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Abstract 
 

Comparing Groundwater Drawdown with Estimated Influence Radius – A Case Study 

of Infrastructural Projects in Sweden 

Staffan Druid 
 

Infrastructural projects may sometimes require excavation of soils and the groundwater table to be 

lowered, temporarily or permanently. As there are risks in connection to groundwater lowering, the 

extent of the affected area is of interest. The distance from the source of the drawdown to the point of 

unaffected groundwater table is known as the influence radius, and can be analytically estimated by a 

number of formulas, using input based on aquifer properties. Using data from two infrastructural projects 

in Sweden, the formulas could be evaluated in respect to groundwater level measurements and actual 

influence radius. The aim of this study was to compare different the results of the formulas to observed 

drawdown, as well as to evaluate the sensitivity of the formulas, i.e. how changes in input yielded 

changes in influence radius. 

Data from the two projects were used as input to the formulas, where the output could be compared 

to time series of groundwater table measurements in order to evaluate the accuracy of each specific 

formulas in each case. The sensitivity analysis was carried out by changing the values of the input data, 

one parameter at a time within a range of typical values, and evaluating the change that occurred. The 

evaluation was made by comparisons between the original calculation of influence radius and the new 

set of influence radii, calculated by changes in input parameters. A large change in the value of influence 

radius indicate a high sensitivity and vice versa. 

The calculated influence radii varied largely between the two cases, and no clear result as to the 

accuracy of the formulas could be seen. What this implies is that the choice of formula when estimating 

influence radius matters greatly, and that a few different formulas should be used if the input data is 

available. For greater knowledge of the suitability of the formulas, a greater number of case should be 

investigated, but overall the theoretically derived formulas, with a greater number of input parameters, 

seem to be more reliable. 

The sensitivity analysis showed that a certain formula could have different sensitivities, depending 

on the magnitude of the input – a small change on the low part of the input range could have a greater 

change on the influence radius than a large change at the high part of the influence range. When making 

estimations, it’s thus a good practice to use a range of input values, i.e. minimum and maximum values, 

for a better estimation of influence radius. Hydraulic conductivity is a particularly important parameter 

when calculating the influence radius, and is oftentimes hard to determine exactly. Using a safety margin 

for the input when using the formulas is a good method for a better understanding of the extent of the 

influence radius. While hard to determine a single parameter associated with a high uncertainty, the 

empirical formulas did exhibit a larger sensitivity than the theoretical, further promoting the use of 

theoretical formulas in general when possible, and Theims (confined) well equation in particular, 

regardless of the aquifer type. 
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Populärvetenskaplig sammanfattning 
 

Jämförelse av grundvattenavsänkning med uppskattat påverkansområde – Fallstudier 

av svenska infrastrukturprojekt 

Staffan Druid 
 
Många byggnadsprojekt kan kräva att marken grävs upp, där exempelvis ledningar, grundläggning för 

byggnader eller vägar ska anläggas. Det finns risk för att en sådan anläggning går ned under grundvattenytan, 

eller att arbetsförhållandena kräver att grundvattenytan sänks, tillfälligt eller permanent. En sänkt 

grundvattenyta kan riskera sprida sig till omgivande mark, beroende på markens egenskaper. Exempel på 

skador som kan uppstå från en sänkt grundvattenyta är sämre funktion eller kapacitet i brunnar samt 

sättningar i byggnader som är grundlagda på sättningskänslig mark. Det är således av stort intresse att känna 

till hur stort område som kan påverkas av sänkt grundvattenyta omkring den sänkning som anläggningen 

kräver. 

Det område som påverkas av sänkta grundvattennivåer kallas för influensområde, och det avstånd från 

anläggningen till opåverkade nivåer kallas följaktligen influensradie. Detta eftersom avståndet som influeras 

av grundvattensänkningen ofta antas ske jämnt i alla riktningar från en punkt. Influensradien kan uppskattas 

med hjälp av ett stort antal matematiska formler som använder sig av grundvattenmagasinets och områdets 

egenskaper (parametrar). Formlerna är i många fall lika, men kan ge väldigt olika resultat. I dagsläget saknas 

konsensus om vilken eller vilka metoder som är bäst lämpade för att bestämma influensområdet, eller hur de 

skiljer sig åt i samma sammanhang. 

Med hjälp av data från två infrastrukturprojekt i Sverige utvärderades formlernas lämplighet och 

användbarhet till att uppskatta en viss influensradie. Formlernas beräknade värde på influensradie jämfördes 

med mätningar av grundvattennivåer och kunde på så sätt utvärderas i relation till en faktisk influensradie. 

Syftet med detta arbete var dels att jämföra utfallen av formlerna mot den faktiska influensradien, samt att 

undersöka formlernas känslighet, d.v.s. hur ändringar i indata gav förändringar i utfallet. 

Känslighetsanalysen genomfördes genom att ändra värden på indata, en parameter i taget inom ett spann 

av typiska värden för grundvattenmagasinet, och utvärdera förändringen som uppstod. Utvärderingen gjordes 

genom jämförelse mellan den ursprungliga influensradien och de nya influensradier som uppstod med 

förändrad indata. En stor förändring i influensradie indikerar stor känslighet och vice versa. 

Resultaten från utvärderingen av formlerna skilde sig åt mellan de två fallen, och något entydigt resultat 

om bäst lämpade formler gick inte att se utifrån den tillgängliga datan. Däremot gav olika formler både under- 

och överskattningar för samma uppsättning indata, vilket visar på att valet av formel vid uppskattning spelar 

stor roll, och att det är säkrast att göra uppskattningen för ett par olika formler om indata är tillgänglig. För 

större kännedom kring formlernas lämplighet kan fler fall utvärderas, men det tycks finnas en viss fördel för 

de formler som är teoretiskt härledda och tar hänsyn till fler egenskaper av grundvattenmagasinet. 

