrock·can be used for artificial recharge. This 
zone can provi suitable contact with the overlying soil. When the drilled 
holes, usually 50 mm in diameter reach the fissured top zone, the water loss is 
measured al of the hole to determine maximum infiltration 
capacity 

Artificial oying this method requires , specially adapted to 
suit each particu ar recharge hole. The tunnel-end the packer is coupled to a 
shut-off valve, a .water-meter, a reducer valve with manometer, and a check valve. 
Theese install the packers are also used when recharging in soil. 

A higher 
surface. 
charge 

- mi 

used in this method than in recharge from the ground 
and leakage water from tunnel are as re-

cial is clogging 1 and aquifer, re-
recharge capacity with time. A 1 information 

recharge plants in progress in .:"\wPaPn, and some hypo-
maintenance of arti cial rec have up and 

main causes of clogging are found be (ANDERSSON and 

i 

air 
iron-hydroxide 

ic ty. 

is to ight since the knowledge about 
examination quali water, a suit-

determined and clogging minimized. 

through a 
s is 



Clogging because of suspended i 
be more obvious in 1 than in rock. 
with groundwater as recharge-water, and 
by rust and precipitation. 

8. CASE-STUDIES 
8.1 Area No. 1 (GEDDA RIISE, 1 ) 

7 

During on a tunnel in the Gothenburg groundwater 
surface began to fall when the tunnel passed a ley in the bedrock, where 
zones· of fissures. frequently occurred. The valley is fill with 50-60 m high-
ly compressible clay. Between the clay and the bedrock a 1 till with an 
average thickness of one to two metres is deposited. The transmi ity T and 
the storage coefficient S are found to be lo-6 m2/s and lo-4, respectively. 

A leakage to.the tunnel of 10 1/min a lowering of pi 
in the aquifer of maximum nine metres. The area influence was to 
about 20 000 m2. The leakage has up to now 2 1/min when grouting 
of the tunnel has out. 

To avoid subsidences in the densely built-up area, a plant re-
charge was constructed. A total of seven pi , 50 and 100 mm in , are 
located in four places. The injection water is drinking from the public 
water system. The influence on the piezometric head varies wi the injection 
pipes, depending on their contact with the di 1 on 
rock. As.illustrated in Fig. 5, the recharge in point 1 has no on 
piezometric head and was therefore closed down. The other recharge points 
{3 pipes) are still running. The capacity of of these pi has during the 
4-5 years of running decrea from about 10 1/min to about 1 1/min. This drop 
is due to clogging of the well and aquifer. The causes of the clogging have been 
found to be the same as ier mentioned. Rust deposi from water-supply 
system give a high amount of suspended i , and an drinking 
water with no deaeration at the plant causes air-binding in 
fer. The high concentration of iron in the groundwater combined with a 
redox-potential of the 1 to ipi on i 

The 
Therefore, 
ridge fil • In 
will be redevel 
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Fig. 5 Pi c head in the aquifer in area No. 1 before and during 
artificial recharge (GEDDA and RII , 1976). 

8.2 Area No. 2 (BLOMQVIST __ ~., 1975) 
The cons on a tunnel on outskirts of Gothenburg cau a lowering of 
the piezometric maximum eight metres in a 50 000 m2 area. The area forms 
a 10-20 m deep cl led valley in the bedrock. The clay is deposited on a on~ 
to two metre thic of till, and the bedrock in the area is fractured. The 
confined aqui 1 has a transmissivity T = 3·1o-5 m2js and a storage-
coefficient S The leakage to the tunnel is calculated to be about 
15 1 /min. 

A subsidence 
expected su 
wells were 

The capaci 
12 1/min 
most 
same. 

s during 
ogging. 

No. 1 and 

for the area To reduce the 
were constructed. The 

from 
i ion is al-
ing are therefore the 
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-calculated su 
- observed 

subsidence 
(em) 

9 

by maximum x 
subsi is maximum 

0.1 m i 

START OF RECHARGE 

Fig. 6 Calcul and observed subsidences in area No. 2. 

Since 1977 the three wells are closed down and replaced by one new well. This 
well is provided with a gravel-pack and perforated slots and has a total dia-
meter of 100 mm. The recharge water is now with a sandfil 
capacity of this well is not high enough (5 1/min), piezometric 
not reached i original value. 



8.3 Area No. 3 (BERGMAN 1 
In 

seven 

10 

maximum. 
a 
in 
11 . 

aqui­
forms 

Calculations a 1 subsi 0.4 m whi 0.15 m would occur in 
the first six months after the groundwater lowering. Grouting of the leakage 
areas in ·the tunnel was not expected to produce an immediate rise in the piezo­
metric surface. In order to accelerate the restoration of the groundwater level, 
artificial recharge was carried out through two boreholes from the tunnel to the 
fissured uppermost zone of the bedrock. The applied artificial recharge with a 
total capacity of 10 1/min caused the piezometric to rise to its origin-
al level in about two months. As illustrated in Fig. 7, the observed subsidence 
ceased at 0.03 m due to the recharge. 

Since the artificial recharge began four years ago the plant has been carefully 
operated, and no significant failures such as clogging have been reported. 
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g. 7 1 subsi in area . 3 (BERGMAN 1977). 
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ESTIMATION OF GEOHYDROLOGICAL PROPERTI OF TECTONIC ZONES IN HARD ROCKS 
BY USING ARTIFICIAL RECHARGE TESTS AND NUMERICAL MODELING 

L. Carlsson 
G. Ejdeling 

ABSTRACT 

Re~ult4 finom anti6ieio£ neehange t~~ in Angened, Gate­
bong have made 6Wtthen ~tudi~ o6 geohydno.togiea£ pno­
peJtti~ o6 teetonie zon~ po~~ib.te. MeMuJtemew o6 
piezome:ttc.ie head in bone hoi~ wene uoed in an attempt 
to evaiuate the tftaM~~ivUy and ~tonage eoe66iuent 
o6 the zon~ by uoing a 6inUe element model. The zon~ 
wene eo~idened to au M ~epanate eon6ined aquifieM, and 
the vatu~ obtained wene T = 3-4·1o-6 m2f~ and 
S = 4-6·10-5. The hydnau.tie eonductivUy o6 the noeQ 
mM~ WM then fiound to be gneaten than 2-S.Jo-8 m/~, 
whieh ~ in agneement with vatu~ o6 6naetuned, CJLy~tal.Une 
noek in Sweden obtained by othen autho~. 

INTRODUCTION 

Lowering of the groundwater level and land subsidence caused by water leak­
age into deep-lying tunnels in the bedrock have been observed in the urban 
regtons of Stockholm and GHteborg in Sweden (Broms, 1973; Lindskoug and 
Nilsson, 1974; Jansson and Winqvist, 1976; Broms et al., 1976). 

Tectoni.c water-bearing zones and their geohydrological properties are of 
great importance when estimating the leakage into tunnels, the influenced 
areas, and also the effect on the piezometric levels in the soil. In Angered, 
a new suburb northeast of GHteborg, decreasing piezometric head in bedrock 
and soil were observed during the excavation of tunnels in the area. Recharge 
tests were performed in order to restore the lowered piezometric head in 
the soi.l {Carlsson and Kozerski, 1976; Carlsson, 1978; Andersson et al., 
1978). The results of these tests together with detailed geological docu­
mentation of the area (Wedel, 1978) have made it possible to estimate the 
geohydrological properties of the present tectonic zones and the purpose of 
this paper is to present the procedure used and the results obtained. 
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HYDRAULIC CONDUCTIVITY OF FRACTURED ROCK 

talline rock as a water-beari medium 

It is often convenient to classify rock aqui as porous rock, fractured 

rock and karstified rock. Aquifers of crystalline rock in Sweden usually 
are fractured and have a 'lery 1 ow pores i ty and a 1 ow hydraulic conduc­
tivity. The fracture configuration determines the geohydrological properties 
of the bedrock, and thus the tectonics of the crystalline rock are more domi­
nating than the tectonics of other types of rock. 

relation rock mass es - fracture ies 

The concept of hydraulic conductivity of fractured rock must be used with 
caution. It should be stated if value is referring to the unfractured 
rock, ~o a certain volume of fractured rock or to the rock mass as a whole. 
On a regional scale, mean values of the hydraulic conductivity should be 
used, but for detailed investigationstheproperties of each fracture or 
set of fractures must be considered. 

The hydraulic conductivity of fractured rock then depends on 1) the width of 
the fracture 2) the roughness of the fracture 3) the kinematic viscosity of 
the water 4) whether fracture filling is present 5) the continuity of the 
fractures and 6) the spacing of the fractures. In normal conditions the 
first three of these are usually of such a magnitude that laminar flow 
occurs. The viscosity of groundwater varies little since the temperature 
and chemical composition vary little at the depth in ques on 

For laminar flow of an incompressible fluid between smooth parallel plates, 
the flow ra q may be expressed as (Snow, 1969) 

q = - ( 1 ) 

where b is the width of the fracture, v is the kinematic viscosity of the 
water, and g is the gravitational acceleration. From this expression a 
11 hydraulic conductivity .. K for the space between the parallel plates can p . 
be derived: 

(2) 
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By analogy with this the hydraulic conductivity Kf of a fractur~ of width b 
can expressed as 

Kf = C · · b
2 

( 3) 

where C is a constant depending on the viscosity 
ness of the fracture. 

the fluid and the rough-

If fractures of a constant width b are uniformly distributed in the rock mass 
with a spacing d and are parallel to the hydraulic gradient, the mean hydrau­
lic conductivity Kr is given by 

(4) 

Consequently, as mentioned by Snow (1969), the hydraulic conductivity of the 
rock mass is proportional to the cube of the width of and inversely to the 
spacing between fractures. 

lie conductivi of the bedrock in Sweden 

Values of hydraulic conductivity given for Swedish rock types are some kind 
of mean value for large rock masses, e ... a value referring to the rock along 
100m of tunnel wall or to the rock mass surrounding a drilled well. But a 
few authors have given values for 2-3 m intervals in a bore hole. 

Carlsson and Olsson (1977) have performed water-loss measurements in bore 
holes in five areas of Sweden. The tests have comprised water injection be­
tween two packers some 2m apart. They report the hydraulic conductivity to 
be 10-7 10-5 m/s in fractured crystalline rock at depths of less than 50 
m (see Fig. 1). 

Carlsson and Carlstedt (1976) have made a statistical analysis of pumping· 
test data from wells to obtain average values of transmissivity and hydrau­
lic conductivity for different Swedish rock types The results of their 
work are shown in Fi . 1. They also stress the importance of the degree of 
tectonization. 

Wedel (1978) reported values of hydraulic conductivity for the bedrock in 
tee Angered area of 10-7 - 10-6 m/s. In this case injection tests and tracer! 
have used. 
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B~rgman (1977) calcul average ues 

measuremen of water leakage into 73 s 
were post-grouted. This accounts for 

i,n this report, i. . 1 m/s. 

lie conductivity from 

rock caverns. Most of them 
y low conductivity value 

Fig~ 1. Re_pofLte_d value,o o6 the_ hydAaut-Lc. c.onduc.:UvUy o6 C!Ly.6taf.line_ Jtoc.kJ., 

in Swe_de.n 

MATHEMATICAL MODELS OF FRACTURED FLOW 

Background 

Groundwater flow in fractured rock can 
(Parsons, 1972). One is the discontinuum 

in two different ways 
where the geometry and 

hydrology of each fracture or set of fractures are described specifically, 

The other is the rock mass as a whole is con-
sidered practically homogeneous, and the inary geohydrological 
parameters porous media can used. Which approach to use depends on the 
scale of the work to be done. For regional groundwater analysis the continuum 

approac~ is most suitable, but e. when a 1 is studied the discontinu~m 
approach would be better. But in most cases the continuum approach still has 
to be applied because of lack of necessary 

The mathematical treatment of fracture ow can, 
complex. The advantage of the continuum 
tical models developed flow in porous i 

course, be more or less 
is that ordinary mathema-

can u If one of 
fractures dominates the flow pattern, this is imul by an anisotropic 

on and magnitude of hydraulic conductivity usually defined by di 
the greatest and smallest conductivity. 

by Snow (19691 and Parsons (1972). 

is approach has been described 

The other way to treat flow in ia is discontinuum approach, 

which means that the actual conditions wi in di nuities are trea-
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ted mathematically. The fi step is then to study flow in one plane, open 
fracture. This case has been described by Wittke (1969). He has treated di 
ferent degrees of roughness of the fracture. 

A large plane tectonic zone having greater hydraulic conductivity than the 
surrounding rock mass can sometimes treated as an aquifer itself. 
cially for fault zones and overthrusts, as in the Angered case, this app­
roach can be justified. We have used it in order to quantify the geohydro­
logical properties of such a zone. 

The next step towards a more accurate treatment of groundwater flow in frac­
tured rock is to consider more than one set of fractures. Castillo et al. 
(1972) have solved a problem involving a two-dimensional, unconfined flow 
in a medium with two crossing sets of joints. An even more sophisticated de­
scription of reality can be obtained when a porous medium with open fractures 
is considered. This approach can also be applied to an impermeable rock with 
both large and small fractures. The effect of the system of small fractures 
is similar to that of the porous matrix. This problem has been studied in 

. connection with oil production, and both two-dimensional and three-dimen­
sional flow have been considered, by among others Gringarten and Wither­
spoon (1972) and Closmann (1975). Three-dimensional flow in non-porous rock 
with three crossing fracture planes has been studied numerically by Wittke 
_a_l. (1972) 

In recent years numerical methods have been used increasingly to solVe ground­
water flow problems. The methods used are the finite difference method (FDM) 
and the finite element method (FEM), because they both are suited for computer 
calculations. 

In this work we have utilized a FEM-program called GEOFEM-G developed at 
Chalmers University of Technology, Goteborg, which performs 2-D aquifer anal­
ysis (Runesson and Wiberg, 1977). GEOFEM-G has at least four special characte­
ristics worth mentioning, i. e. a) input data are given in a free format b) 
the design of the element net has hardly any limits c) the time-stepping 
procedure works automatically, and d) the output data are written in matrix 
format, which makes them easy to read. 



18 

Necessary input data are the geometry of ement 

(T and S), and boundary conditions The output is 

groundwater flux within the ments, and flow 

ditions. 

GEOHYDROLOGICAL PROPERTI OF TECTONIC ZONES IN 

Geology 

, material properties 

head the nodes, the 

by imposed boundary con-

ANGERED AREA 

The geological and hydrogeological conditions of the Angered area have been 

described in detail by Wedel (1975, 1978). area is situated about 60-70 

m above sea level and a clay plain with small hills of bedrock within 

and around the plain as hown in Fi . 2. 

The bedrock consi gneisses of different ition and configuration. 

The bedrock topography is dominated by the imbri on in small nappes sepa-

rated by thrusts. These are dipping westerly, and the bedrock is further 

divided into blocks by nearly vertical joints in the WNW and NE directions. 

The soil is mostly an overconsolidated clay with many thin silty layers. 