Känslighetsanalysen visade att en parameter kan ha olika stor påverkan på känsligheten beroende på inom 

vilket spann rimliga värden på parametern finns. Att göra beräkningar med ett max- och min-värde är således 

en bra metod för att få reda på ungefär vilken influensradie som kan väntas utifrån beräkningar. Hydraulisk 

konduktivitet (genomsläpplighet) är en i synnerhet viktig parameter vid beräkning av influensradie som 

dessutom är svår att bestämma med stor säkerhet. Med hjälp av en viss säkerhetsmarginal kan 

influensområdet bättre förstås. Även om det är svårt att urskilja någon enskild parameter som i synnerhet 

känslig verkar det som att de empiriska formlerna är mer känsliga än de teoretiska. Detta styrker ytterligare 

ett användande av teoretiska formler generellt, och i synnerhet Theims brunnsekvation (för slutna akviferer), 

oavsett vilken typ av akvifer som beräkningen utförs för. 
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1 Introduction 

 

1.1 Problem Description 

In many infrastructural or construction projects (such as building of roads, railway or buildings), some 

excavation and modification of the uppermost soil layers is necessary, in which case consideration must 

be taken to the effect of excavation on groundwater. More specifically, if the work requires dry 

conditions below an initial water table, the groundwater needs to be lowered at the site of construction, 

which could lead to a lowered groundwater table at some distance away from the point of drawdown. If 

uncontrolled, a lowered groundwater table might have some unpleasant side effects on the surroundings 

in the form of settlements and structural damages to nearby buildings, water depletion in wells, changes 

in groundwater quality and induced movement of contaminations, and effects on surface water such as 

streams or lakes (Cashman & Preene, 2001). Consideration to the surroundings and nearby sensitive 

objects is thus crucial for proper precaution measures to be taken. One such precaution is the distance 

known as influence radius, the distance from the source of groundwater lowering to the point of an 

unaffected groundwater table level.  

The aim of the thesis was to evaluate the estimations of the influence radius of the groundwater 

drawdown in two different Swedish infrastructural projects. While there are different methods of 

estimating influence radius, this study is limited to the vast number of analytical formulas that can be 

used to give an indication of influence radius, based on the input of aquifer property parameters. Looking 

at the parameters and calculations made and comparing the outcome to the actual effects that are 

measurable today, hopefully some lessons about drawdown effect estimation can be learned. The aim is 

limited to groundwater effects in soil layers. Part of this study therefore aims to compile different 

methods for analytical calculations of influence radius from literature.  

Additionally, the thesis aims to delineate the input parameters that have the greatest impact on the 

outcome of the estimations.  

Finally, the thesis investigates what could be learned from the two projects. Knowing what we know 

today, what could have been done differently in the estimations? Are there other methods that could 

have given a better estimation, closer to the actual effects? 

1.2 Research questions 

The following questions were relevant for the thesis: 

• How does the observed drawdown differ from the estimated drawdown in the two projects? 

• Which method yields the best calculated influence radius compared to observed influence 

radius? 

• Which parameters have the highest impact on the outcome of the estimations? 
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2 Background 

2.1 Aquifers & Geology  

Geological units with high enough ability to store and transmit water to wells are called aquifers. 

Depending on the formation and stratigraphy, there are different types of aquifers with different 

properties.  

A confined aquifer consists of a water-bearing layer overlain by a relative impermeable layer 

(confining layer, or aquitard). It’s common to refer to these layers as “impermeable”, but in reality they 

have some low capacity to transport water, making them “leaky”. What defines a water-bearing or 

confining layer is depending on circumstances and the relative permeability of the layers. Because of 

this, the term “leaky aquifer” sometimes is used for aquifers with a lower impermeable boundary, which 

can transmit small volumes to underlying aquifers or layers. In a confined aquifer, groundwater recharge 

isn’t caused by precipitation over the area of the aquifer, but rather in the recharge zones, where the 

water-bearing layer crops out at higher elevations. Since most of the aquifer is saturated below the 

confining layer, the water is pressurized and would rise to a certain level if not restricted by the confining 

layer – the potentiometric surface is usually situated above the water-bearing layer, sometimes even 

above ground surface (Fetter, 1980). 

An unconfined aquifer does, as the name implies, not have a layer of lower permeability 

superimposed on the water-bearing layer. This means that the water table is open to the atmospheric 

pressure and has an upper limit where the soil is no longer saturated (i.e. the pores not completely water-

filled). Recharge to the aquifer can occur directly from precipitation, infiltration and percolation through 

the unsaturated zone (Fetter, 1980). 

Aquifers can also exist in rock layers, beneath the soil layers. Usually, the soil aquifer has a lower 

boundary consisting of bedrock, but as stated above, these boundary are seldom completely 

impermeable. Especially fractures in the rock can be water-bearing (Freeze & Cherry, 1979). The effect 

and influence of solid rock aquifers is not within the scope of this thesis. 

2.2 Groundwater Drawdown & Influence Radius 

Infrastructural projects, such as the planning and construction of a new road or railway, often include 

the need of excavating the soil in order to perform work below ground level and sometimes below the 

groundwater table. In these cases, there’s generally a need to take groundwater-bearing soil layers into 

consideration, as the work requires dry conditions. The approach is therefore to lower the groundwater 

table, either temporarily or permanently, which requires thorough understanding of the site-specific 

geology, soil properties and groundwater occurrences (Cashman & Preene, 2001).  

Given that the groundwater at the point of drawdown is hydraulically connected to a larger, regional 

aquifer, the drop in hydraulic potential in one place will affect the surrounding area. Water will flow 

towards the point of drawdown due to a lower potential, causing further lowering in an area which in 

theory affects groundwater levels throughout the entire aquifer. This is not usually the case, however. 
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Geological and hydrological attributes in the landscape such as bedrock ridges, rivers and lakes prevents 

the drawdown to extend beyond flow boundaries, and the soil properties (e.g. porosity, hydraulic 

conductivity, saturated aquifer thickness) govern how far the drawdown actually reaches (US EPA, 

1987). Furthermore, the drawdown occurs over time, which is why parameters such as pump rate and 

total pump time also needs to be taken into consideration when determining the drawdown. 

Lowering groundwater in one place can thus have consequences in another. When performing a 

drawdown, it’s therefore important to know – or at least try to estimate – how the surrounding areas will 

respond. More specifically, it’s often important to be aware of how far the drawdown will spread from 

the point of lowering; this distance is known as the influence radius (R), and answering the question of 

its magnitude is the main objective of this thesis. 

A schematic case of drawdown in a confined aquifer can be seen in figure 2.1:  

 

Figure 2.1 Schematic drawdown in a confined aquifer due to pumping (modified from Freeze & Cherry, 1979). 

Illustration of radial flow, seen from above, in upper right corner. Q = flow/pump rate, r = horizontal distance 

between pump well and observation well, R = Influence radius, CU = upper confining layer, W = water-bearing 

layer, CL = lower confining layer, sw = h0-h = drawdown in pump well, so = drawdown in observation well. 