Usually the clay lies directly on the bedrock, in some places there is a 

layer of frictional material on the bedrock . This layer has a maxi-

mum thickness of 1 meters. The thrusts usual form the bottoms of the 

Twme..t (w.Ult a.U:J.Xu..de .Ut m above 
ilea teve..t) 

Fig. 2. Map o6 the Ange~ed anea (pahtty 6~om Wedel, 79 and 7978). 
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small valleys and depressions within the Angered area, but many exceptions 
exist. Lindskoug and Nilsson (1974) and Wedel (1978) have pointed out the 
general importance of the different tectonic zones for the occurrence of 
groundwater. The groundwater exchange between bedrock and soil takes place 
where the thrusts are covered by frictional material. These layers form 
small confinedaqui with a piezometric head close to the ground sur-
face under undisturbed conditions. 

Three tunnels at the levels 38-46, 24.5-25, and 20-21 m above sea level have 
been constructed in the Angered area. The water leakage into the tunnels on 
the whole has been rather small (Lindskoug and Nilsson, 1974). No pre­
grouting has been made, but the tunnels have been grouted where necessary 
during construction. The largest leakage was observed where the tunnels 
'crossed the thrusts. 

tests 

In two sub-areas,A and B in Fi . 2 in Angered, tests with artificial recharge 
through wells into the frictional layers below the clay have been performed. 
The tests proved the possibility of restoring the lowered piezometric head 
locally, both in soil and bedrock (Carlsson and Kozerski, 1976; Carlsson, 
1978). 

Each of the tests was carried out with a constant recharge rate in the early 
stage and with a constant recharge head in the later stage. The change of 
piezometric head in bedrock and soil was measured under transient and steady 
state. It was possible to estimate the leakage capacity between soil and 
bedrock together with the position of the leakage from the results of the 
tests (Carlsson, 1978). The leakage in the two sub-areas seems to occur in 
small,well-defi.ned areas where the thrusts are covered by the frictional 
layers below the clay. 

ient. 

ln . 3 a chart of the procedure for estimation of transmissivity and 
storage coeffi.cient of the tectonic zones is presented .. The geometry of a 
tectonic zone has been determined from drillings and observations made in 
the tunnels. Along the zone a flow net has been roughly estimated to give a 
view of the hydrogeological conditions. 
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I Start l 
1 

1 Determine the geometry and hydrology of the fracture from drilling data, maps and groundwater data. 1 
J, 

1 Design the FEM-model (element net, boundary conditions).~! 
J, 

!
Assume a preliminary transmissivity value, T. 

Compute the pressure distribution, h (x,y), for the steady state. I 
.L 

1 Does the computed pressure distribution match the measured head? No 

lYes 

!Assume a preliminary storage coefficient, S. J 

Compute the transient pressure distribution, h (t). I 
J. 

I Does the computed h (t) match the measured values? I No 

~ 
Fig . 3 . F tow c_haJLt o t\ the p!Lo c_eduJLe U-6 e!_d. 

Iii 

"' II 

13 

Fig. 4. 

21 41 81 81 

3 

11 

ii!1 

31 

.... 
11!113 

33 53 73 113 113 133 

Element net Uhed 6oJL the teuonic_ zone in ~ub-aJLea A. Nodu 93 

and 141 aJLe the J..nt~eetion~ between tunne~ and the zone, node 
81 ~ the boJLe hole B6, and node 205 ~ the teaQage point between 

~oJ..t and bedfLoc_Q. All boundafLJ..e~ aJLe impeJLmeable 

The zone is considered to act as a confined aquifer. The size of the ele­
ment net and the boundary conditions are determined from the intersection 
of the tunnels with the zone from the leakage point between soil and 
bedrock. Fi . 4 shows the net used in su A. The boundaries 
of the net in connection to the tunnels have been chosen in such a way 
that they represent a flowline in steady s . In ions with a steep 

hydraulic gradient smaller ements are u 

Steady state was reached during the later s of the recharge ts. The 

piezometric is in this independent storage coefficient. 
By assuming different transmissivities we could compare the piezometric 

head obtained in the at bore holes with measured head. 
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Fig. 5. Calcu£o.Xed piezame..t!U_c head in -6teady -6:ta_te in the nadu JtepJtUen­

ting baJte halu fiaJt dififieJtent vCLtuu ofi the btan-6mi-6-6ivliy ofi the 

te&o nic za nu . 

In Fi . 5 the relation between transmissivity and piezometric head is shown 
for nodes at bore holes. The calculations are made under the assumption that 
no leakage to the zones occurs except in the leakage-points between soil and 
bedrock determined by the recharge tests. The true conditions comprise leak­
age from groundwater in the soil or directly from precipitation via other 
leakage-points. 

The piezometric head in the tectonic zones before artificial recharge indi­
cates a certain 11 natural 11 recharge. In sub-area A this recharge has been 
calculated under the assumption that it is equivalent to a recharge in the 
earlier defined leakage-point . Thus the recharge from soil to bedrock in 
sub-area A under conditions affected by the leakage to the tunnels has 
been calculated to be about 1.5·10-5 m3 /s or 460m3 /year. 

The calculation of the storage coefficient S was made with the estimated 
transmissivity and the same element net as earlier mentioned. The piezo­
metric head under transient conditions for different s-values has been com­
pared with the measured head as illustrated in Fi . 6. 

The transmissivity and storage coefficient of the tectonic zones (thrusts) 
calculated are 3-4·10-6 m2 /s and 4-6·10-5, respectively. It should be 
pointed out that the obtained values are calculated, assuming homogeneous 
and isotropic conditions in the zones. 
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o : measured value 

calculated value 

0.01 ..,..._ __ -..j._...,... ___ ..,._-4m ___ ......,-=-4 

100 1000 10000 100000 
time in minutes 

fig. 6. Re.gLo.teJte.d c.hange. in pie.zome.t!Uc. he.ad in btanoie.n.t -6.ta.te. and c.a.t~ 

c.ufa.te.d he.ad with dififie.~e.n.t -6.to~age. c.oe.fifiic.ie.~ in the. te.c..tonic 
zone.-6 in -6ub-~e.a A. 

DISCUSSION 

According to Wedel (1978) the horizontal spacing of the thrusts is about 

80-150 m in the investigated area. If we assume the rock mass between the 
thrusts to be completely impervious, an average hydraulic conductivity of 
2·5·10-8 m/s is obtained for the rock mass regarded as a continuum. This 
value is about half the value given by Wedel (1978). The difference is 
explained by the occurrence of minor fractures. 

It should be pointed out that the obtained values of transmissivity and 
storage coefficient are representative only of the thrusts in Angered. 
The configuration of fractures varies considerably, and thus a great vari 
tion of the hydraulic properties exists. This is strikingly illustrated 

-4 -4 by the values T = 2·10 m2 /s and S 6·10 determined from pumping tests 
of a fracture zone in granite by Wesslen al. (1977). --
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WATER BUDGET FOR ALL URBAN AREAS IN SWEDEN 

Carlsson and Falk (1977) presented a water budget for all urban areas in 
Sweden with respect to both an outer (the 11 natural 11 cycle occurring in 
urban areas) and an inner system (the conveyance and distribution of 
water for uses within urban areas), see Figure 1. This budget is based 
on an average year with values of precipitation and evapotranspiration 

of 700 and 450 mm respectively. gures are of course not repre-
sentative for all urban areas. The budget does not permit a 
distinction between the hydrological response during summer and winter. 

INNER SYSTEM 

SOURCES 
FOR WATER 
SUPPLY 

OUTER SYSTEM 

PRECIPiTATION 

2 820 

EVAPORATION 

OVERFLOWS 

25 

RECIPIENT 

STORM WATER 
SEWERS 

555 

Figure 1. General urban area water budget for Sweden, inner and 
outer systems. Volumes in millions of m3 /year should 
be regarded as rough approximations (Carlsson and Falk 
1977) , 

HYDROLOGICAL ASSUMPTIONS 

In order to make an estimation of the urban water budget it is also 

necessary to be familiar with the response of natural permeable sur-
faces. The process of urbani on results in soil compression and 
vegetation changes. These interferences in land use, of cource, affects 
the 11 natural 11 hydrological cycle. Due to sparce knowledge of these 

phenomena the permeable surfaces in urban areas are looked upon as 
11 natural 11 land. 
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Precipi on 

The yearly preci in varies from about 400 mm in 
the very north to about 900 mm in parts of the South Swedish 
highlands and in the mountainous regions in the northwest. Most of the 
urban areas are si in ons with a yearly precipitation of 
around 650 mm. In this values of pitation are 
the values ng 450 mm 

Potential pi 

Wallen (1966) has culated the average potential evapotranspiration 
for a large number of places by means of the Penman equation. The yearly 
values for a vegetation surface varies from 300 to 600 mm, the higher 
value for southern and the lower for northern Sweden. The values chosen 
for this study are 400 500 and 600 mm 

Soil moisture conditions 

The maximum amount of water available for the plants varies with cli­
matic and geological conditions, the coarser the soil particles and the 
colder the imate, the smaller the storage. Measurments of soil mois­
ture are not very common. Here three sets of figures are used for the 
storage available to the plants· a low value of 80 mm, a high one of 
200 mm and a medium one of 140 mm. 

Calculation of the runoff from permeable surfaces 

In order to mate the evapotranspiration and the runoff from the 
figures given above a simple hydrological model is used. The model 
rests on the assumption that the actual evapotranspiration (E) depends 
on the potenti ) as 

E = ( 1 ) 

where 

M = amount of soil moisture available 

1 mois lable 
eld i ty wi 1 
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equation is combined with continui equation 

P = E + ~M + R 

p = 
~ 

R 

precipitation 
change in moisture storage during the 

culation period in this case one month 
water that is not used ration 
nor for recharge of soil moisture storage. 
R is water available for runoff and perco­
lation to the groundwater storage 

{2) 

The calculations are 
wing rules. 

out on a monthly basis, according to the follo-

l) If P > Ep and M = M
0

, then E Ep and 6M = 0 as M is at its maximum M
0

, 

·then R according to the continuity equation is P E. 

2) If M < M
0 

or P < EP, then R is set to 0. A combination of equations 1 
and 2 gives 

{3) 

where 
M1 the amount of soil moisture available to the 

plants at the beginning of a calculation period {month) 

E then is calculated as P 6M. 

This method originally comes from the Sovi Union, see for example the 
USSR IHP Commi {1974). In Scandinavia it has been used by Gottschalk 
{1971). 

Data 

The above data for precipitation, potential evapotranspiration and maximum 
amount of soil moisture available to the plants are used in the model. To 
make the calculations according to the model possible, the average yearly 
values of P and Ep have broken down into monthly values according to 
the following table. 
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Table 1. Monthly ues p as a of yearly values. 

J F M A M J J A s 0 N D YEAR 
p 7 6 5 6 6 8 12 12 11 10 9 8 100 

Ep 1 4 9 16 20 20 16 8 3 1 100 

The number cul ons ng to the model 
The cul on matrix may seen in ble 2. 

Table 2. Matrix cul cases (mm) 

p E p r~ 

450 400 80 
650 500 140 
850 600 200 

MODEL CALCULATIONS 

As an example the cul ons one case, P 650, EP = 600 and 

Mo 140 is shown in Table 3. 

Table 3. Model calculation (mm) 

A M J J A s 0 N D J F M YEAR A-S 0-M 
p 39 39 78 78 65 58 52 45 39 33 650 358 292 

Ep 54 96 120 120 96 48 18 6 6 6 6 24 600 534 66 
P-E p -15 5 -68 18 24 47 52 46 39 33 9 
M 140 1 91 84 1 140 140 140 140 140 140 
6M 13 18 11 12 11 0 0 0 0 0 -11 11 
E 70 67 66 18 6 6 6 6 24 435 369 66 
R 0 0 0 0 0 0 36 46 39 33 9 215 0 215 

All calculations s from April when it is asumed that the soil moisture 
storage equals M ( 

0 
e1d ty). 
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Results 

In Table 4 the results have been divided into,summer (April-October) and 
winter (October-March). 

Table 4. Resul of model run. Units in mm 

p E M E R E R ~M E R p 0 s s w w y y 

450 400 80 248 0 44 158 0 292 158 
450 400 140 264 0 44 142 16 308 142 
450 400 200 277 0 44 129 29 321 129 
450 500 80 259 0 55 136 1 1 314 136 
450 500 140 283 0 53 11 4 35 336 114 
450 500 200 304 0 52 94 56 356 94 
450 600 80 268 0 66 11 6 20 334 11 6 
450 600 140 296 0 62 92 48 358 92 
450 600 200 324 0 60 75 76 384 75 
650 400 80 311 47 44 248 0 355 295 
650. 400 140 316 42 44 248 0 360 290 
650 400 200 322 36 44 248 0 366 284 
650 500 80 335 23 55 237 0 390 260 
650 500 140 350 8 55 237 0 405 245 
650 500 200 360 0 55 235 2 415 235 
650 600 80 353 5 66 226 0 419 231 
650 600 140 369 0 66 215 1 1 435 215 
650 600 200 384 0 66 200 26 450 200 
850 400 80 342 125 44 339 0 386 464 
850 400 140 346 1 21 44 339 0 390 460 
850 400 200 348 1 1 9 44 339 0 392 458 
850 500 80 390 77 55 328 0 445 405 
850 500 140 4 01 66 55 328 0 456 394 
850 500 200 408 59 55 328 0 463 387 
850 600 80 422 45 66 317 0 488 362 
850 600 140 434 33 66 317 0 500 350 
850 600 200 445 22 66 31 7 0 511 339 

In the table indices s, w and y stand for summer, winter and year respec­
tively. The changes, i.e. decrease in storage during summer and an equally 
large increase during winter, are shown under ~M. It must be stressed that 

this is the water budget for the permeable parts of an urban area. 

It may be seen that most runoff occurs during the winter. As regards the 

case of lowest precipitation (450 mm) the runoff equals zero during the 
summer. Increasing values of Ep and M

0 
give decreasing values of runoff. 
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RUNOFF FROM URBAN AREAS 

An attempt is made to estimate the runoff from different urban areas using 

the information given above. The hypothetical urban area considered is 
assumed to be 10 km2 with a population of 30 000 inhabitants. Inputs and 
outputs of this urban area can be brooken down schematically as illustra­
ted in Figure 2. 

SUPPLY WATER 

RUNOFF FROM 
THE INNER 
SYSTEM 
(RINNER) 

URBAN AREA 

RUNOFF FROM 
PERMEABLE 
SURFACES 
(RPERM) 

PRECIPITATION - EVAPOTRANSPIRATION 

RUNOFF FROM 
IMPERMEABLE 
SURFACES 
(RIMP) 

Figure 2. Inputs and outputs of the urban area 

Inner system 

The average water production is 380 1/p·d (VAV 1975). Out of this figure 

some 11 % is lost due to leakage. Here, however, this is neglected because 
this leakage will sooner or later end as runoff coming from the inner 
system. Rechard (1971) has studied the relationship between monthly air 

temperature and water consumption. On the average the consumption can be 
estimated at 60 % during summer (April-September) and 40 % during winter 
(October-March). For the urban area in question the water production amounts 
to 2.50 · 106 m3;year during summer and 1.66·106 m3;year during winter. 
These figures are treated as constants and are not assumed to vary with the 
hydrological conditions. 