 

Figure 2.1 shows a typical pump test, which is a common way of evaluating the aquifer properties, 

such as influence radius. When groundwater is pumped (at the rate Q) out of the water-bearing soil layer 

(W), a hydraulic gradient is created which drives the radial flow (from all directions) of groundwater 

towards the pump well. The initial potentiometric surface (blue dashed line, h0) lies above the lower 

boundary of the upper confining layer (CU), and experiences drawdown (h0-h or s) as the pumping 

progresses. By having an observation well at some distance r from the pump well, the drawdown over 

time can be established, and eventually a steady-state flow might occur. In the schematic scenario the 

drawdown is assumed to occur equally in all directions, creating a shape known as a depression cone 
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(Freeze & Cherry, 1979). In the event of a steady state, the influence radius R is defined as the distance 

from the point of maximum lowering to the point of no (or sufficiently small) drawdown. In other words, 

the radius of the depression cone. A steady state is achieved either when the drawdown is so slow that 

the potentiometric surface can be considered unmoving, being balanced by inflow to the aquifer, or 

when an aquifer boundary is reached, limiting the influence radius. In theory, the influence radius can 

extend indefinitely, but this is not the case in reality. As a rule of thumb, expected values of R are within 

30 – 5000 m (Cashman & Preene, 2001). 

The definition of where the edge of the depression cone is – i.e. the influence radius R – is not always 

the same and can sometimes be set arbitrarily (Werner et al, 2012).  In infrastructural projects it’s 

common to use a maximum drawdown of h0-h = 0.3 m in soil layers. The reason for this that any 

drawdown smaller than 0.3 m is hard to measure due to natural fluctuations being within this range. It’s 

therefore hard to conclude whether a drawdown of 0 - 0.3 m is caused by pumping or just part of natural 

variation in the groundwater level (Lissel, 2016). 

The schematic scenario described above is valid for most of the formulas described in section 2.3, 

though it may be worth mentioning some of the limitations and assumptions that is the basis of this 

scenario:  

• The horizontal aquifer is confined (water-bearing layer between two impermeable layers above 

and below). 

• The aquifer has an infinite extent and constant thickness. 

• The aquifer is isotropic, i.e. the same hydraulic conductivity in both horizontal and vertical 

direction. 

The conditions in the assumptions listed above (Freeze & Cherry, 1979) are never met in reality, but 

are necessary for the simplicity and usefulness of the formulas.  

In some projects, the cause of drawdown is not a pump penetrating the aquifer, but rather a 

rectangular shaft or channel dug through the soil layer. In such cases water can be pumped along the 

edges of the shaft, or simply penetrate the exposed sides if below the groundwater table. In this case the 

flow is not radial but rather parallel to the sides, and is shown in figure 2.2: 
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Figure 2.2. Schematic drawdown in a confined aquifer due to shafting. Illustration of Equivalent radius as seen 

from above in upper left corner. Q = flow, r = horizontal distance between pump well and observation well, R = 

Influence radius, Re = equivalent radius, a = shaft length, b = shaft width, CU = upper confining layer, W = water-

bearing layer, CL = lower confining layer, sw = h0-h = drawdown in pump well, so = drawdown in observation well. 

 

In figure 2.2 the shaft is shown as a rectangle with length a and width b. All distances from the shaft 

is calculated from the middle, along the length a. Since the influence radius is defined as a distance in 

all directions from the point of maximum drawdown, most of the formulas used to calculate influence 

radius assumes these types of conditions. In order to adapt formulas to the actual conditions of linear 

flow, the equivalent radius Re can be calculated, as in equation (20) below.  

In the case of figure 2.2, the drawdown at the shaft can be caused by pumps, in which case the flow 

rate Q is simply equal to the volume of water per time unit (as in the case of figure 2.1). If there’s no 

pump, however, the flow rate used in many of the formulas presented below can be estimated by 

observing the leakage flowing into the shaft from water-bearing layers in a confined aquifer or 

unconfined aquifer.  

The corresponding scenario of figure 2.1, but in an unconfined aquifer, can be seen in figure 2.3: 
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Figure 2.3. Schematic drawdown in an unconfined aquifer. The groundwater recharge G is assumed to occur 

evenly across the entire aquifer (modified from Freeze & Cherry, 1979). Q = flow/pump rate, r = horizontal 

distance between pump well and observation well, R = Influence radius, CU = upper confining layer, W = water-

bearing layer, sw = h0-h = drawdown in pump well, so = drawdown in observation well, G = groundwater recharge. 
 

The maximum amount of groundwater recharge G is equal to the net precipitation over the aquifer 

surface area. 

It’s important to keep in mind that all calculations of influence radius gives the total distance to the 

edge of the depression cone, from the center of the point of drawdown. What this means is that regardless 

of the geometry of the well/shaft, the influence radius is always given from the center – not from the 

edge of the shaft. This is why certain formulas need to take the equivalent radius into consideration: if 

the shaft has a certain width b, the maximum drawdown occurs within the entire shaft and calculating R 

from the center of the shaft without accounting for the width would give an underestimation of the 

influence radius. 

2.3 Formulas 

The analytical approach of estimating influence radii uses mathematical equations and formulas with 

varying degree of theoretical basis and required input parameters. In general, these types of equations 

can be divided into theoretical formulas and empirical formulas, where the former in general include 

many parameters as a result of a large consideration taken to the physical processes that govern the 

groundwater flow and movement. As no such requirements is put on the formulation of empirical 

formulas, they are usually simpler and with less input parameters. This does not, however, necessarily 

make the empirical approach less useful. On the contrary, in practical applications (such as in 
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infrastructural projects) the input data could be limited and empirical formulas may be preferred over 

advanced theoretical formulas or numerical models, where unknown parameters need to be estimated. 

A number of different formulas used to describe the influence radius in the case of a groundwater 

drawdown have been proposed. Navigating through these formulas can be bothersome and somewhat 

confusing, in part due to the different notations used by different people. In an attempt to clear the fog, 

the following sections present some of the most widely used formulas. The following notation is used: 

Table 1. Parameters and notations used in the influence radius formulas. 

Symbol Parameter Unit 

R Influence radius m 

r Distance from pump well m 

rw Radius of pump well m 

a Length of shaft m 

b Width of shaft m 

Re Equivalent radius m 

K Hydraulic conductivity m s-1 

T Transmissivity (T = KB) m2 s-1 

h Hydraulic potential m 

h0 – h, s  Drawdown m 

Q Flow (pump) rate m3 s-1 

S Storativity - 

t Time s 

B Aquifer (saturated) thickness m 

n Soil porosity - 

G Groundwater recharge m3 m-2 s-1 

 

The formulas presented in the following sections are a representation of the available material for 

calculating the influence radius. They have been selected based on their prevalence in literature, research 

as well as in actual projects, where they are used in practice.  

A thorough mathematical background of the formulas will not be presented here, as the focus lies on 

presenting the calculation methods for influence radius. 

2.3.1 Theoretical Formulas 

• Theis 

One of the early analytical methods of calculating groundwater drawdown was made by Theis. Using a 

drawdown scenario similar to that in figure 2.1 above (confined aquifer), formula (1) was formulated. 

  ℎ0 − ℎ =
𝑄

4𝜋𝑇
𝑊(𝑢)       (1) 

Where W(u) is the Well function, a notation for an integral shown in (1a)  

𝑊(𝑢) = ∫
𝑒−𝑦

𝑦
𝑑𝑦

∞

𝑢
       (1a) 

The well function depends on the variable u, which is given by (2). There are tabulated values for 

solving W(u) without solving the integral in (1a).  

𝑢 =
𝑟2𝑆

4𝑇𝑡
     (2)  

As (2) is a function of time, it’s possible to calculate the drawdown either at a certain distance r, or 

to calculate the drawdown at different distances r at a given time (Freeze & Cherry, 1979). Given that 
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the information provided includes the drawdown, it’s possible to rearrange Theis’ solution and solve for 

r: 

𝑟 =  √
4𝑢𝑇𝑡

𝑆
       (3) 

Where u is given by tabulated values of W(u), calculated by: 

𝑊(𝑢) =
4𝜋𝑇(ℎ0−ℎ)

𝑄
               (4) 

By setting the drawdown h0 – h = 0.3 m, it’s possible to calculate the influence radius at a certain 

time t, as the conditions are non-stationary.  

• Jacob 

An approximation of Theis’ equations was made by Jacob, who simplified the expression, thus removing 

the Well function: 

ℎ0 − ℎ =
2.3𝑄

4𝜋𝑇
log10(

2.25𝑇𝑡

𝑆𝑟2 )               (5) 

Using the same parameters as in Theis’ equations, Jacob’s method excludes the need to calculate the 

parameter u and look up W(u), while still giving similar results to the drawdown, especially for short 

distances r and long times t (Fetter, 1980). Similarly as with (3), the distance r at a specific time t can 

be solved for by rearranging equation (5): 

𝑟 = √
2,25𝑇𝑡

𝑆
10−𝛼, 𝛼 =

(ℎ0−ℎ)4𝜋𝑇

2,3𝑄
                     (6) 

Where α is an expression introduced here in order to make the formula less cluttered and easier to 

grasp. As discussed above, the typical boundary criteria for the influence radius is a drawdown of 0.3 

m. If consideration to the natural variation is disregarded, the allowed drawdown is h0 – h = 0 m and α 

becomes 0. Thus, in that scenario formula (6) can be simplified to: 

𝑅 = √
2,25𝑇𝑡

𝑆
    (7) 

Although the drawdown usually is set to 0.3 m, equation (7) can still be useful when drawdown can 

be considered negligible (Carlsson & Gustafson, 1991).  

• Thiem – Confined aquifer 

Another solution that utilizes a pump well and two observation wells (at the distance r1 and r2, 

respectively) was made by Thiem (although similar in name, not to be confused with Theis). The 

assumptions and conditions are otherwise the same as in figure 2.1: 

𝑇 =
𝑄

2𝜋(ℎ2−ℎ1)
ln (

𝑟2

𝑟1
)         (8) 

This formula is known as Thiem’s well equation and is used for confined aquifers (Fetter, 2001). It 

differs from Theis’ solutions by assuming steady-state conditions – there’s no time parameter in equation 

8. Furthermore, if the pump well is used as the first observation well, the formula can be simplified and 

solved for the influence radius R, which is the distance:  

𝑅 = 𝑟𝑤𝑒
(

2𝜋𝑇(𝑠𝑤−𝑠𝑜)

𝑄
)
        (9) 
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In this formula the notation s is used for drawdown at the pump well (sw) and observation well (so). 

Depending on the criteria of influence, so can for example be set to either 0 or 0.3 m. In the case of a 

shaft instead of a single pump, the well radius is replaced with the equivalent radius, which will be 

explained further below. Equation (9) will be referred to as “Thiem Confined” or “Thiem-C” for short. 

• Gustafson 

Gustafson (1978) describes the groundwater flow in eskers by approximating them to a long confined 

groundwater channel and using a Drain function, D(u). This formula was originally developed for 

groundwater flow in eskers, which is important to keep in mind when using. Despite this, it’s still found 

to be used for ordinary non-esker groundwater systems in infrastructure projects. Using the previous 

notation: 

ℎ0 − ℎ =
𝑄𝑟

2𝑇𝑐√𝜋
𝐷(𝑢)       (10) 

Equation (10) is similar to Theis’ equation (1), but with the drain function D(u) (which can be found 

using tabulated values of u) and multiplied by the factor r/c, where b is the width of the channel flow. 

As (10) is directly proportional to the distance r and D(u), where u is proportional to r2, calculating the 

influence radius R is not as straight-forward as other formulas. It is, however, possible to calculate the 

drawdown at a certain distance and at a certain time, iteratively estimating a distance r that give a 

satisfactory low drawdown h0 – h. As the conditions in the projects used in this study are not suitable, 

the Gustafson formula will not be used.   

• Thiem – Unconfined aquifer 

When it comes to unconfined aquifers, a version of Thiem’s well equation can also be used, preferably 

with two observation wells as in equation (8): 

 𝐾 =
𝑄

𝜋(ℎ2
2−ℎ1

2)
ln (

𝑟2

𝑟1
)    (11) 

Equation (11) (Fetter, 1980) can be rearranged and solved for R in unconfined aquifers, similar to 

equation (9): 

𝑅 = 𝑟𝑤𝑒
(

𝐾𝜋(ℎ𝑤
2 −ℎ𝑜

2)

𝑄
)
    (12) 

In equation (12) the notation hw is the potential level at the pump well and ho is the potential level of 

the observation well. Since these terms are squared, the (hw
2 – ho

2) factor cannot simply be substituted 

for drawdown, but measurements of the potentiometric surface at two different points are required. 

Worth noting for both equation (12) and (9) is the parameter rw, well radius. In certain cases, the cause 

of drawdown is not a single point well, but rather a shaft of a rectangular geometry. In such cases, there 

is no single well – and thus no value for well raduis rw – so that a substitute value must be used. This 

value is the equivalent radius Re, presented in equation (20) in the next section. Since both cases 

presented in section 3.1 consist of shafts, the equivalent radius will be used in the calculations. 

Equation (12) will be referred to as “Thiem Unconfined” or “Thiem-U” for short. 

• Todd 
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Todd (1959) presents an equation for an unconfined scenario, similar to fig. 2.2, with the additional 

parameter groundwater recharge, G. Groundwater recharge is usually given as meteorological data (in 

mm/year), and needs to be recalculated into m/s. The recharge in equation (13) below is assumed to 

infiltrate evenly across the ground surface. 