Impermeable surfaces 

The amount of impermeable surfaces connected to the drainage system is 
the governing factor for the production of runoff from these areas. Three 
values of imperviousness are used: 20, 40 and 60 %. As previously dis­
cussed the distribution of precipitation affects the evaporation via de­
pression storage, the rate being set to a constant disregarding differen­
ces in hydrological conditions. The paved areas not connected to the 
sewage system are assumed to discharge to permeable , where this 
volume of water is for. 
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Table 6. Runoff from urban areas in millions m3/year 

SUMMER \'liNTER YEAR 

IMP p E Mo RINNER RPERM RIMP SUM RINNER RPERM RIMP SUM RINNER RPERM RIMP SUM p 
% nun nun mm 

20 450 400 80 2.50 0 0.43 2.93 l. 66 l. 26 0.37 3.29 4.16 l. 26 0.80 6.22 
20 450 400 140 2.50 0 0.43 2.93 l. 66 1.14 0.37 3. 17 4.16 1.14 0.80 6.10 
20 450 400 200 2.50 0 0.43 2.93 l. 66 l. 03 0.37 3.06 4.16 l. 03 0.80 5.99 
20 4 50 500 80 2.50 0 0.43 2.93 l. 66 l. 09 0.37 3.12 4.16 l. 09 0.80 6.05 
20 4 50 500 140 2.50 0 0.43 2.93 l. 66 0.91 0.37 2.94 4.16 0.91 0.80 5.87 
20 450 500 200 2.50 0 0.43 2.93 l. 66 0.75 0.37 2.78 4.16 0.75 0.80 5. 71 
20 4 50 600 80 2.50 0 0.43 2.93 l. 66 0.93 0.37 2.96 4.16 0.93 0.80 5.89 
20 450 600 140 2.50 0 0.43 2.93 l. 66 0.74 0. 37 2.77 4.16 0.74 0.80 5.70 
20 450 600 200 2.50 0 0.43 2.93 l. 66 0.60 0.37 2.64 4.16 0.60 0.80 5.56 

20 650 400 80 2.50 0.38 0.65 3.53 l. 66 l. 98 0.56 4.20 4.16 2.36 l. 21 7.73 
20 650 400 140 2.50 0.34 0.65 3.49 l. 66 l. 98 0.56 4.20 4.16 2.32 l. 21 7.69 
20 650 400 200 2.50 0.29 0.65 3.44 l. 66 l. 98 0.56 4.20 4.16 2.27 l. 21 7.64 
20 650 500 80 2.50 0.18 0.65 3.33 l. 66 l. 90 0.56 4.12 4.16 2.08 l. 21 7.45 
20 650 500 140 2.50 0.06 0.65 3.21 l. 66 l. 90 0.56 4.12 4.16 1.96 l. 21 7.33 
20 650 500 200 2.50 0 0.65 3.15 l. 66 l. 88 0.56 4.10 4.16 l. 88 l. 21 7.25 
20 650 600 80 2.50 0.04 0.65 3.19 l. 66 l. 81 0.56 4.03 4.16 l. 85 l. 21 7.22 
20 650 600 140 2.50 0 0.65 3.15 l. 66 l. 72 0.56 3.94 4.16 1.72 l. 21 7.09 
20 650 600 200 2.50 0 0.65 3.15 l. 66 l. 60 0.56 3.82 4.16 l. 60 l. 21 6.97 

20 850 400 80 2.50 l. 00 0.87 4.37 l. 66 2.71 0.74 5.11 4.16 3. 71 l. 61 9.48 
20 850 400 140 2.50 0.97 0.87 4.34 l. 66 2.71 0.74 5.11 4.16 3.68 l. 61 9.45 
20 850 400 200 2.50 0.95 0.87 4.32 l. 66 2.71 0.74 5.11 4.16 3.66 l. 61 9.43 
20 850 500 80 2.50 0.62 0.87 3.99 l. 66 2.62 0.74 5.02 4.16 3.24 l. 61 9.01 
20 850 500 140 2.50 0.53 0.87 3.90 l. 66 2.62 0.74 5.02 4.16 3.15 l. 6. 8.92 
20 850 500 200 2.50 0.47 0.87 3.84 l. 66 2.62 0.74 5.02 4.16 3.09 l. 61 8.86 
20 850 600 80 2.50 0.36 0.87 3.73 l. 66 2.54 0.74 4.94 4.16 2.90 l. 61 8.67 
20 850 600 140 2.50 0.26 0.87 3.63 l. 66 2.54 0.74 4.94 4.16 2.80 l. 61 8 .. 57 
20 850 600 200 2.50 0.18 0.87 3.55 l. 66 2.54 0.74 4.94 4.16 2.72 l. 61 8.49 

40 450 400 80 2.50 0 0.85 3.35 l. 66 0.95 0.75 3.36 4.16 0.95 l. 60 6.71 
40 450 400 140 2.50 0 0.85 3. 35 l. 66 0.85 0.75 3.26 4.16 0.85 l. 60 6.61 
40 450 400 200 2.50 0 0.85 3.35 l. 66 0. 77 0.75 3.18 4.16 0.77 l. 60 6.53 
40 450 500 80 2.50 0 0.85 3.35 l. 66 0.82 0.75 3.23 4.16 0.82 l. 60 6.58 
40 450 500 140 2.50 0 0.85 3.35 l. 66 0.68 0.75 3.09 4.16 0.68 l. 60 6.44 

"40 450 500 200 2.50 0 0.85 3.35 l. 66 0.56 0.75 2.97 4.16 0.56 l. 60 6.32 
40 450 600 80 2.50 0 0.85 3. 35 l. 66 0.70 0.75 3.11 4.16 0.70 l. 60 6.46 
40 450 600 140 2.50 0 0.85 3.35 l. 66 0.55 0.75 2.96 4.16 0.55 l. 60 6.31 
40 450 600 200 2.50 0 0.85 3. 35 l. 66 0.45 0.75 2.86 4.16 0.45 l. 60 6.21 

40 650 400 80 2.50 0.28 l. 29 4.07 l. 66 l. 49 l. 11 4.26 4.16 l. 77 2.40 8.33 
40 650 400 140 2.50 0.25 l. 29 4.04 l. 66 l. 49 1.11 4.26 4.16 l. 74 2.40 8.30 
40 650 400 200 2.50 0.22 l. 29 4.01 l. 66 l. 49 1.11 4.26 4.16 l. 71 2.40 8.27 
40 650 500 80 2.50 0.14 l. 29 3.93 l. 66 l. 42 1.11 4.19 4.16 l. 56 2.40 8.12 
40 650 500 140 2.50 0.05 l. 29 3.84 l. 66 l. 42 1.11 4.19 4.16 l. 4 7 2.40 8.03 
40 650 500 200 2.50 0 l. 29 3.79 l. 66 l. 41 1.11 4.18 4.16 l. 41 2.40 7.97 
40 650 600 80 2.50 0.03 l. 29 3.81 l. 66 l. 36 1.11 4.13 4.16 l. 39 2.40 7.94 
40 650 600 140 2.50 0 l. 29 3.79 l. 66 l. 29 1.11 4.06 4.16 l. 29 2.40 7.85 
40 650 600 200 2.50 0 l. 29 3.79 l. 66 l. 20 1.11 3.97 4.16 l. 20 2.40 7.76 

40 850 400 80 2.50 0.75 l. 7 3 4.98 l. 66 2.03 l. 4 7 5.16 4.16 2.78 3.20 10.14 
40 850 400 140 2.50 0.73 l. 73 4.96 l. 66 2.03 l. 4 7 5.16 4.16 2.76 3.20 10.12 
40 850 400 200 2.50 0.72 l. 73 4. 9 5 l. 66 2.03 l. 4 7 5.16 4.16 2.75 3.20 10.11 
40 850 500 80 2.50 0.46 l. 73 4.69 l. 66 l. 97 l. 4 7 5.10 4.16 2.43 3.20 9.79 
40 850 500 140 2.50 0.40 l. 73 4.63 l. 66 l. 97 l. 4 7 5.10 4.16 2.37 3.20 9.73 
40 850 500 200 2.50 0.35 l. 73 4.58 l. 66 l. 97 l. 4 7 5.10 4.16 2.32 3.20 9.68 
40 850 600 80 2.50 0.27 l. 73 4.50 l. 66 l. 90 l. 4 7 5.03 4.16 2.17 3.20 9.53 
40 850 600 140 2.50 0.20 l. 73 4. 4 3 l. 66 l. 90 l. 4 7 5.03 4.16 2.10 3.20 9.46 40 850 600 200 2.50 0.13 l. 73 4.36 l. 66 l. 90 l. 4 7 5.03 4.16 2.03 3.20 9.39 

60 450 400 80 2.50 0 l. 28 3.78 l. 66 0.63 1.12 3. 41 4.16 0.63 2.40 7.19 
60 450 400 140 2.50 0 l. 28 3.78 l. 66 0.57 1.12 3.35 4.16 0.57 2.40 7.13 
60 450 400 200 2.50 0 l. 28 3.78 l. 66 0.52 1.12 3.30 4.16 0.52 2.40 7.08 
60 4 so 500 80 2.50 0 l. 28 3.78 l. 66 0.55 l. 12 3.33 4.16 0.55 2.40 7 .ll 
60 4 so 500 140 2.50 0 l. 28 3.78 l. 66 0.46 l. 12 3.24 4.16 0.46 2.40 7.02 
60 450 500 200 2.50 0 l. 28 3.78 l. 66 0.38 l. 12 3.16 4.16 0.38 2.40 6.94 
60 450 600 80 2.50 0 l. 28 3.78 l. 66 0.47 1.12 3.25 4.16 0.47 2.40 7.03 
60 450 600 140 2.50 0 l. 28 3.78 l. 66 0.37 1.12 3.15 4 .16 0.37 2.40 6.93 
60 450 600 200 2.50 0 l. 28 3.78 l. 66 0.30 1.12 3.08 4.16 0.30 2.40 6.86 

60 650 400 80 2.50 0.19 l. 94 4.63 l. 66 0.99 l. 67 4. 32 4.16 1.18 3.61 8.95 
60 650 400 140 2.50 0.17 l. 94 4.61 l. 66 0.99 l. 67 4.32 4.16 1.16 3.61 8.93 
60 650 400 200 2.50 0.15 l. 94 4.59 l. 66 0.99 l. 67 4.32 4.16 1.14 3.61 8.91 
60 650 500 80 2.50 0.09 l. 94 4.53 l. 66 0.95 l. 67 4.28 4.16 l. 04 3.61 8.81 
60 650 500 140 2.50 0.03 l. 94 4. 4 7 l. 66 0.95 l. 67 4.28 4.16 0.98 3.61 8.75 
60 650 500 200 2.50 0 l. 94 4.44 l. 66 0.94 l. 67 4.27 4.16 0.94 3.61 8.71 
60 650 600 80 2.50 0.02 l. 94 4.46 l. 66 0.91 l. 67 4.24 4.16 0.93 3.61 8.70 
60 650 600 140 2.50 0 l. 94 4.44 l. 66 0.86 l. 67 4.19 4.16 0.86 3.61 8.63 
60 650 600 200 2.50 0 l. 94 4.41} l. 66 0.80 l. 67 4.13 4.16 0.80 3.61 8.57 

60 850 400 80 2.50 0.50 2.60 5.60 l. 66 l. 36 2.21 5.23 4.16 l. 86 4.81 10.83 
60 850 400 140 2.50 0.49 2.60 5.59 l. 66 l. 36 2.21 5.23 4.16 l. 85 4.81 10.82 
60 850 400 200 2.50 0.48 2.60 5.58 l. 66 l. 36 2.21 5.23 4.16 l. 84 4.81 10.81 
60 850 500 80 2.50 0.31 2.60 5.41 l. 66 l. 31 2.21 5.18 4.16 l. 62 4.81 10.59 
60 850 500 140 2.50 0.27 2.60 5.37 l. 66 l. 31 2.21 5.18 4.16 l. 58 4.81 10.55 
60 850 500 200 2.50 0.24 2.60 5.34 l. 66 l. 31 2.21 5.18 4.16 l. 55 4.81 10.52 
60 850 600 80 2.50 0.18 2.60 5.28 l. 66 l. 27 2.21 5.14 4 16 l. 45 4.81 10.42 
60 850 600 140 2.50 0.13 2.60 5.23 l. 66 l. 27 2.21 5.14 4.16 l. 40 4.81 10.37 
60 850 600 200 2.50 0.09 2.60 5.19 l. 66 l. 27 2.21 5.14 4.16 l. 36 4.81 10.33 



2 

1 

0 

1 

2 

3 

3 

p 

RINNER 

Figure 3. 

comes 

450 

by imperviousness 

From 
portion 

rds 
imperviousness 
evenly 

CONCLUDI 

in 1 i 

i 

i 

=500 

40 

650 

( ) 

cons 

i 

nter 

( 

850 

su 

di 

and 

system 

runoff 
only as 

ve to 
is more 



36 

bably the figures will be totally wrong for areas with a predominant snow 
regime. Also note that nothing is said about where the runoff enters the 
receiving waters, here account is only taken of where it is generated. 
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M icrosubstances in urban storm water 

EFFECTS ON THE RECEIVING WATERS OF DIFFERENT MICROSUBSTANCES 

The many different microsubstances affect the receiving waters in various ways, 
depending on the character of the substance. Many heavy metals can react with 
substances in nature to create organic compounds with a higher toxic effect than that 
of the pure metal (for example Hg). The toxic effect can also increase when some 
metals occur in combination with other toxic compounds. Another reason that makes 
it difficult to evaluate the toxic effect of some metals, is that these metals are 
concentrated in the evolution chain. Very little is known about the long-term effects 
of heavy metals on man and the environment. The most toxic of the heavy metals are 
mercury, cadmium, and lead, and these accumulate in living organisms. The following 
heavy metals can be unhealthy in high concentrations: arsenic, cobalt, copper, chromium, 
manganese, nickel, tin, titanium, vanadium, tungsten, and zinc. 

In Table 1 the effects of microsubstances on flora, fishes and other marine animals, and 
man are summarized. The table mostly deals with the pure metals, whose toxic effects 
can be different from those of the metal compounds. 

CONCENTRATIONS IN NATURAL WATER, DRINKING 
WATER AND AMBIENT AIR 

TREATED WASTE 

The maximum allowed concentrations in drinking water and measured concentrations in 
sludge, waste water, drinking water, and ambient air are given in Tables 2, 3 and 4. 
Very little is known about the long-term effects on the environment and man of the 
organic compounds PCB, DDT, and HCB. Therefore, no limits are given. 

SOURCES OF MICROSUBSTANCES 

Microsubstances like heavy metals and organic compounds are added to the urban storm 
water from the air through rain and dustfall. Runoff from asphalted traffic areas and 
leaching from refuse dumps and sludge deposits cause higher concentrations in the storm 
water. Heavy metals also come from corrosion of, for example, copper roofs and 
galvanized surfaces. 

In Table 5 the most important fields of application and origins ofmicrosubstances 
are summarized. 

THEGOTEBORGSTUDY 

The study was made in a suburban area of Goteborg named Bergs jon, where investigations 
of the storm water quantity and quality have been going on since 1973. The area 
comprises 16 ha, of which 6 ha are impermeable, and has a population of 1800. The 
houses are multi-family houses of 3 to 6 storeys. The total traffic volume in the area is 
3100 vehicles per day. A small shopping centre and a kindergarten are situated in the 
area. The area is fairly typical of Swedish suburbs built during the last 15 years. 

Sampling tecnm.Qw~s 
During rainfall, water was pumped from the stom1 drain outlet of an area up into a 1 m 3 

aluminium container. During stirring, samples were taken in glass bottles for metal 
analyses. About 200 1. of the water was extracted with cyclohexane for analyses of 
organic compounds. About 20 1. of water was filtered for further PAH-analyses on 
particles. 

For the first test the rainfall sample for metal analyses was collected via a plastic 
funnel and stored in a plastic bottle, but since the cadmium concentration of the sample 
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Lead 

Manganese 

Mercury 

Molybdenum 

Nickel 

Tin 

Titanium 

Tungsten 

Vanadium 

Inorganic lead salts in irrigation water may 
be toxic to plants. 

Manganese is essential for plant growth, 
apparently as an enzyme activator. 

Mercury is not reported to be toxic to 
plants. 

Molybdenum in very low concentrations 
has been found to be essential for healthy 
growth of a number of plants. 

Low concentrations of nickel are found to 
be toxic for plants. 

There is no evidence that tin is toxic to 
plants. 

In nutrient solution, about 12 
titanium was reported to be 
injurious to sugar beet. 

of 

It has been shown that 62 mg/1. of 
tungstate ion in a nutrient solution was 
harmless to sugar beet. 

It is believed the small quantities of 
vanadium stimulate the growth of plants. 

The toxic concentration of lead for aerobic 
bacteria is reported to be 1.0 mg/1. In soft 
water lead may be very toxic to fish. 

Lead is a cumulative poison. Lead in an 
amount of 0.1 mg ingested daily over a 

of years has been reported to cause 
poisoning. 

The toxicity of manganese to fish is depen- Manganese is essential for nutrition. 
dent upon many factors. The manganese con- The daily intake in a normal human diet is 
centration tolerated by fish is between 1 and about 10 mg. 
2700 

Mercuric ions are considered to be 
toxic to aquatic life. For fresh-water 
concentrations of 0.004 to 0.02 mg/1. of 
Hg have been reported harmful. 

Several species of algae concentrate 
denum from water by a factor of 2 to 

The toxicity of nickel to fish is about the 
same as for copper. 

It is apparent that trace concentrations of 
tin are beneficial to fish. 

Titanium is accumulated in aquatic 
organisms from the surrounding water. 

For Daphnia the threshold effect during 
48-h exposure at 23°C occurred at 
350 mg/1. of tungsten. 

Vanadium concentrations of about 
10-50 mg/l. are toxic to some fishes. 

Mercury and mercuric salts are considered 
to be highly toxic to humans. They are 
readily absorbed by way of the gastro­
intestinal tract. 

Molybdenum is not reported to be toxic. 

No data on the toxicity of nickel to man 
were revealed, but the toxicity is believed 
to be very low. 
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per day of free tin in his diet. There is no E­
definite evidence that tin plays any essential ~ 
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It is not absorbed to any measurable 
degree by the human intestine. 

There is no evidence that tungsten is toxic 
to man. 
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TABLE (continued) 

Metal 

(polychlorinated­
biphenyls) 

HCB 
(hexachloro benzene) 

Flora Fishes, aquatic life 

Chlorinated benzenes are poisonous to fish 
and fish-food organisms in the concentrations 
necessary to kill submerged plants, and their 
toxicities are of long duration. 

Man 

conc1~nitratio,ns can cause 
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Microsubstances in urban storm water 

TABLE 2. Maximum allowed concentrations in drinking water according to the standards 
of USSR, WHO (Europe), and Sweden in p.g/1. (Laveskog et al., 1976) 

WHO (1974) 
Sub- USSR 
stance 1972 recommended permitted Sweden Comments 

As 50 50 200 hygienic 
Cd 10 10 5 hygienic 
Co 1000 
Cr 100 (3+) 

500 (6+) 50 (6+) hygienic 
Cu 100 so 1500 taste 
Fe 500 100 1000 aesthetic and 

taste considera-
tions, technical 

Hg 5 (inorg) hygienic 
0.1 (diethyl) 

Mn 50 500 aesthetic and 
economic conside-
rations, taste 

Ni 100 
Pb 100 100 100 hygienic 

0 (tetraethyl 
lead) 

Sb 50 
Sn 10 
v 100 
w 100 
Zn 1000 5000 15000 taste, aesthetic 
PAH 0.2 

TABLE 3. Metal concentrations in sludge, waste water, and drinking water from Swedish 
sewage and water treatment plants (Laveskog et al., 1976(a); Aronsson, 1977(b); Aronsson, 
1974(c)). 

Drinking water (Gbg) Waste water (Gbg) 
Sludge p.g/1. (mean value) (c) 
(dried) 
(a) (a) (b) untreated treated 

Metal [p.g/g] [p.g/1.1 [p.g/1.1 [p.g/1.1 [p.g/1.] 

As 0.1 
Cd 1-350 0.3 <0.2 1.8 0.6 
Co 2-160 0.3 
Cr 13-67 000 0.3 <5.0 37 10 
Cu 20-5300 3 <4 69 22 
Fe 50 <10 
Hg 0-110 0.4 <0.1 0.5 0.3 
Mn 36--5100 <50 
Mo 3 
Ni 9-3700 <20 42 31 
Pb 15-5100 <5 61 29 
Sb 0.6 
w 0.04 
Zn 100-18 000 28 <50 440 140 
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TABLE 5. Origins and fields of application of the microsubstances [Laveskog, 1976(a); Andersson and Grennfelt, 1973(b); 
H~lsov£rdsforvaltning, 1975(d); WHO, 1974(e); Lindskog, 1976(f); EPA-report 560/6-76-014(g); Knutzen, 1976(h); Thorell, 

1968(c); Stockholms Miljo- och 

Metal 

Arsenic 

Antimony 

Cadmium 

Chromium 

Cobalt 

Copper 

Concentration in 
the crust [.ug/g] 
and in sea 
water 

5 p,g/g 
2.6-30 

0.5 p,g/g 
0.3 p,g/1. (a) 

0.55 p,gfg (a) 

300 pg/g 
0.05 pg/1. (a) 

23 pg/g 
0.27 p,g/1. (a) 

100 p,g/g 
0.9 p,g/I. (a) 

(a) 

Use 

Wooden impregnating agent. 

Alloys, glass, dye-pigments. 

Plating of articles to form a 
protective coating. Stabilizer in 
PVC-plastics. 

Alloys 

Alloying metal in steel and 
together with tungsten in, for 
example, tyrc studs. 

Pure metal, alloys, copper salts 
in chemical industry. 

Distribution to air (in Sweden) 

of impregnated wood, arsenical 
tons/year in Sweden (a). 

Processing of other metals, 1 ton/year, 
coal-burning 1.5-5 tons/year, oil combus­
tion 46 kg/year, refuse-burning 0.43 tons/ 
100 000 tons of refuse (a). 

Processing and manufacturing of cadmium 
and other metals, 10 tons/year. Industrial 
use. Refuse and scrap handling 12 tons/ 
year. Combustion of fossil fuels 1.2 tons/ 
year (a). 

Chromium and iron manufacturing 7 45 tons/ 
year, refuse burning 1 ton/year, combustion 
of oils 0.8 ton/year (a). 

Manufacturing. Oil combustion 4.4 tons/ 
year. Refuse handling (a). 

Manufacturing and remelting 310 tons/year, 
iron and steelworks 5 tons/year. Refuse 
burning 2 tons/year, cable loss by burning 
60-70 tons/year, oil combustion 11.4 
tons/year (a), (b). 

Distribution to water (in Sweden) 

To sea water from arsenical boat 
The total distribution to water 1 
year (a). 

tons/ 

Sulphide-ore processing 10 tons/year. 
Phosphate-fertilizer, 10 tons/year. Use of 
sewage-sludge as improvement of the soil 
(a). 

Industrial outlet, 600-1000 tons/year (a). 

Manufacturing 50 tons/year, mining 
industry 100-200 tons/year, surface treat­
ment 10-50 tons/year (a). Corrosion. 
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TABLE 5 (continued) 

Concentration in 
the crust 

sea 

Mg/L 

Alloys, surface treatment, boat­
paints, PVC-plastics. 

45 tons/year, 
steel industry 20 tons/year, 
2.6 tons/year (a). 

70 tons/year (a). Refuse 
oil combustion 180 tons/ 

year, coal and coke 20 tons/year, refineries 
2 tons/year (d). 

Coal and coke 5 tons/year (a). 

200-600 ton'' 1'""'"''" 

Leaching from plastic water-pipes 



Titanium 6.3 mg/g 
1 Jlg/l. (a) 

Tungsten 
0.0001 

Vanadium 200 }lg/g (a) 
0.002 }J.g/1. 

Zinc 40 }lg/g (c) 
10 }lg/l. (a) 

Road markings 800 tons of Ti0 2/ 

year (a) Aircraft industry. 

Tungsten-carbide, tungsten-steel, 
alloys, electrical equipment. 

Alloys 

Corrosion protection, Alloys pig­
ments. Rubber vulcanization. 

Organic compounds 
DDT Used as a pesticide in Sweden from 

1940-70. 

PCB Softener of plastics, boat-paints (e). 

HCB Fungicides. 

PAH 

Combustion of fossil fuels 300-880 tons/ 
year (a). 

Iron alloy, and steel industry 0.5 ton/year, 
coal and coke combustion 0.6-2.6 tons/ 
year (a). 

Use of iron-vanadium 2 tons of V 20 5/year 
(a), oil combustion 580 tons/year, coke 
25 tons/year, refineries 8 tons/year (d). 

Production and use 700 tons/year, refuse 
burning 80 tons/year, cable loss by burning 
40-50 tons/year, waste-oil combustion 
20 tons/year, oil combustion 10 tons/year, 
coal and coke 2.5 tons/year (d). 

Refuse burning, sludge drying, waste-oil 
combustion and cable loss by burning (f). 

Manufacturing of chlorinated 
carbons (g). Refuse burning 

Coal combustion and use of coal in melting 
plants. Plastics and paints industry (h). 

Wearing-out of roadmarkings. 

Hard-metal manufacturing 20-30 tons/ 
year. Wearing-out of tyre studs (a). 

600-700 tons/year. Industries 
vv-"'000 tons/year (a). The use of gal­

vanized materials and wearing out of tyres. 

Sewage sludge deposits. 

Plastics and paint industry, wearing out of 
asphalt surfaces and tyres (h), (1). 
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TABLE 6. Mean values for 
respectively 

Metal 

As 
Cd 
Co 0.4 
Cr 3.5 
Cu 30 
re 300 
Hg 0.1 
Mn 25 
Mo <L7 

TABLE 7. Mean values for the 
and dustfall 

Organic 
compound 

PCB 
HCB 
DDT 

TABLE 8. Mean values for 
II: autumn) 

Particles from I 
storm water II 

Many metals like 

<0.7 

than in rainwater. One cause for 
relatively high also in 
some lead. When the rain 

The PCB and DDT 
concentrations in an uncoJrltaJnlnatea 
the lake carried out 
DDT and its derivatives from <0.03 to 
(Sodergren, 

ln the rainfall sanmH~s 

.10 

in storm water and rainfall/dustfall, 

Rainfall/ Storm 
dustfall water 
[J.tg/1.] [J.tg/L] 

0.5 0.6 
<50 <60 

3.6 6.4 
<1 <1 

100 465 
4 24 

95 200 
<50 <50 

concentrations in storm water, rainfall, 

Storm 
Dustbll water 

[ng/1.] 

19 
<5 <0.1 
<5 <0.5 

particles in storm water (I: sum mer, 

3-rings 
fenantrene 
equiv. 
[J.Lg/1.1 

5.0 
230 

~4-rings 

t1ouranthene 
equiv. 
[J.Lg/1.] 

0.45 
22 

concentrations in storm water 
concentration of lead can be 

this can be car which contain 
lead will be adsorbed on the soil. 
and rainfall can be compared with 

south of Sweden. The investigation of 
concentration varied for 

from 0.5 to 2 ng/1. 

concentrations in 
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M icrosubstances in urban storm water 

are equivalent to a dustfall of 225-300 ng/m2/month and <10 ng/m2/month, 
respectively. During 1971 an investigation was carried out on dustfall at peven places in 
the south of Sweden (Sodergren, 1972). The monthly mean values varied from 
0.62 to 10.5 ng of and from 100 to 2075 ng ofDDT/m2. 

The investigation shows that the PAH concentration varies very much from one time 
to another. One supposes that most of the polycyclic aromatic hydrocarbons are 
adsorbed on particles. The hydrocarbons were analysed as 2-rings corresponding to 
naftalene-equivalents, 3-rings to fenantrene equivalents and ~-rings to flouranthene 
equivalents. One sample of drinking water in Goteborg contained 0.44 Jlg/ 1. naftalene 
equivalents (Ahnoff, 1977). 

CONCLUSIONS 

The investigation comprises a literature study and the results from sampling of storm 
water and atmospheric fallout on two occasions. The comparisons made are therefore 
somewhat uncertain. Further investigations will give more accurate values. However, 
the following conclusions have been drawn: 

(1) The concentrations of heavy metals and PCB, DDT, and HCB are not 
remarkably high in storm water compared with waste water and sometimes drinking 
water. 

(2) The concentrations of heavy metals and PCB, DDT, and HCB in atmospheric 
fallout are relatively low compared with the results of earlier investigations of dustfall. 

(3) The concentration ofPAH in storm water is relatively high (10-320 f.lg of 
naftalene equivalents/ 1. unfiltered sample) compared with that of drinking water and 
on one occasion even with that of waste water. 

(4) For As, Cd, Cr, Hg, Sb, V and Pb atmospheric fallout could explain a great 
deal of the metal content in the storm water. 

( 5) This was also valid for PCB. The other metals studied as well as the organic 
compounds are produced within the catchment. The main sources are exhausts from 
vehicles, the wearing out of tyres and asphalt and the corrosion of vehicles and building 
materials. 
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In the USA, where most of the models have been developed and tested, it has proved 
to be difficult to use quality models without comprehensive calibrations. Efforts to 
apply US quality models to Swedish storm water data have shown that the shapes of 
the pollutographs can be fairly well predicted for a short time but that the pollutant 
levels will vary almost randomly (Svensson, 1976). Still there is a great need to predict 
stonn water quality and to compare it, most often by means of mass flows, with 
domestic sewage quality. The question of combined or separate sewer systems cannot 
be answered once and for all but it must be carefully considered in each sewer district 
or even in each catchment area for the optimal handling of waste water from an 
environmental and economic point of view. It has therefore been considered necessary 
to develop a new type of prediction instrument, which is able to calculate storm water 
quality not only in time but also in space. One way to do this is to investigate the 
poilu tion sources. 