ℎ0
2 − ℎ2 =

𝐺

2𝐾
(𝑟2 − 𝑅2) +

𝑄

𝜋𝐾
ln (

𝑅

𝑟
)                (13) 

By assuming an aquifer of greater extent, eq. (13) can be simplified to equation (14), which can be 

solved for R in equation (15): 

𝑄 = 𝜋𝑅2𝐺                      (14) 

𝑅 = √
𝑄

𝜋𝐺
                     (15) 

• Marinelli & Nicolin 

By dividing the zone of inflow to a shaft into two separate systems without any hydraulic contact, 

Marinelli and Niccoli presents a method of calculating the leakage Q from the sides of the sides, 

governed by the influence radius (Håkansson, 2017): 

𝑄 = 𝐺𝜋(𝑅2 − 𝑟2)    (16) 

The term r (distance from the well, or in this case distance from the shaft center line) is sometimes 

seen being replaced by the radius of the well (rw), or in the case of the shaft, the equivalent radius (Re). 

Since the case studies presented below both include the influence radius from the side of the shaft, Re is 

chosen as the most relevant distance when equation (16) is solved for R: 

𝑅 = √
𝑄

𝜋𝐺
+ 𝑅𝑒

2    (17) 

Equation (17) is very similar to Todd’s formula in eq. (15), with the addition of (Re
2)1/2, meaning that 

it’s bound to be larger, albeit slightly, than Todd, using the same input values.  

Combining equation (16) with Thiem’s well equation (8) (Thiem Confined) and substituting Q/π 

with G(R2 – Re
2), equation (18) is obtained. Note that r2 = R and r1 = Re.  

𝑇 =
𝐺(𝑅2−𝑅𝑒

2)

2(ℎ2−ℎ1)
ln (

𝑅

𝑅𝑒
)    (18) 

This can be seen used as an alternative to Theim’s well equation, but without relying on the flow rate 

Q. As with Gustafson’s channel flow formula (eq. (10), R cannot be solved for in this equation, but has 

to be solved iteratively by estimating values of the influence radius R and checking them against a 

known or wanted parameter, such as drawdown (h2 – h1). This combination of Thiem and Marinelli-

Nicolin’s formula will be referenced as “Thiem-Marinelli”, or simply Thiem-M&N. 

 

2.3.2 Empirical Formulas 

• Sichardt 

A very common formula used in estimations of influence radius is the simple equation (19): 

𝑅 = 𝐶𝑠√𝐾                       (19) 
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This equation is commonly known as Sichardt’s formula or sometimes Thurner’s formula (though 

created by Weber), and describes the influence radius in terms of drawdown, hydraulic conductivity and 

a constant C, which is equal to 3000 when Influence radius R is given in meters (Cashman & Preene, 

2011). Sichardt’s formula is widely used for influence radius estimation, often as a quick and simple 

way of obtaining a rough distance. It does have its limitations, as it’s developed for unconfined aquifers 

with a single pump with radial flow. Furthermore, if the source of the drawdown s is in the form of a 

shaft with linear inflow, consideration to the shape of the area may be required, by adding the equivalent 

radius Re:  

𝑅𝑒 = √
𝑎𝑏

𝜋
                 (20) 

𝑅 = 𝑅𝑒 + 3000𝑠√𝐾    (21) 

Equation (21) above is used when the shape of the shaft or channel is elongated enough to calculate 

an equivalent radius Re, as seen in equation (20). Adding the equivalent radius is of greater importance 

when the well radius rw is large in comparison to the influence radius R (Cashman & Preene, 2001). The 

equivalent radius Re can also sometimes be substituted for the well radius rw when there is no singular 

pump well, but rather an elongated shaft and the concept of well radius is not applicable.  

• Cashman & Preene 

If the shaft is very elongated and the flow is much more linear than radial, it’s more reasonable to refer 

to the influence radius as an Influence distance, L. Cashman & Preene presents a version of Sichardt’s 

formula that applies to such conditions: 

𝐿 = 1750𝑠√𝐾                      (22)  

Although L can be mistaken for a different property than R, in this context they are completely 

interchangeable and can be considered equal to one another. Defining a shaft as “very elongated” is of 

course somewhat arbitrary and knowing when to make that distinction is not always clear. 

Apart from Sichardt’s formula (eq. (19)), which is a relatively common method, there are a number 

of formulas similar to one another that are seen more seldom. They do not seem to be as established as 

methods, and are often referenced as second-hand sources due to the original publishing oftentimes 

being old and not in English. The following formulas are presented as an attempt to clarify the slightly 

confusing spectrum of empirical formulas. 

• Kusakin 

Kusakin (Bear, 1979) developed a formula that is very similar to Sichardt’s, with the only differences 

being the constant C and the addition of the aquifer thickness B: 

𝑅 = 575𝑠√𝐵𝐾                       (23) 

Worth noting is that B‧K = T; the use of the root of the transmissivity T is a recurring element of 

empirical formulas.  

• Aravin & Numerov 
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 One empirical formula developed for unconfined aquifers was created by Aravin and Numerov, and 

utilizes the porosity of the soil layer (Fileccia, 2015): 

𝑅 = √
1.9𝑇𝑡

𝑛
                                   (24) 

Porosity (n) is an in situ property of the soil, which is very hard to precisely determine in field 

measurements, as those disturb the natural conditions of the ground. Instead, porosity can be taken from 

tables with ranges of porosity given the geology of the soil (Cashman & Preene, 2001).  

The spectrum of empirical formulas is wide, but often seem to include the same elements. For 

instance, Weber presents a formula very similar to equation (24) above, only differing by a small factor 

(Braun, 1981): 

𝑅 = 3√
𝑇𝑡

𝑛
                           (25) 

No constraints of aquifer type used for equations (24) and (25) could be found. 

• Lembke 

Unconfined aquifers are physically different from the confined counterpart by a few small parameters, 

perhaps most notably by the fact that there is no confining layer that restrict precipitation from directly 

recharging the aquifer. The groundwater recharge term G, equal to the net evapotranspiration, is thus 

introduced, such as in Lembke’s formula from the 1880’s (Hemond & Fechner, 2015): 

𝑅 = 𝐵√
𝐾

2𝐺
                               (26) 

Groundwater recharge is usually given as meteorological data (in mm/year), and needs to be 

recalculated into m3 m-2 s-1, or m/s.   

• S-Q 

In section 2.3.4 (“Other equations”), equation (29) is presented, which shows an estimation of the 

relationship between flow (Q), drawdown (s) and hydraulic conductivity (K) (SBEF, 2009). This 

equation has similarities with many of the empirical formulas (Sichardt in particular, equation (19)), and 

can easily be rearranged to give a very simple formula for R, with the same roughness as the initial 

inflow equation: 

𝑅 = 3000√𝑄                       (27) 

If using a value of Q which is derived from equation (29), the result of equation (27) will be the same 

as for Sichardt’s formula (equation (19)). However, if Q is derived from field measurements, the formula 

above (furthermore called S-Q due to its similarities to Sichardt’s formula, but with input Q) might differ 

from Sichardt. 