This paper describes a first attempt to approach the storm water quality calculation 
problem by means of the poilu tion sources. 

The calculations are made on a monthly basis and will only give average pollutant 
mass flows. Research is going on to apply the idea of poilu tant sources to quality 
modelling. 

THE GOTEBORG STUDY 

In 1974 a working group was formed in Goteborg, consisting of members from the 
Swedish Corrosion Institute, the Swedish Water and Air Pollution Laboratory, and 
the Department of Water Supply and Sewerage at Chalmers University of Technology. 
When the problems had been defined, a pilot study was made in a catchment in 
Goteborg. The results from this study indicated that storm water quality could be 
fairly well predicted if the pollutant sources were known. The corrosion of building 
materials explained much of the heavy metal content of the storm water (Malmquist 
and Svensson, 197 5; Malmquist, 197 5). 

In 1975 the main project started. The aims of the project were to identify and 
quantify the pollutant sources of the urban storm water. The research results would 
be used partly to describe the effect of ambient air and precipitation on the corrosion 
of building materials and partly to develop a storm water quality model on the basis of 
the pollutant sources. More detailed results of the corrosion part of the study have 
been published by Kucera and Collin ( 1977). 

In order to get a cross section of the urban environment we selected four catchments 
located on a line from the centre of Goteborg to a suburb about 35 km northeast of 
Goteborg (Fig. I). The four areas are described in Table 1. In each area equipment 
for the sampling of air, precipitation, and dustfall were installed. (Bergsjosvangen and 
Mellbyleden were served by the same station.) Air was sampled every other day, 
precipitation as rainfall on average once a week, and dustfall monthly. Standard 
corrosion plates were mounted, and examined (by weighing) monthly. This procedure 
(which is a standard procedure) was compared with a new procedure where the corrosion 
rate was examined by the integrated electrical current of corrosion over a special 
electrolytic cell (Kucera and Mattsson, 1975). The electrolytic cell was found to 
correspond better with the environment parameters than the standard plates. For the 
development of a storm water model a third device was mounted for corrosion studies. 
Test bodies in the shapes of plates and funnels were placed on fixtures in glass beakers. 
The rain running off the test bodies was thus collected and could be analysed in the 
laboratory. In this way the actual runoff from the metal fittings on buildings was 
simulated. The results from these analyses are the ones in this paper. 

The storm water flows were measured by ultrasonic level gauges at sharp-crested 
weirs. The flow signals were teletransmitted to a central recording station, where a 
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Impervious- Population 
ness density 

Area Name [%] [p/ha] 

v Vegagatan 53 250 
M 39 115 
B 85 
F 22 

RESULTS 
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TABLE 2. Mean values and (standard deviations) of air quality 

Vegagatan Mellbyleden Floda 

n-mol NH:/m 3 87 (38) 82 (37) 75 (35) 
n-mol H+/m 3 6 (5) 10 (8) 11 (7) 
n-mol soa -/m3 56 (26) 51 (26) 42 (28) 
pphm S02 0.7 (0.2) 0.4 (0.2) 0.2 (0.1) 
JJ,g soot/m 3 9 (5) 4 (2) 5 (2) 

TABLE 3. Mean concentrations of pollutants in rainfall [mg/l.] 

sol- Cl- Zn Cu Pb Ptot 

Vegagatan 4.8 2.7 0.15 0.030 0.06 0.12 
Mellbyleden 4.0 2.1 0.06 0.010 0.05 0.05 
Floda 4.3 2.0 0.05 0.007 0.03 0.04 

TABLE 4. Total atmospheric fallout [mg metal. m-2 . month- 1] 

Zn Cu Pb 

Vegagatan 4.3 1.0 2.7 
Mellbyleden 3.9 0.4 2.2 
Bergsjosvangen 4.6 0.5 2.1 
Floda 1.7 0.3 1.6 

TABLE 5. Mean corrosion runoff rates for the months of April-October measured as 
runoff from test bodies [mg. m-2 . month- 1] 

Vegagatan 
Mellbyleden 
Floda 

Cu-p late 

390 
250 
160 

Cu-funnel 

190 
120 

80 

Zn-plate 

750 
530 
380 

Zn-funnel 

460 
320 
200 

the city, Vegagatan, has higher concentrations of heavy metals in the rainwater than 
the suburban area of Floda. 

In each area the total atmospheric fallout was also sampled and analysed once a 
month. In Table 4 the monthly fallout is given, each value being the mean value of 
four samples. 

It should be noted that Bergsjosvangen has higher fallout values than MelJbyleden 
(see Fig. 1). This is believed to be due to a refuse incineration plant up wind. 
Bergsjosvangen is moreover, situated on a hill facing the incineration plant. The total 
atmospheric fallout is used in the further mass flow analyses. 

Corrosion 
The runoff from the test plates and the test funnels was analysed for metal contents, 
both for single rain events and for each month. In Table 5 the corrosion runoff rates 
calculated as the mean corroded metal amount per month and square metre of metal 
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TABLE 6. Multiple ror.rr<>l·,ttrm C<)etiiciEmts 
fall hours and S02-concentration 

Vegagatan 
Mellbyleden 
Floda 
All areas 

building material since it is ,."''"" Q,,."',, 
back. The plate on the 
studies in other areas. 

The monthly corrosion runoff 
environmental and 
The fractions of 

better correlation with the corrosion 
In order to establish relations 

stepwise ree:re~;stcm 
The variables selected were total 
of S02 in the air [pphm ] . 
the corrosion runoff rates in mg. 
coefficients are given in Table 6. 
variance. The results are considered 
number of events (7 to 

Zinc 

Zinc 

Zinc Floda 

Zinc areas 

Copper 

Floda 

The monthly volumes of rainfall 

nount;lr\t sources 

the corrosion runoff rates and rain-

0.95 
0.75 
0.83 
0.76 

Copper 

0.91 
0.56 
0.69 
0.57 

UU..H-+LM•Y the actual corrosion of 
the on the 

cmnoam;on with other 

the different 
re£~rel>stcm analysis. 

parameters cannot 
dr<)lO!!lcal parameters, for 

- 100 

239 

123 

+ 24 

77. -43 

f'A1'~f'C>nfr-:>ftf"\'r1 of chloride in the 

a 

catchment and each metal 

runoff coefficient c.p 
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TABLE 7. Average monthly rainfall and runoff, and the volume runoff coefficient tp 

Rainfall Runoff 
[mm] [m3] tp 

Vegagatan 39 576 0.26 
Mellbyleden 45 1310 0.19 
Bergsjosvangen 46 334 0.15 
Floda 49 894 0.10 

TABLE 8. Average pollutant concentrations of storm water [mg/l.] 

ss COD Ptot Zn Cu Pb 

Vegagatan 91 117 0.37 0.57 0.31 0.40 
Mellbyleden 60 70 0.19 0.32 0.19 0.14 
Bergsjosvangen 86 89 0.40 0.26 0.03 0.16 
Floda 58 63 0.17 0.17 0.03 0.06 

TABLE 9. Mass flows of zinc in storm water, atmospheric fallout and corrosion 
[kg. month- 1 • impermeable km- 2 ] 

Storm water Fallout Corrosion 

Vegagatan 10.6 2.3 7.6 
Mellbyleden 6.9 1.5 2.6 
Bergsj osvangen 4.1 2.0 2.6 
Floda 5.8 0.2 0.3 

TABLE 10. Mass flows of copper in storm water, atmospheric fallout and corrosion 
[kg. month- 1 . impermeable km-2 ] 

Storm water Fallout Corrosion 

Vegagatan 5.8 0.5 5.5 
Mellbyleden 4.1 0.2 2.8 
Bergsjosvangen 0.5 0.2 0 
Floda 1.0 0.04 0 

are given in Table 7. 
The runoff is evaluated only in connection with rainfalls, and includes the baseflow 

during these periods. The average pollutant concentrations in the stonn water for the 
7 months are given in Table 8. The values are geometric mean values for the period, and 
much higher concentrations have been measured in single rain events. Only rainfalls of 
low or medium intensity have been included. 

Mass flows 
The contributors to the stonn water content of zinc and copper are mainly atmospheric 
fallout and corrosion. ln Tables 9 and I 0 these contributions are shown. The storm 
water mass flows are calculated in m3

. month -I X metal concentration. The fallout 
mass flows are calculated as fallout in mg of metal . m -2 . month -1 x the impenneable 
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TABLE 11. Mass flows of SS, COD, P, and Pb in the storm water, compared with the 
traffic volume and total population 

ss COD Pb Traffic Popula-
[kg/month] [kg/month] [g/month] [g/month] [veh. km/day] tion 

Vegag. 52 67 213(171) 230 4170 1450 
Mellby. 79 92 249 (126) 183 3130 1800 
Bergsjosv. 29 30 (103) 53 120 410 
Floda 52 56 152 (97) 54 340 400 

TABLE12 

Vegagatan Mellbyleden Bergsjosvangen Floda 

mg Pb. veh- 1 . km- 1 1.8 1.9 14.7 5.3 

area in the catchment, directly connected to the storm water system. The corrosion 
mass flows are calculated in mg of corroded metal. m-2 metal. month-1 x the metal 
area in the catchment, directly connected to the storm water system. (This means, for 
instance, that a zinc surface on a grass area will no contribution.) 

The variances of the results may seem high. The low number of events does not 
permit a regression analysis. Also, many sources of error exist. Some of the most 
important ones are lack of knowledge of processes like the adsorption of metals on 
roof and street surfaces, and the extraction of metals from asphalt and paints. The 
mass flows of metals in leaking groundwater are also important. In the area of Floda, 
for instance, 152 g of Zn per month are transported by the storm water during rainfall, 
and 77 g of Zn per month during baseflow (dry weather conditions). Further analyses 
of the data may give more accurate mass balances. The calculated mass flows give, 
however, a fair view of the metal pollutant sources. 

The mass flows of suspended solids, lead, and total phosphorus are given in 
Table 11 together with the population and the traffic volume in each catchment. The 
traffic volumes are calculated in vehicles per X the total length of streets in km. 

The mass flows of SS seem to be correlated with COD but not with traffic or 
population. The concentrations of however, are uncertain since the sampling of 
SS may have been incorrectly done at a suction pump was used 
instead of a pressure pump as in the other areas). 

The mass flows of phosphorus in the storm water are given in the table both as totals 
and as totals minus atmospheric fallout. The net mass flows of phosphorus seem to 
correlate with the population in the areas. 

The mass flows oflead are, as correlated with the traffic volume. However, 
the values for Bergsjosvangen and seem relatively high. In Table 12 the amount 
of lead per traffic volume is for each area. The significantly higher values for 
Bergsjosvangen and Floda indicate a lower frequency of street sweeping, which also has 
been the case. 

CONCLUSIONS 

The study has proved the feasibility of 
the pollutant sources in the area. In 
have been evaluated. The distribution of 

vU .. ~UiLF, the storm water quality by means of 
only monthly mean concentrations 

pollutant concentrations is wide, and it is 
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believed that a further analysis of the data collected will give more accurate results. The 
following conclusions have been drawn: 

(I) The mass flows of zinc and copper in the storm water from a catchment can 
be predicted by atmospheric fallout and corrosion. Corrosion explains more of the 
copper mass flow than of the zinc mass flow. 

(2) The mass flow of lead in the storm water can be explained by the traffic 
volume. The frequency and effectiveness of street sweeping is important. 

(3) The mass flow of phosphorus is partly explained by atmospheric fallout, 
partly correlated with the number of inhabitants in the catchment. 

( 4) The mass flows of SS and COD are probably correlated with the traffic 
volume and the population in the catchment 

(5) The quality of air and atmospheric fallout markedly improves with the 
distance from the city centre. The corrosion rates and the storm water quality show 
corresponding improvements. 

( 6) Point sources like refuse incineration plants will give increased concentrations 
of pollutants in atmospheric fallout and in storm water. 

(7) The contribution of dustfall to the total atmospheric fallout can be neglected 
compared with the contribution of rainfall, except when point sources exist. 

(8) The corrosion runoff rates of zinc and copper can be measured over an 
electrolytic cell. 

RECOMMENDATIONS 

For the purpose of planning, analysing, and designing storm water systems from a 
quality point of view it is recommended that the quality calculations are based on 
the sources of poilu tion. Further research and comprehensive calibrations are needed 
to create a working quality model. 

In order to improve the environment and decrease the amount of pollutants added 
to the receiving waters, we recommend that the use of uncoated zinc and copper as 
building materials is reconsidered. The use of lead in gasoline should also seriously be 
questioned. Exhausts from point sources like incineration plants should not be 
discharged untreated. The effectiveness of street sweeping should be further studied. 

Acknowledgements. This investigation has been supported by the Swedish Council of 
Building Research and the Swedish Environmental Protection Board. The Water and Sewage 
Works of Goteborg has assisted with practical arrangements. 
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Abstract 
ity of storm water and factors governing the 

quality have been studied at the Urban Geohydrology 
Research Group at Chal-mers University of Technology 
since 1972. 

The atmospheric fallout was in a study in Goteborg found 
to contribute to the storm water contents of organic 
matter by 20%, of total phosphorus by 25% and of total 
nitrogen by 70%. The heavy metal contributions from fall­
out ranged from 7% to 40%. Accordingly, the contents of 
pollutants in urban storm water may be considerably re­
duced by reduction of the local pollutant sources. Among 
these sources we find the corrosion of building materials 
and motor traffic. 

Urban snow was found to have significantly higher pollu­
tant concentrations than average storm water from the 
same area. Urban snow, especially from areas with exten­
sive land use, may thus be hazardous to the receiving 
waters and should therefore be treated as sanitary sewage. 

The sweeping of streets may improve the quality of storm 
water. The sweeping of a street in the outskirts of Gcte­
borg removed 57% of the suspended solids and betwe.en 31 
and 65% of the heavy metals on the street surfaces. 

INTRODUCTION 
Urban storm water pollution loads on the receiving waters are 
today a matter of great concern in many cities, and their effects 
will increase with the present growth of urban areas. The relative 
impact of storm water compared to the one of waste water from 
households and industries will also increase due to the construc­
tion of sewage and the separation of sewage networks. When 
decisions on the handling of storm water are to be made, it is of 
the greatest importance to have full knowledge of the stor~ water 
quality. The storm water quality may be predicted when the pollu­
tant sources are known. 
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Urban storm water quali and sources of pollution have since 1972 
been investigated by the Urban Geohydrology Research Group at 
Chalmers University of Technology, Goteborg. The main study 
covered storm water quantity and quality, precipitation, dust­
fall, and the corrosion of building materials in four urban and 
suburban areas in Goteborg. Complementary studies of the quality 
of storm water from house-roofs and streets, of the quality of 
snow, and of the effectiveness of street cleaning were made. The 
purpose of the studies has been to develop a mathematical model 
for predicting the storm water quality, based on the pollutant 
sources. In this paper some of the relationships between atmos­
pheric fallout, street cleaning, and the quality of storm water 
and snow are dealt with. 

ATMOSPHERIC FALLOUT AND STORM WATER QUALITY 
The sources of pollution of urban storm water are mainly of three 
kinds: atmospheric fallout, corrosion of building materials, anc 
local activities. When measures are to be taken against storm 
water pollution, these sources must be quantified. The effe~ts 
of atmospheric fallout and corrosion on storm waterqualityhas 
been investigated for areas with different land use in Goteborg 
on the Swedish West Coast. 

Pollutants in atmospheric fallout 
Three residential areas with different population densities were 
studied (see TABLE 1.). 

TABLE 1. Studied catchments 

Location 

I;nner city 
Outskirts 
Suburb 

Population 
density, p/ha 

250 
11 5 

22 

Area Imperviousness 
ha % 

5.8 53 
15.6 39 
1 8. 0 1 4 

The study is in more detail reported on by Malmquist and Svensson 
(1977). 

Atmospheric fallout was sampled in open beakers on a monthly basis 
and compared with the composition of the precipitation. It was 
found that the deposition of pollutants during dry periods was 
small compared to the contribution by precipitation. The test 
period was April -October 1976. 

TABLE 2. Mean concentrations of pollutants in atmospheric 
fallout in mg/1, 1976 

Area 

Inner city 
Outskirts 
Suburb 

4.8 
4.0 
4.3 

Cl 

2.7 
2. 1 
2 0 

Zn 

0. 15 
0. 15 
0.05 

Cu 

0.03 
0.01 
0.007 

Pb 

0. 12 
0.05 
0.04 
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The was continued in the area on the outskirts of 
the c 
1977 are 
month 

TABLE 3 the results from the July 
The values are calculated as mean fallout per 

TABLE 3 Mean 
on the outskirts 

490 2.3 1 4 96 

The values are in good 
investigations in Scandinavia 
average fallout of 

month-1 

48 37 

a residential area 
month-1) 

3.9 2.2 0.7 

with results obtained in other 
Mads Hovmand (1977) has found the 
zinc and lead in Denmark to be 

2.5 and 1.3 mg 
hagen the zinc 
pectively, and 

and lead fallout was 
in the outskirts of 

. In the centre of Copen-
9 and 6 mg·m-2·month-1, res-

6 and 2.5 mg.m-2. 
month-1, 

As for nitrogen the fallout in Sweden has been reported on by So-
derlund (1977). The average fallout 1953-76 was on the 
Swedish West Coast for NH 3-N about 40 mg·m-2.month-1 and for N03-N 
about 30 mg.m-2 month-1 In Finland, (1977) has studied 
the fallout of total and total nitrogen. The fallout 
of phosphorus ranged from P m-2 month-1 in the northern 
part of Finland to 1.8 mg m- .month-1 in the middle of the 
country. The total fallout was measured to be 12 mg N· 
m-2.month-1 in the north and 69 mg N·m- 2 month-1 in the south­
west. The values are averages for the years 1971 - 1976. 

Dovland (1977) has in the south of Norway (Birkenes) found 38 
Mekv N03/l and 40 pekv NH4/l in the precipitation which, with an 
assumption of a prec 1200 mm, fallout 
values of about 55 mg N0 3-N·m-2 montn andequal amounts of NH 4-N. 

The results indicate that the 
the location of the catchment 

fallout is governed by 
local activities. Hovmand 

(1977) has also observed that the or 
important. The lead concentrations of 
Denmark, proved to be 5 times on 
76 when the from Central 
Atlantic 

of the air masses is 
at Keldsnor, 

the average during 1974 
Europe than from the 

on the 
was pollutants 

in the storm water from the area The comparisons are given in 
Fig. 1-3, where the atmo ic fallout is calculated as mg per 
litre of . The evaluated period is April July 1977. 

The differences in the zinc and copper contentsoffallout and 
storm water are the corrosion of building materials. 
The increase in the lead concentration from fallout to storm 
water is due to the lead emission motor vehicles 

The increase of COD 
from fallout to storm 

and 
to be caused by 



64 

P-A. Malmquist 

,ug Me/1 

300 storm water 

atm. fallout 

250 

200 

150 

100 

50 

zinc lead copper 

Fig. 1. Heavy metals in storm water and atmospheric fall­
out. 

mgCOD/1 i .ugP/1 

storm water 

50 200 atm. fallout 

40 
150 

30 

100 

20 

10 
50 

Fig. 2. COD and phosphorus in storm water and atmospheric 
fallout. 
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N/1 

3.0 

1.0 

& 3 in storm and atmospheric fallout. 

bacteriological the surfaces of the catchment. COD 
increases 5.4 times 3.9 times, and organic 
nitrogen 5 5 times Some of the ammonia content of the atmos~ 
pheric fallout is believed to be oxidized into nitrate during 
the run-off see 

Itcanbe concluded that between 7 and 40% of the heavy metals·in 
storm water in the studied area comes from atmospheric fallout. 
The local metal sources, like the corrosion of building materials, 
are of importance than the fallout About 20% of the 
organic content in storm water or inates from atmospheric fall-
out. For total the fallout contribution is 70% and for 
total phosphorus 25% 

THE QUALITY OF URBAN SNOW 
Snow clearance in urban areas may cause serious environmental 
problems. When the snow is melted the of salts, the 
meltwater flows into the storm water inlets and out into the 
receiving waters the solids, the salts, 
and the metals may affect the waters When the 
spreading of salts is insufficient for the clearing, the snow 
must be cleared and f be dumped either 
into a water-course or ite. The waters 
may also this handl affected 

The of urban snow was studied in areas with different 
land use in 
grass surfaces 
The was done 

since the 
tions of 

were taken of untouched snow on 
the les alongside streets. 

of March, and about ten 
snow-fall The concentra­
are shown in TABLE 4. 
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TABLE 4 Concentrations of pollutants in urban snow 

Population Sampling site COD Ptot Ntot so4 Pb Zn Cu 
density 
P/ha mg/1 mg/1 mg/1 mg/1 }lg/1 }.lg/1 pg/1 

250 Grass surfaces 80 0.41 1. 70 <5 250 360 50 
250 Street,7400 veh/day 850 2.10 3.60 19.3 2610 1030 390 
115 Grass surfaces 30 0.11 1. 20 <5 40 50 10 
115 Street,3600 veh/day 260 0.54 1. 30 7.5 730 330 70 

22 Grass surfaces 1 0 0.09 0.82 <5 40 60 10 
22 Street,1500 veh/day 260 1.63 1 • 60 5.5 730 330 120 

It can be seen that the concentrations of pollutants of the snow 
from the streets were on the average 10 times higher than of that 
from grass surfaces. The snow from the streets was, moreover, 
rouqhly 5 times more polluted than average storm water from the 
different areas. It is obvious that urban snow may pollute the 
receiving waters. 

The qccumulation of pollutants in snow has also been observed by 
Lisper (1972). In a series of samples he analyzed the heavy metal 
concentrations in newly fallen snow, composite snow, and melting 
snow from a traffic area. The results can be seen in Fig. 4. 

500 

400 

300 

200 

100 

JJ9 Me/1 

zinc 

c:==J newly fallen snow 

IIIIIliiiiliiTI composite snow 

~ melting snow 

lead copper 

Fig. 4. Heavy metals in different types of snow. 

The heavy metals in the snow concentrate and had at the melting 
reached about 6 times higher concentrations than in the falling 
snow. The degree of concentration is of course depending on the 
time between snowfall and melting, on the intensity of dustfall, 
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etc. Very metal concentrations may be obtained when the mel-
ting of the snow is combined with a rainfall 

The conclusions are that urban snow is heavi polluted and that 
the concentrations of llutants increase with time. Especially 
the snow piles alongs streets with traffic show high 
concentrations of pollutants The of snow in water courses 
may affect these more than a storm water discharge 

THE EFFECTIVENESS OF STREET CLEANING 
The streets of a c are in cleaned most often 
by sweeping. The purpose of remove litter and 
coarse dust particles, that is to make streets more esthetic 
to the eye Some hygienic may also be involved. 

However, street cleaning also affects the quality of storm water. 
The effectiveness of the removal of the dust and dirt fraction 
(< 2 mm), which is the fraction storm water pollution, is 

much lower than for the coarser les Studies in the USA 
(Sartor et al, 1972) have shown that the removal effectiveness 
for litter and debris ranges from 95 to 100 percent, while the 
overall removal effectiveness for the dust and dirt fraction is 
50 percent Within this fraction the effectiveness decreases 
with decreasing particle size and is for particles smaller than 
43 microns only 15 percent It was also observed that 87 percent 
of the total solids load on the street surface was concentrated 
within 6 inches from the curb. 

The effectiveness of the street c practices in the city of 
Goteborg, Sweden, was studied in a typical domestic area (Dalberg 
1977) The contents of a machine were weighed and ana-
lysed after a norma The swept street 
length was 7 9 km, and the average traffic intensity was 2 100 
vehicles per day The total mass of the solids collected by 
the machine was 359 kg, which makes 45 g perm or 171 g per 
vechicle/day. 

The collected material was ana 
bution. It was found that 77 
(litter and debris were taken 
Only 3 6 percent of the total 
74 microns . 5 shows the 

for the particle size distri­
of the solids fraction 

away) ranged from 0 15 to 2 mm. 
was les smaller than 

le size distribution. 

The result indicates the of the machine to collect 
fine particles It is known from earlier investigations (Soder­
lund and Lehtinen 1971) that most of the les in storm water 
are in the size range of < 10 microns. The effect of street 
sweeping on storm water qual should thus be negligible. 

Contradictory results were obtained from a comparison of 
solids and metals on a street and an unswept street. 
Two almost streets above mentioned domestic 
area The of each street was 90 m. One of 
them was machine of the type used in Gate-
borg Shortly afterwards both streets were flushed with water 
from a tank lorry The two streets were flushed twice, after 
which the street was flushed another two times The water 
volume per f was 1 25 m3 The run-off from the flushings 
was sampled at downstreet sewer inlets The were ana-
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lysed for suspended solids and heavy metals (Fig. 6). 
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Fig. 5. Particle size distribution of material swept 
from streets. 
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Fig. 6. Concentrations of pollutants in the run-off from 
a swept and an unswept street after flushing. 

From the results the following observations can be made: 
The wash water from the unswept street contained on the average 
2.3 times more suspended solids and heavy metals than that from 
the swept street. The sweeping thus had a noticeable effect on 
the amounts of pollutants. 

16 
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If the of fall concentrations is maintained, a fifth 
flushing would have had very low concentrations. Thus, the total 
amounts of pollutants on the street surfaces before flushing can 
be estimated (see TABLE 5 ) 

TABLE 5 Estimated amounts of lutants on the street 
surfaces before and of pollutants removed by 

g SS/m 
mg Pb/m 
mg Zn/m 
mg Cu/m 

The solids removed 
solids collected the machine 
the fraction of solids 
ticles too small to be collected 

50 9 
52 4 
10 6 

5 3 

57 
65 
31 
61 

well with the amount of 
) This indicates that 

) should consist of par­
the machine Alternatively, 
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the particles may adhere to the street surface. The results con­
firm earlier findings that lead and copper should be more firmly 
attached to the solids than zinc. 

The positive effect of street sweeping on the storm water quality 
supports the results of an earlier study (Malmquist and Svensson 
1977), where the storm water sources of pollution were investiga­
ted in areas with different land use in Goteborg. It was found 
that in areas with regular street sweeping the lead content of 
the storm water corresponded to about 2 mg of Pb per vehicle·km, 
while in areas with no or irregular street sweeping it was 3 to 
8 times higher. It was therefore concluded that street sweeping 
had a substantial effect on the storm water quality. 

CONCLUSIONS 
In the studied catchment (a residential area on the outskirts of 
Goteborg) the atmospheric fallout was found to contribute signi­
ficantly to the storm water pollutants. About 20% of the organic 
matter (COD, organic phosphorus, organic nitrogen) in the storm 
water originated from fallout. For total nitrogen the fallout 
contribution was 70% and for total phosphorus 25%. The heavy me­
tals in the fallout caused between 7 and 40% of the heavy metals 
in storm water. The local metal sources, like the corrosion of 
building materials and motor traffic, are of greater importance 
than the fallout. The contribution of atmospheric fallout to the 
amount of storm water pollutants may be regarded as a "base 
value" for the storm water. However, by reducing the local 
sources of pollution, one can improve the storm water quality 
considerably. 

rhe concentrations of pollutants in urban snow are in general 
higher than in the storm water from the same area. The concentra­
tions are especially high for melting snow in combination with 
heavy rainfalls. Whether the snow is brought to melting by salts 
or is dumped into water courses by trucks, the handling of snow 
may be hazardous to the receiving waters. Snow from densely popu­
lated areas or traffic areas should be treated as sanitary sewage. 

The storm water quality may be improved by street sweeping. It 
was found that sweeping, performed according to standards in 
Goteborg, removed 57% of the suspended solids and between 31 and 
65% of the heavy metals on the street surface. 
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Abstract. Torslanda, a suburban area, located in the Goteborg area on the west coast of Sweden, 
was investigated with respect to the functioning of the sewer systems. Both quality and quantity 
were taken into account. Based on measurements of rainfall, drinking water consumption, sewage 
and storm water flow, a water budget was calculated. distinction was made between drainage 
water, sewage and storm water in the separate sewer system. In this area it was found that the 
drainage water flow range is 0.4-1.5 times the average sewage flow. During rainfall the sewer 
takes up to 30 per cent of the total runoff volume, and the maximum leakage flow is 5 times the 
average sewage flow. Thus the separate sewer system not perform very well with respect to 
quantity. The mass flows of SS, BOD, P, and Pb were also calculated, and it was found that the 
mass flows of pollutants were less than for a combined sewer system. The mass flows of pollutants 
were, however, nearly of the same magnitude as those of a combined system with storage 
capacity. 

Bilan hydrologique pour zone d'habitation a vCltC1bOlrg 

Resume. Torslanda, banlieu de Goteborg, sur la cote ouest de la Suede, a fait l'objet d'une etude 
sur le fonctionnement des systemes d'evacuation d'eaux usees. Cette etude porte ala fois sur !'aspect 
qualitatif et l'aspect quantitatif. Le bilan hydrologique est etabli a partir des mesures de precipita­
tions, de la consommation d'eau potable et de l'ecoulement des eaux usees et des eaux d'orage. n a 
ete possible de distinguer entre l'eau de drainage, les eaux usees et les eaux d'orage. On a trouve 
que, pour cette surface, l'ecoulement de drainage faisait de 0.4 a 1.5 fois l'ecoulement moyen des 
eaux usees. Au cours d'une pluie, la canalisation d'eaux usees transporte jusqu'a 30 pour cent de 
l'ecoulement total et le debit maximal est egal a 5 fois le debit moyen; il s'ensuit que le systeme 
d'evacuations separees n'est pas tres performant sur le de la quantite. On a egalement calcule 
les debits en SS, BOD, P et Pb et on a trouve que les de polluants etaient inferieurs pour un 
systeme d'evacuations non separees. Le debit des polluants etait cependant a peu pres de la meme 
grandeur que celui du systeme non separe comportant une certaine capacite de stockage. 