• Liedholm 

Finally, there’s a very simple formula that is recommended to use for a rough estimation, if there’s no 

information other than the hydraulic conductivity K available. This formula can be found on the internal 

Wikipedia-style database for the Swedish consultant company Sweco. Details of how, or by whom, it 

was developed is absent, and it has not yet been found anywhere else. The article in which it is featured 



 

13 

 

was most probably authored by Magnus Liedholm, and in lack of better reference equation (28) will be 

referenced simply as “Liedholm” (Swecopedia, 2019). 

𝑅 = 5 + 23098K0.496                   (28) 
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2.3.3 Formula summary 

The relevant formulas that are used to calculate R is listed in Table 2. Summary of formulasEach formula 

is given a name that will be used to refer to it from this point on.  

Table 2. Summary of formulas for calculation of influence radius. 

Number Name Formula Aquifer type 

Theoretical  

 

3 

 

Theis  𝑅 =  √
4𝑢𝑇𝑡

𝑆
, 𝑊(𝑢) =

4𝜋𝑇(ℎ0−ℎ)

𝑄
 

 

Confined 

 

6 

 

Jacob 0.3 𝑅 = √
2,25𝑇𝑡

𝑆
10−𝛼 , 𝛼 =

(ℎ0 − ℎ)4𝜋𝑇

2,3𝑄
 

 

Confined 

 

7 

 

Jacob 0 𝑅 = √
2,25𝑇𝑡

𝑆
 

 

Confined 

 

9 

 

Thiem Confined 

 

𝑅 = 𝑅𝑒𝑒
(

2𝜋𝑇(𝑠𝑤−𝑠𝑜)
𝑄

)
 

 

Confined 
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Thiem Unconfined 𝑅 = 𝑅𝑒𝑒
(

𝐾𝜋(ℎ𝑤
 2−ℎ𝑜

 2)
𝑄

)
 

 

Unconfined 

    

 

15 

 

Todd 𝑅 = √
𝑄

𝜋𝐺
  

 

Unconfined 

 

17 

 

Marinelli & Niccoli 𝑅 = √
𝑄

𝜋𝐺
+ 𝑅𝑒

 2 

 

Unconfined 

Empirical  

19 Sichardt 𝑅 = 3000𝑠√𝐾 Unconfined 

    

21 Elongated  𝑅 = 𝑅𝑒 + 3000𝑠√𝐾 Unconfined 

 

22 

 

Cashman & Preene 

 

𝐿 = 1750𝑠√𝐾 

 

 

Unconfined 

23 Kusakin 𝑅 = 575𝑠√𝐵𝐾 - 

    

 

24 

 

Aravin & Numerov 𝑅 = √
1.9𝑇𝑡

𝑛
 

 

- 

 

25 

 

Weber 𝑅 = 3√
𝑇𝑡

𝑛
 

 

- 

 

26 

 

Lembke 𝑅 = 𝐵√
𝐾

2𝐺
 

 

Unconfined 

27 S-Q  𝑅 = 3000√𝑄 - 

 

28 

 

Liedholm 

 

𝑅 = 5 + 23098𝐾0.496 

 

- 

Iterative  

18 Thiem-Marinelli 
𝑇 =

𝐺(𝑅2 − 𝑅𝑒
2)

2(ℎ2 − ℎ1)
ln (

𝑅

𝑅𝑒

) 
Unconfined 
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2.3.4 Other Equations 

This section contains some supplementary formulas that can be useful when calculating parameters that 

are missing from the source material. This could be because a project only utilizes formulas with a finite 

set of input parameters, or doesn’t use methods that gives, for instance, pump rates. Such is the case in 

projects where an elongated shaft is dug, leading to linear flow rather than radial flow to a point well. It 

such cases, the Swedish association of construction entrepreneurs’ (Svenska 

byggnadsentreprenörsföreningen, SBEF) simplified flow formula (SBEF, 2009) can be used: 

𝑄 = 𝐾𝑠2                  (29) 

If there’s no information of inflow from surrounding soil layers, equation (29) can be used for a 

rough estimation of the possible range of values for the specific system.  

Since a few of the formulas listed above are time-depending (i.e. not used for steady-state conditions), 

a single value for overall influence radius cannot be calculated. Instead, a single point in time must be 

selected when estimating the influence radius in order to avoid an influence radius that keep increasing 

to infinity over time. SBEF presents a “rule of thumb”-formula for estimation of the “influence time” – 

the time it takes for the drawdown cone to reach a (pseudo-)stationary condition (SBEF, 2009). This is 

presented in equation (30), and simply counts 4 days per m of drawdown. Here, the formula is rewritten 

to give the time in seconds. 

𝑡 = 345600𝑠                 (30) 
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3 Method 

In section 2.3, a number of formulas used to calculate the influence radius R are presented; some are 

very similar, differing only in a multiplication factor or single parameter, others have highly different 

origin to their creation, possibly resulting in wildly different outcomes of the calculations.  

In order to evaluate the usefulness of the different formulas and delineating which parameters have 

the highest influence, a few case studies of projects where R was calculated have been chosen. These 

are described further in section 3.1, and aim to act as an answer key which anchors the result to the 

physical world, giving a range of possible or reasonable values of the influence radius. In short, the 

output of the different formulas is expected to differ despite having the same input from the case studies, 

and by comparing the formula output to the actual, measured influence radius, the accuracy of the 

formulas can (in at least two cases) be evaluated. 

 

3.1 Case studies 

For the evaluation of the formulas, two case studies have been chosen, where drawdown of the 

groundwater table was conducted as a means of removing water in construction work. Both cases 

involved the construction of a small tunnel underneath a railroad and a highway, respectively, and 

required a shaft to be dug through the soil layer. The data presented in the sections 3.1.1 and 3.1.2 is 

mainly taken from documents from the projects, and not presented as results for this study. For Hova 

(section 3.1.2), the method of evaluating the experienced drawdown is, however, not presented in the 

original documents from the Hova project. 

The groundwater levels presented in figures 3.3, 5.5 and 3.6 are given in the reference system 

RH2000, which is the official height reference system used in Sweden. The numbers indicate meters 

above sea level, as defined by the Normaal Amsterdams Peil point in the Netherlands (Lantmäteriet, 

2019). 

Fig. 3.1 shows the location of each case. 
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Figure 3.1. Overview map of the two cases (©Google, 2019). 

The influence radius R was estimated for each of the two cases before construction began, as is 

described in the sections below. By comparing the estimations with actual groundwater level data from 

observation wells around the shaft, the estimations could be evaluated. Furthermore, the groundwater 

level data could be compared to the calculated influence radius from each formula in Table 2. Summary 

of formulas, for an indication of the accuracy of these formulas. 