INTRODUCTION 

Twenty years ago Torslanda was a small village outside Goteborg. In the early 
sixties a growth began which now has made Torslanda a suburban area with 5000 
inhabitants. In the near future the urban area is going to increase, and the question is 
if the capacity of the main sewerage pipes will be sufficient. Theoretically the capacity 
is sufficient for another 5000 inhabitants, but in it is known that it has been 
insufficient on certain occasions such as rainfalls. 

Since the middle fifties, the policy in Sweden has been to build sewers for 
stonn water and sewage. The drainage water is led either to the stonn water pipe or to 
the sewer at the bottom of the on the of the drainage pipe. 

Problems of leaking sewers have arisen because of of the clay subsoil at 
many places in the area. Therefore cross sections of concrete have been built in the 
trench with the purpose of preventing the trench. Because of the 
possibility of the drainage water being led into the sewerage and the leaking 
sewers due to subsidence of the subsoil, the has arisen water 
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FIGURE 1. Map of the Torslanda catchment. 

requires a larger capacity of the sewerage pipe during longer periods of rainfall than 
is normal. Another question which could be put is if the investment in two pipes, one 
for storm water and one for sewage, has payed off with respect to decreasing treatment 
costs and decreasing pollutant mass flow to the recipient. Work by Lindholm (1974) 
has shown that a separate system does not pay off when the separation of storm and 
sewage water is not complete. 

AIM OF THE STUDY 

The aim of this study was to describe the water movement in the area and to find out 
what caused the lack of capacity of the main sewer. It was then necessary to: 

( 1) quantify the water input to the area during dry and wet periods; 
(2) quantify the water output from the area for the same periods; 
(3) distinguish between surface water, sewage, and drainage water. 

A material balance was also carried out for some typical sewage constituents and 
some typical storm water constituents. 

THE TORSLANDA AREA 

Torslanda is situated on the west coast of Sweden, 20 km west of the city centre of 
Goteborg. The area consists of single family houses, multi-family houses, a small 
commercial area and an industrial area. The total area is 3.25 km2 including the rural 
area and it is divided into three subcatchments(see Fig.l). The catchments are 
specified in Table 1. 

The whole area is equipped with separate systems for sewage and storm water. Both 
systems consist of concrete pipes. The dimensions range from 225 to 400 mm circular 
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TABLE 1. The area of each subcatchment in Torslanda 

Total area Rural area Urbanized area ---- [km2 -] -----Area no. [km 2
] [km2] [%] [%1 

1 (a+b) 1.62 0.89 54 0.73 46 
la 1.08 0.63 58 0.45 42 
2 0.54 0.35 65 0.19 35 
3 1.09 0.43 40 0.66 60 
1+2+3 3.25 1.67 51 1.58 49 

pipes for sewage and from 225 to 1600 mm circular pipes for storm water. Drainage 
is led partly to the sewers and partly to the storm water pipes. The subsoil in the urban 
areas consists mainly of clay. 

OBSERVATIONS 

Based on observations of rainfall, inflow of drinking water, and outflow of storm and 
sewage water, a water budget for the area may be obtained. 

Rainfall was measured continuously at only one point, point N in Fig.l. 
Sewage flow was registered continuously at points A, B and C (see Fig.l ). The 

principle for the measurements at point A was a two-point measurement of the water 
level in the pipe and at point B a one-point measurement of the water level in the pipe. 
Point Cis a pumping station for sewage, where the flow measurements were made by 
observation of the running time of the pumps. The flow could then be calculated 
through the capacity of the pumps and the running time. Unfortunately, the 
measurements of sewage at point B did not succeed. All calculations for sewage are 
therefore based on measurements at points A and Conly. 

Storm water flow was observed at points B, D and E (see Fig.l) using a sharp­
crested weir and water level measurements. All measurements were registered 
continuously on a paper chart. 

The drinking water was measured continuously at point A (see Fig.l) for some 
weeks. The measurements were used to calculate the specific consumption of water 
in the area. 

The composition of the storm water was investigated during two storms at point B 
and during one storm at point D. Samples from the sewage were taken occasionally 
both in dry weather and in wet weather. The samples were analysed with respect to: 
suspended solids, (SS), total phosphorus, (Ptot), chemical oxygen demand, (COD), lead, 
(Pb), copper, (Cu), and zinc, (Zn). 

MEASURING PERIODS 

Observations were made from September to December 1976: 

pen'od no. I : 3 September-29 September 1976 
period no. II : 10 October-25 October 1976 
period no. III : 23 November-2 December 1976 

A description of the rainfall events in each period is given in Table 2. 

WATER BUDGET 

periods 
It was possible to recognize the drainage water flow in the sewerage pipes in two ways. 
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TABLE 2. Rainfall during each period 

Minimum Maximum 
Rainfall Number of intensity intensity 

Period [mm] events [mm/h] [mm/h} 

I 45.2 23 0.10 4.70 
II 60.6 12 0.04 1.39 
III 61.8 17 0.05 3.90 

TABLE 3. Drainage water flow during periods I, II and III in 1. s- 1 km- 2 for the whole 
catchment of Torslanda 

Period 

I 
II 
III 

Sewer 

1.9 
2.2 
3.0 

Drainage water flow 

Storm water pipe 

1.4 
0.9 
2.3 

TABLE 4. Drainage water flow during period I, II and III in 1. s- 1 km- 2 for the 
catchment at point C 

Period 

I 
II 
III 

Sewer 

3.2 
4.4 
7.6 

Drainage water flow 

Storm water pipe 

1.4 
0.9 
2.3 

The method used for the calculations was to subtract the consumption of drinking 
water from the measured dry weather flow. The result can then be checked by 
comparison with the dry weather flow during the night when there is no water 
consumption. The drainage water flow in the storm water pipes is the same as the 
value measured during dry weather. The values in Tables 3 and 4 were obtained by 
this method. 

From Tables 3 and 4 it can be seen that the sewerage pipes in the catchment at 
point C drain more effectively than do the pipes in the whole area on average. 

Wet periods 
During wet periods the water in the sewer can be divided into three components: 
consumption water, drainage water, and surface water. This is illustrated in Fig.2. 
The water in the storm water pipes can be divided into drainage water and surface water. 

Table 5 gives the runoff volume in the sewerage pipe and in the storm water pipe 
for the catchments at point A and point C. Since not all rainfalls have been registered 
and measurements of stonn water runoff have not been made for all catchments, the 
runoff volume is based on the measurements in the catchment at point B. It is 
assumed that the coefficient of runoff for the whole catchment of Torslanda is well 
represented by the coefficient for catchment B. 

From Tables 5 and 6 it can be seen that the sewers take 10 per cent of the rainfall 
volume during the September period when the subsoil is unsaturated with water. In 
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FIGURE 2. Sewerage flow divided into drainage water, consumption water and surface 
water during periods I, II and III. 

TABLE 5. Rainfall and runoff for the whole catchment of Torslanda during periods I, II, 
and III. Rural area excluded 

Runoff 

Rainfall Total runoff Sewer Storm water pipe 
Period [mm] [mm] [%] [mm] [%] [mm] [%] 

I a 34 12 36 4.8 39 7.4 61 
lb 11 4.2 38 1.2 29 3.0 71 
II 61 38 62 14 37 24 63 
Ill 62 56 91 16 29 40 71 

Ia: 3-20 September 1976; Ib: 20-29 September 1976. 
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TABLE 6. Rainfall and runoff for the catchment at point C during periods I, II, and III. 
Rural area excluded 

Runoff volume 

Rainfall Total runoff Sewer Storm water pipe 
Period [mm] [mm] [%] [mm] [%] [mm] [%] 

Ia 34 12 36 3.7 31 8.4 69 
lb 11 4.6 42 1.1 24 3.5 76 
II 61 40 66 12 30 28 70 
III 62 58 93 12 21 46 79 

Ia: 3-20 September 1976; lb: 20-29 September 1976. 

TABLE 7. Average concentrations of pollutants in sewage and storm water in mg/1. 

Raw sewage 
Storm water 

ss 

300 
150 

6.0 
0.1 

BOD7 

150 
15 

Pb 

0.06 
0.15 

November when the subsoil storage is filled, the sewer takes 25 per cent of the rainfall 
volume at the maximum for the whole catchment area. In the catchment at point C the 
sewers take 20 per cent of the rainfall volume at the maximum. 

The fraction of the rainfall volume which runs through the storm water pipes is 
increasing all the time from September to November. The maximum value of about 
70 per cent is obtained in November. 

MASS FLOW OF POLLUTANTS 

To get some idea of how the system at Torslanda works with respect to the transport 
of pollutants, we have made some calculations. The concentrations in Table 7 are 
based on literature (Malmquist and Svensson, 1974; Kaffehr, 1976) and the quality 
measurements in the area. 

The measured quantities of sewage at point A, the calculated quantities of storm 
water at the same point, and the average concentrations in Table 7 give the poilu tant 
mass flow at point A. To get the mass flow to the receiving waters, we find it reason­
able to calculate with a tertiary treatment plant for the sewage. The storm water 
however runs untreated to the receiving waters. 

A comparison has been made with respect to mass flows of SS, BOD7 , Ptot and 
Pb for: 

(1) a completely separate system, 
(2) the existing system, 
(3) a combined system, 
( 4) a combined system with a storage capacity of 1200 m3/km2

. 

The results are shown in Figs.3 and 4. 
Regarding suspended solids and lead, the highest values are obtained with a separate 

system. The existing system is not completely separate and therefore gives lower values 
than an ideal system. 
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FIGURE 4. Mass outflows of suspended solids and lead from 
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Regarding BOD7 and Ptot the highest values are obtained a combined system. 
The sewage is responsible for most of the and the and it is natural that the 
combined system gives higher mass flows than the Overflows are 
however, to a great extent responsible for the combined system. 
Retention basins within the system would, decrease the overflows rapidly. 
A total storage volume of 1200 m 3/km2 decreases the mass flows of and Ptot 
by 10 per cent, as seen from Figs. 3 and 4. the mass 50 per cent, 
that is, no untreated sewage would volume of 
15 000 m3/km2. 

DISCUSSION 

What causes the lack of capacity of the main sewers in question is 
quite simple to answer when the results of the measurements are known. The answer 
is that during longer periods of rainfall surface water the main capacity of the 
sewers. 

During dry periods the sewer system functions 
range is 4.8-7.5 1./s for the whole area, whereas 
that is, a drainage of 0.4-0.6 times the average 
drain more than normal. The subcatchment at 
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times the average sewage flow, which is more than the average for the whole area but 
still quite normal according to Swedish standards. 

During wet periods the sewer system does not work as well as it should. Tables 5 
and 6 show that the sewers take 30 per cent of the total runoff in the whole area and 
25 per cent in the catchment at point C. The maximum leakage is 5 times the average 
sewage flow for the whole area and 7.5 times the average sewage flow for the 
catchment at point C. The maximum values appear during a day with a rainfall of 
18mm. 

Figure 2 shows that surface runoff causes the overflow and that the drainage water 
flow does not increase very much during wet periods. The flow level before a wet 
period rapidly recovers afterwards. There is an increase in the drainage water from 
September to December, but this is explained by the difference in saturation of the 
subsoil storage. 

Due to the fact that the dry weather flow recovers rapidly after a rainfall event, it 
can be assumed that the water in excess of the dry weather flow is coming in through 
wrong connections to the sewers and is infiltrating directly into the trench or into the 
area immediately surrounding it. 

As to the quality of the sewage, the large amount of surface water in the sewer 
causes overflow and reduction of the treatment efficiency, which in turn causes 
transport to the receiver of larger amounts of pollutants than necessary. 

Figure 3 shows that the mass flows of BOD7 and Ptot of a combined system are 
higher than those of a separate system. With a storage capacity of 1200 m3/km2

, 

however, a reduction of 10 per cent can be obtained. A storage capacity of 
15 000 m3 /km2, which is needed to prevent all untreated overflows, is not reasonable to 
build. But if the runoff from the roofs in the area(O.l6 km 2

) could be infiltrated the 
effect would be the same as increasing the storage capacity. Calculating with a runoff 
coefficient of 1.0 for the roofs, the mass flows of BOD7 and Ptot would be decreased 
by 20-25 per cent compared to a system without storage capacity. As toSS and Pb 
the mass flows of a combined system are lower than those of a separate system. 
Probably the same effect to the receiver regarding mass flows of SS, BOD7, Ptot. 
and Pb would be achieved with investment in storage capacity and other retention 
facilities instead of investment in a separate system. 
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ABSTRACT 

Planning models are suitable for the evalua­
tion of storm water management alternatives. 
The planning methodology is to define the 
problem and then to choose a model which is able 
to solve this problem. 

The NIVA model (the Norwegian Institute of 
Water Research model) has been used in this 
study to evaluate the storm water management 
alternatives of a suburban area (3.64 km2) in 
Gothenburg, Sweden. Three different separate 
systems, including the existing one and two 
combined alternatives have been simulated. The 
long time simulations have been done with base 
rainfalls instead of historical ones which 
reduces the computer cost considerably. The 
alternatives regarding phosphorus and lead load 
on the receiving waters were evaluated. The 
annual loads could not be reduced considerably, 
however, during wet weather the loads were re-
duced by 50% with icient systems compared to 
inefficient ones. The largest reduction of the 
annual lead load was achieved through altering 
from to combined system. 

INTRODUCTION 

A planning is a computer ba tool, which has the 

ability, for certain periods of time, to simulate volumes of 

water and masses of pollutants from urban areas. A planning 

model has basically the same structure as a model for design 

purposes. In addition to the sub-routines for surface runoff, 

pipe routing and storm water quality there are sub-routines 

di retention basins, pumping stations, 
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overflows and treatment facilities, which are not 1 

available in design models. Some models can also be linked 

with models for the receiving waters. 

The model used in this study is the NIVA model (the Norwegian 

Institute of Water Research model). The results presented is 

a part of a study the Torslanda catchment in Gothenburg 

where the NIVA model and the Dorsh Consult model QQ.S have 

~een tested. The complete results will be reported later this 

PLANNING METHODOLOGY 

Defining the problem 

The type of problem will influence how the work is 

out. Is it a capacity problem or a pollution problem? In the 

first case single storm event simulations are sufficient for 

determining the critical sections of the network. If a pollu­

tion problem is linked with the capacity problem, for example 

through overflows, long time simulations have to be done un~ 

less overflows will be completely eliminated. 

Basically there are two planning situations, namely: Planning 

for new developments and planning for renovation or expansion 

of old developments. In the former case the task is to both 

design the sewerage system and to evaluate the quantitative 

and qualitative effects of the system. In the latter case the 

sewerage system exists in its main parts. The task will be to 

evaluate the effects of the changes made in the existing 

sewerage system. 

In the planning phase, when planning for new developments 

the basic data is not very detailed. Therefore it does not 

pay to solve detailed problems even if the model makes it 

possible. The basic data is too poor. The planning model is to 

be used to evaluate the fects of the main planning alte~na­

t 
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When planning for renovation or expansion of old develop-

ments it is a matter and money which data base to 

be used. The model can be both to make a rough 

estimate fects of d 

· more detailed planning. The 

is to allow 

the model is 

s and for 

base 

planning and that 

igning In this is 

not the case and design models have to be used. 

Precipitation data 

Continous simulations of runoff demand access to precipitation 

data over a period of several years. Long time simulations 

make it possible to treat the result statistically and to 

calculate probable loads of pollution on an annual basis. 

Continous simulations over a period of 20-30 years will be 

very expensive. Different methods are however used to reduce 

the cost. If historical rainfalls are used for the simulations 

the cost can only be acted upon by length of the time-

step and the discretization of the area. The longer the time­

step is the cheaper the simulation will be. But when the 

timestep is increased the accuracy of the simulations will 

decrease and a balance between cost and accuracy has to be 

found .. The same condition is--applied to discretization. The 

more roughly the area is discretized the cheaper the simulation 

will be But at the same time the accuracy will be decreased. 

In order to reduce the length of the historical record of 

prec ion data the record can be analyzed regarding 

duration rainfall events, time between rainfall events, 

mean , maximum intensity, 11 volume etc. A 

part of the who record then can be chosen which has the 

same regardingthe above parameters. Another method 

as proposed by Lindholm (1975) and oren et al (1978) is to 

create base rainfalls from a historical record of rainfalls. 

This method up with only 10-20 base rainfalls which are 
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the same every year during the simulation period. 

Which type of precipitation series should be used to 

a certain problem depends mainly on the available economic 

resources for simulation and the degree of accuracy requested. 

The most accurate way is to choose a hi 1 record. A 

comparison between simulation results with base rainfalls 

and a historical record is not published and thus it is not 

possible to estimate the loss in accuracy when base rain­

falls are used. It is however probable that the ov~rflow 

volumes are underestimated. The reason for this is that the 

historical rainfalls are treated as block rainfalls, where 

the peak intensities are levelled out. V.lork with ba·se rain­

falls will in the future demand comparisons between simulation 

results with historical rainfalls and base rainfalls. 

Mapping and investigations 

The main purpose of the mapping is to describe the area in 

a way that suits the computer model. There is no general 

description os this process since different models demand 

somewhat different input data. Some models calculate in the 

same way as design models and need a rather detailed descrip­

tion of the area. The difference is mainly that the planning 

models work with larger subcatchments than do the design 

models. Other planning models work with the whole catchment 

and have no pipe routing. 

When planning for renovation or expansion in old developments 

some investigations have to be done to make the simulations 

meaningful. An investigation of which parts are supplied with 

a separate sewer system and which parts are supplied with a 

combined sewer system is very important. The condition of 

the sewers is also important regarding leakage from or into 

the sewers .. 
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In order to simulate the pollution some data is 

needed which is not eas are the accumu-

lation rate pollutants on spec ic 

load pol s sewage .. In s case one is often forced 

for reasons 

tions in s 

economy to use results 

lar areas .. 

Needs of calibration 

tiga-

When planning for new developments it is not possible to 

make calibrations 

In old areas however, it is poss to 

The reason why the model always should be 

the model .. 

ibrated if 

po~sible is mainly that even if the data se is of very good 

'standard there are a lot of uncertainties which are di1fi-

cult ·to iminate. One of them is the extent to which the 

area is served by a separate sewer system The condition of 

the sewers is another one .. Observations of sewage flow and 

storm water flow for the whole area and observations of rain-· 

fall intensity are always needed to cal the model .. 

USING THE NIVA MODEL AS A PLANNING MODEL 

Reports on the NIVA model have been published by Lindholm 

(1975),Sirum and ~ren (1978) and Eikum and Hundstad (1978). 

In this study, the version available in 1977 has been used 

for all the simulations The catchment area for which the 

simulations have been done is Torslanda outs Gothenburg .. 

This areas has been 

Svensson (1977) .. 

The Torslanda catchment 

ibed in by Malmquist and 

Torslanda is situated on the west coast of Sweden, 10 km 

west of the city centre of Gothenburg The area consists of 

single fami houses, multi-family houses, a small commercial 

area and an industrial area. The total area is 3 .. 64 km2 in­

cluding the rural area and it is divided into three subcatch-

ments (see Fig 1) catchments are i in Table 1 .. 
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Figure 1 .,. 
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The Torslanda 

ments: 

networks 

Nolered, 

catchment 

Hog and 

for storm water 

UNDEVELOPED AREA 
BUILT-UP AREA 
SEWAGE PIPE 
STORM WATER PIPE 
PUMPING STATION 
WITH OVERFLOW 
OVERFLOW 
LOCAL RECEIVING WATER 
MAIN RECEIVING \~ATER 

with the three subcatch­

Lottkarr. The schematized 

and sewage are also shown. 

The whole area is equipped with separate systems for sewage 

and storm water .. Both 

to 400 mm circular 

systems 

pipes for 

of concrete 

225 to 

225 pipes, 

1600 mm cir-

cular pipes for storm water. 

consist 

sewage and 

Foundation 

partly to 

drains and other 

drainage 

to the 

pipes are connected 

pipes. The storm water 

consists mainly of clay 

subsoil 

the sewers 

in the urban 

and partly 

areas 
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Table 1 0 Total area and impervious area for the subcatch-

ments and the whole area of Torslanda .. 

Total area Built-up area 

area 

Nolered 21 0 ; 73 20 .. 5 28 
Hog 130 66 23 4 35 

Lot:tkarr 24 19 1 . 8 9 
Whole area 364 158 45.7 29 

Precipitation data 

The long time simulations were made with base rainfalls 

.according to Lindholm (1975). 

The base rainfalls have been developed from precipitation 

data for the Bergsjon area in Gothenburg .. This area has been 

described by Arnell and Lyngfelt (1975). Precipitation data 

for the years 1973 and 1974 was used in this study. The Berg­

sjon area is situated 20 km east of the Torslanda area. The 

Bergsjon precipitation data may thus not be completely repre­

sentative for the Torslanda area. However, the purpose of 

this study was not to give the exact values of pollution load 

etc. but to make a comparison between different alternatives. 

Table 2 gives a summary of the thirteen base rainfalls used. 
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Table 2. Mean intensity (I) and mean duration (D) for 

each base rainfall. The number of rainfalls 

represented by each base rainfall is given 

by n. 

' 
~sity Dura mm/h) 1 .. 8 1 .. 8 3 .. 6 3 .. 6-7 .. 2 7 .. 2-14 .. 4 

(min 

I - 27 5 .. 2 10 .. 7 

<15 D - 13 1 2 7 

n 0 3 s 2 

I 1 . 2 2 .. 6 4 .. 8 8 .. 5 

1 45 D 35 27 33 24 

n 12 16 5 3 

I 1 .. 1 2 .. 5 4 .. 6 10 .. 7 

>45 D 193 174 135 87 

n 80 28 4 1 

The simulations have been made with the thirteen base rain­

falls which are less than one tenth of the number of histo­

rical rainfalls during one year. In order to get the pollu­

tion loads the simulation results have been multiplied by 

the number of historical rainfalls which each base rainfall 

represents .. 

Simulation alternatives - assumptions 

Except for the existing separate system two other separate 

systems and two combined systems have been simulated. The 

parameters which have been altered are the following ones. 

- Impervious area draining to the sewers 

- Drainage water flow 

- Storage capacities 

Table 3 gives a summary all alternatives simulated. There 

is also a short description of the speci properties of 

each alternative. 

14 .. 4 

I 

16.2 

7 

1 

25.5 

24 

1 

,... 

-
0 



Alternative 

Separate: 

D1 

D2 

D4 

Combined: 

K1 

KS 

89 

alternatives. 

Description 

Existing sewerage 

Storm water presently draining to the 
sewage pipe to the storm 
water pipe. 

Storm water presently draining to the 
sewage pipe transferred to the storm 
water pipe. Sewer infiltration eliminated. 
Impervious area reduced. 

A hypothetical combined sewer system 
was designed for the catchment. 

Storage capcity was added to the designed 
system. 

The background of the above alternatives is the investigations 

in the area preceding the simulation study. The results of 

the investigations which included measurements of precipi­

tation, storm water runoff, sewage flow and drainage flow 

have been reported by Malmquist and Svensson (1977). The 

measurements showed that the existing separate system did 

not perform very well. Up to 30% of the total storm water 

runoff was transported through the sewage system. Calibration 

of the·model regarding time of concentration, surface storage 

and impervious area brought the simulated hydrographs into 

good correspondence with the measured ones. As seen from 

Table 4 the impervious area draining to the sewage pipe is 

assumed to be 15% for the existing separate system. 

Table 4 the values for each alternative of the para-

meters which have been varied 
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Table 4. Values of parameters which have been varied for 

simulation alternatives. 

impervious area 
draining to sewers in % 

Sewage pipe 

Storm water pipe 

Separate 

0 0 15 

75 90 80 

Infiltration and drainage,l/skm2 3.0 3.0 0.0 

Bypassed flow for overflows 
in 1/s 

Lottkarr 

Hog 
Primary treatment 

Chemical precipitation 

3 Storage capacity in m 

Hog 

Treatment plant 

18 18 18 

160 160 160 

124 124 84 

62 

0 

0 

62 42 

0 

0 

0 

0 

Combined 

90 90 

3.0 3 .. 0 

18 

120 

186 

93 

0 

0 

18 

60 

93 

2300 

2000 

The pollution load, P, in storm water is given by the con­

stants A and B in the following formula: P = A·qB (mg/spha) 

where q is the runoff intensity in 1/s·ha. 

The following loads have been used during all simulations: 

Phosphorus: P 

Lead: Pb 

= 0.228 · q 1 · 13 (mg/s·ha) 

= 0.115 g 1 · 08 (mg/s·ha) 

The sewage loads used were the following ones: 

Phosphorus: 2.5 (g Ptot/person·day) 

Lead: 0.02 (g Pb/person·day) 
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To make the results from the calculations more general the 

Torslanda area was completed with a hypothetical treatment 

plant with imary treatment and chemical precipitation. 

The treatment plant was assumed to the pollutants 

differently depending on the quality of the incoming sewage. 

Table 6 gives the treatment iency of each alternative. 

The treatment iency is believed to be standard value 

of primary treatment and chemical precipitation. However, 

the values of wet weather are a matter of discussion. 

Naturally, the assumed treatment iciency acts upon the 

simulation ts, and that is why the actual levels can-

not be taken for granted. 

Table 6. Treatment efficiency in %. 

Alternative Primary Primary treatment 
chemical 

D1 Dry weather 90 80 
Wet weather 40 1 0 80 65 

D2 Dry weather 90 80 
Wet weather 40 1 0 80 75 

D4 Dry weather 90 85 
Wet weather 40 1 0 90 85 

K1-K5 Dry weather 90 80 
Wet weather 40 1 0 80 65 

Simulation ts 

The total annual loads of phosphorus and lead are shown in 

and 

Figure 2. The phosphorus loads do not di very much bet-

ween the 

the 

alternatives. With regard to lead however, 

systems yield twice as much as the combined 

ones. The loads during wet weather (800 hours per year) are 

also shown in Figure 2. With regard to phosphorus only about 
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25% is yielded during wet weather The main phosphorus source 

is the sewage. Lead, however, is a typical storm water con-

stituent. About 90% of the is, as a matter of fact, 

yielded during wet weather 

D1 
D2 
D4 
K1 
K5 

01 
02 
04 
K1 
K5 

0 

0 

h 

r 

Figure 2. Annual loads of phosphorus and lead throughout 

the year and during wet weather. 

Figure 3 shows the annual loads during wet weather separated 

into three Untreated water to the local receiving 

waters, untreated water to the main receiving water and 

treated water to the main receiving water. Regarding phos­

phorus most of it is yielded a treatment. As seen from 

the columns A and B the KS alternative has no untreated yield 

to the receiving waters at all. However, an efficient 

separate system such as D4, reduces the yield 

after treatment by 50% compared to the existing one, 01. 
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02 

® 04 
K1 
K5 

01 
02 

@ D4 
K1 
K5 

01 
02 

© 04 

93 

K1 ~~~~--~~ .. ~----~~--wr~~ 
1<5~--------------------------~ 

Untreated to the 
local receiving 
waters. 

Untreated to the 
main receving 
water .. 

Treated to the 
main receiving 
water .. 

Figure 3 Annual loads of phosphorus and lead during wet 

weather separated into 

fractions. 

and treated 

Regarding lead most of the loads of the separate systems 

are yielded untreated. With regard to the combined systems 

most of the loads are yielded a treatment .. As seen from 

the figure a separate system,which well, D4, yields 

four times as much lead as a combined , KS, does .. 
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The instant loads on the local receiving waters Hog and 

Lottkarr are shown in 4 The systems have 

the highest instant both phosphorus and 

lead except for the pho load of the combined a 

native K1. As to lead, 25% of the annual load on the 1 

receiving waters is 

total number of events 

during 10 events or 7% of 

The corresponding for 

phorus are 20% of the annual load during 7% of the events. 

Regarding the combined alternative K1, the phosphorus load 

during 4% of the events is 40% of the annual load. 

02 02 04 

l 1.0~----+-----~~--~-----+-----+----~ 
{#) 
::3 oo 
-a • 0 '5. 1.0 
., 
Jlleo 

0 5 0 5 0 5 10 
events events per year 

Figure 4. Instant loads of phosphorus and lead on the 

local receiving waters. 

Conclusions 

There are some general conclusions to be drawn from this 

study regarding separate systems or combined systems, even 

if the simulation results are limited to the pollution of 

phosphorus and lead. They are, however, typical for sewage 

and storm water. respectively. 

Regarding separate systems and phosphorus there are no mea­

sures which reduce the annual load to any great extent. During 

wet weather however an efficient separate system yields half 

as much phosphorus as an ient one. But this reduction 
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means only about 10% annual . The load 

during wet weather can be by 20% as the D4 

alternative compared to D2. This also means that the annual 

load will be reduced by 20%. The reason this reduction 

is, however, the impervious area of the D4 

An important di between and lead is 

most of the phosphorus load comes from the treatment plant 

while most of the lead load comes untreated from the storm 

water system. That is: Measures to be taken against phospho-

rus must be located to the sewage 

to the storm water system. 

and against lead 

Regarding combined systems and phosphorus the reduction of 

the annual load by introducing storage capacity is not very 

important. All the reduction is obtained during wet weather 

and is less than 10% of the annual load. As to lead there is 

the same tendency. However there is an important difference 

between the combined system with storage and the one without. 

The latter has no untreated yield of either phosphorus or 

lead to the receiving waters. Everything goes through the 

treatment plant where measures can be taken to reduce the 

loads. 

As to the instant loads there is no important difference be~ 

tween the separate systems. This is however not the case 

the combined systems where the alternative with storage has 

no instant load at all. 

A general matter of discussion which have been illustrated 

by this study is the question of combined or separate systems. 

As seen from Figure 2 the phosphorus load is about the same 

for combined and separate systems. The lead load however of a 
combined system is less than half the load of a separate 

system. 
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