The results presented in section 4.1 show the outcome of the formulas presented in Table 2. Summary 

of formulas, using the “fixed” input parameter values presented in section 3.2 below. This is known as 

the “base case”, and comparing the outcome of the formulas using the exact same input parameters is 

one part of this study. 

3.1.1 Lomma 

The first case is located in Lomma, a small town on the southern west coast of Sweden, just north of 

Malmö. The railway that passes through Lomma is an important freight route throughout southern 

Sweden and cuts through the town in a north-south direction (Trafikverket, 2018). It was decided that 

two tunnels were to be built under the railway: a tunnel for motor traffic as well as cyclists and 

pedestrians at Vinstorpsvägen, and a smaller tunnel for cyclists and pedestrians at Algatan. Construction 

(and drawdown from pumping) began in mid-2016 and the two tunnels stood completed by late 2017. 

Figure 3.2 shows the location of the project in more detail, displaying the shaft outline, groundwater 

observation wells labelled according to their distance from the shaft middle line, upper soil layer and 

elevation as equidistant contour lines. As there are two shafts in this case, they are shown next to each 

other, while Algatan is situated south of Vinstorpsvägen. 
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Figure 3.2. Elevation, uppermost soil layers, shaft outline and observation wells expressed by their distance from 

the shaft middle line, Lomma (elevation and background photo data ©Lantmäteriet, soil data ©SGU). The jagged 

edges indicate where the two shafts are in relation to each other. 

 

As can be seen in figure 3.2, the uppermost soil layer consist of silty clay throughout the entire area. 

While the shaft at Vinstorpsvägen is fairly regularly rectangular with observation wells spread out from 

parallel to the shaft middle line, the shaft at Algatan is more irregular and observation wells spread more 

evenly in all directions from the shaft. This makes the definition of shaft middle line and the distance 

from it less clear. The distances labelled at the wells around Algatan are estimated distances to the closest 

middle line within the shaft. 

Groundwater levels (Mendoza, 2018) and geotechnical examinations (Tyréns, 2012) of the area are 

summarized in figure 3.3. The soil layers are conceptual and generalized for the entire area. The 

groundwater was measured in 15 wells at different distances from the two shafts (Algatan and 

Vinstorpsvägen) and is given in meters in the reference system RH2000. These wells are labeled 

according to their distance from the middle of the shaft. 
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Figure 3.3. Conceptual geological profile and groundwater levels around the time of drawdown in Lomma. The 

green and red vertical line indicates the start and end of the drawdown period, respectively. Observation wells are 

labelled with the distance to the shaft middle line. 
 

The soil consist of a thick layer of clayey till, overlain by a ca 6 m thick layer of sandy clayey silt. 

This layer consist of interchanging sand and clay lenses of varying thickness. (Tyréns, 2012) The water-

bearing layer has been interpreted to be situated within the sand, effectively forming an unconfined 

aquifer of ca 1 m thickness (Mendoza, 2018). 

For this project, the influence radius was estimated with the help of two different methods: Thiem’s 

well equation (equation 9) and Sichardt’s formula (equation (19)). The influence radius was estimated 

both for the construction phase and the permanent phase, with focus on the former of these. R was 

estimated to be 30 m for both of these formulas, and the follow-up program confirmed that no wells 

outside of the 30 m distance of the shaft were affected by the groundwater lowering (Mendoza, 2018).  

The groundwater levels at Algatan in all observation wells decrease during the drawdown period 

(marked by the green and red vertical line) as a part of the natural fluctuation, which makes the effect 

of drawdown less visible. One of the wells located within the shaft area (“0”) does, however, experience 

a drastic lowering indicative of the magnitude of the drawdown. The levels at observation well “37”, 

slightly further away from the estimated R of 30 m, does not show any indication of being affected by 

the drawdown, rather follows the natural fluctuation seen in the wells farther away from the shaft. 
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Vinstorpsvägen shows a more distinct shift in groundwater levels as a consequence of the drawdown 

within the shaft area. This is seen in the well “10” and “14”. The well “23” is slightly affected, showing 

a downwards trend where the wells at a greater distance (“83” and “101”) show an upwards trend. 

Unfortunately, there were no wells between the 23 and 83 m to further delineate drawdown in the 

observation wells, but the difference in drawdown between “10”, “14” and “23” shows that the influence 

radius probably does not extend beyond the estimated 30 m.  

The conditions and specifications for the Lomma project is summarized in Table 3. Lomma 

conditions as presented by project documents – summary. 

Table 3. Lomma conditions as presented by project documents – summary. 

Aspect Unit Value 

Aquifer type - Unconfined 

Aquifer soil - Sand/Silt 

Hydraulic conductivity, K m s-1 7.0E-7 – 2.0E-5 

Drawdown, s m 3.3 

Flow rate, Q m3 s-1 2.0E-4 – 8.3E-5 

Aquifer thickness, B m 1 

Equivalent radius, Re m 23 

Groundwater recharge, G m3 m-2 s-1 7.0E-9 

Calculated influence radius, Thiem-C m 32 

Calculated influence radius, Sichardt m 30 

 

3.1.2 Hova 

The second case study is located along the E20 highway, just north-east of Hova in southern Sweden. 

Here, the reconstruction of highway E20 included the creation of an overpass above a smaller road. This 

work took place for roughly 1 year, with most of the construction taking place during 2017, during 

which time continuous groundwater level measurements were made, and continued to be measured until 

late 2018.  
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Figure 3.4. Elevation, uppermost soil layer, shaft outline and observation wells expressed by their distance from 

the shaft middle line, Hova (elevation and background photo data ©Lantmäteriet, soil data ©SGU).  

 

Groundwater levels (figure 3.5) were also measured before the construction began. Though never 

published, this data was acquired through Sweco, who conducted the measurements in three observation 

wells at different distances from the edge of the shaft. The groundwater level is given in meters in the 

reference system RH2000. 

Geotechnical surveys performed provide a schematic profile of the soils in the area along the E20 

highway (Karlsson, 2016). As can be seen in figure 3.4, the fine sand layer at the bottom of this profile 

constitutes a confined aquifer that extends to a total thickness of ca 2 m (Tilgmann, 2013). 

 

Figure 3.5. Conceptual geological profile and groundwater levels around the time of drawdown in Hova. The 

green and red vertical line indicates the start and end of the drawdown period, respectively. Observation wells are 

labelled with the distance to the shaft. 
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The hydrogeology in Hova consist of a confined aquifer of ca 2.5 m thickness. Using the Thiem-

Marinelli formulas (equation (18)) calculated for a range of Q and K, the influence radius was 

determined to be 63 – 113 m, with a median value of R = 82 m (Sweco, 2015). Sichardt’s formula was 

also used, giving a value of R = 7 m, a value that was not presented as a reasonable influence radius. 

The median values for K and Q were chosen for the sensitivity analysis described below. 

 The start of the groundwater lowering is clearly seen in figure 3.5 occurring in May 2017, as all 

observation wells experienced a drop in groundwater level. Only the well at the farthest distance (41 m) 

from the shaft experienced a small rebound towards original groundwater levels before the 

measurements ended, the other two (35 m and 49 m) remaining on the lowered level even long after the 

drawdown period ended in November 2017.  

Table 4. Hova conditions as presented by project documents – summary. 

Aspect Unit Value 

Aquifer type - Confined 

Aquifer soil - Fine sand 

Hydraulic conductivity, K m s-1 2.6E-7 – 2.4E-6 

Drawdown, s m 2.5 

Flow rate, Q m3 s-1 2.0E-4 – 8.3E-5 

Aquifer thickness, B m 2.5 

Equivalent radius, Re m 37 

Groundwater recharge, G m3 m-2 s-1 2.4E-9 

Calculated influence radius, Thiem-M&N m 63 – 133, median 82 

 

Using the groundwater level data from figure 3.5, the actual influence radius can be better estimated. 

The limitation of having no observation wells beyond 49 m, and thus no observation points close to the 

initially estimated influence radius of 82 m, makes it hard to verify whether groundwater lowering 

actually occurred at the estimated distance. However, the groundwater measurements in figure 3.5 can 

be used when as input into a few of the formulas presented in section 2.3.1, namely the theoretical 

formulas. As these formulas describe the total system of drawdown in wells (as opposed to the empirical 

formulas, which only present an influence radius), they can be used to validate the initial estimation of 

R = 82 m.  

By using the same input values as in the base case, except for distance r and drawdown s, which are 

taken from the groundwater measurements in figure 3.5, into the Theis (eq. (1)) and Jacob (eq. (6)) 

formulas, the expected (calculated) outcome can be compared to the actual (measured) outcome. This is 

described in further detail for each formula separately: 

The Theis formula can be used to answer the question “What is the expected drawdown at a certain 

distance r from the point of lowering?”. This question can be answered for each of the three observation 

wells by simply inserting the base case values of Hova, as well as the distances to the observation wells, 

into the formula and obtaining a calculated, expected, value for the drawdown. This calculated value 

can then be compared to the measured drawdown and thus evaluated: if the calculated drawdown 

matches the measured drawdown, the estimation of influence radius can be considered accurate. 
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The Jacob formula can be used to answer the question “What is the distance r from the point of 

lowering where a certain drawdown is expected?”, i.e. the opposite question as in the previous 

paragraph. Here, the input from the base case in Hova, as well as the measured drawdown at the three 

observation wells, is used to obtain distances where the measured drawdown is expected to be found. 

Similarly, the closer the calculated and measured values are to one another, the better estimation of 

influence radius. 

Finally, the estimation of the influence radius can be evaluated by calculating R again using the initial 

formula (Thiem-Marinelli). By setting the distances of the observation wells (35, 41, 49 m) as r1 and the 

drawdown at the observation wells as the corresponding h0 – h1, a new value for R was calculated. This 

new R is thus based on the physical observations in the wells, and better reflect the actual conditions 

than the initial estimations. 

The results of the evaluations are shown in section 4.1. 

As a reference, groundwater level time series from the Geological survey of Sweden (Sveriges 

Geologiska Undersökning, SGU) (SGU, 2019) was used to estimate the effect of the groundwater 

lowering. Figure 3.6 shows groundwater levels for the same time period as in figure 3.5, with start and 

end of construction indicated as well. The data was taken from two nearby measurement stations, which 

acts as a reference for the natural variation: Tiveden_26, ca 11 km SE of Hova and Tiveden_28, ca 18 

km SE of Hova, beyond reasonable influence from the drawdown at Hova. 

What can be seen in figure 3.6 is a natural lowering of the groundwater table during the summer, a 

slower and a few months later than the drastic drawdown in Hova (figure 3.5). More importantly, the 

groundwater level at these two locations rebound during the fall of 2017 to reach pre-summer levels, 

which did not happen in Hova (figure 3.5), only slightly for observation well 49. The drawdown has 

thus affected an area of beyond 49 m.  
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Figure 3.6. Reference groundwater level measurements nearby Hova (data from SGU, 2019). The green and red 

vertical line indicates the start and end of the construction period, respectively. 

 

3.2 Sensitivity analysis 

The second part of the thesis was to look more in detail in all of the presented formulas, and not just the 

ones used in the case studies. Using parameters from the case studies, values of the input could be 

individually changed within a certain range, and compared to the output. The range by which the 

parameters was changed was determined by two different methods described in section 3.2.2 below. 

The theory of the sensitivity analysis was rather simple: by changing one parameter at a time from 

within a set of fixed parameters, the change in the output of the formulas could be evaluated and 

compared. A parameter change which yields a large change in the output R could be considered to have 

a greater influence over the formula, and the formula was thus more sensitive to such a parameter. The 

varying parameter is changed based on point estimates of the parameter value (Hamby, 1995). This 

definition of sensitivity is known as a local sensitivity analysis, as opposed to a global sensitivity 

analysis, where every parameter changes simultaneously (Zhou et al, 2017). The local sensitivity 
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analysis is easier to perform, requires less computational power than the global sensitivity analysis and 

yielded the sensitivity associated for each parameter in every formula, per case. That is, the sensitivity 

was estimated for all parameters in the Thies, Jacob, Jacob 0.3 etc. formulas for both Lomma and Hova, 

separately. 

Usually, values of the parameters that go into the formulas are not exactly known, but come with an 

inherent uncertainty. Many such uncertainties could stack up if there are many uncertain values that are 

used in the formula. The aim of the sensitivity analysis is thus to delineate the sensitivity of the formulas 

to the parameters; given a range of uncertainty of the input parameter, how much could the outcome of 

influence radius vary? 

The sensitivity of a formula is not only limited to the mathematical expression that constitutes the 

formula. While it’s true that a parameter with a large exponent is bound to give a greater range of values 

in the output than a parameter with a smaller exponent, the range of the input parameter also needs to 

be taken into consideration. The selection of reasonable range of parameters was therefore important 

and may need to be specified for each case. For each of the case studies Lomma and Hova, the 

parameters was (if possible) taken from actual values from existing data and based on documents used 

in the project. 

3.2.1 Description of parameters 

In the sensitivity analysis, the following parameters are changed in order to test the result of the influence 

radius: K, s, Q, S, t, B, Re and G. A short description of the parameter and the values used in Lomma 

and Hova is presented below.  

These values constitute the result of the base case, the case where no parameters are changed from 

the original, literature values. The base case will, when used with the same formula as in the initial 

estimation of the project (see section 3.1), yield the initial estimation of R.  

• Hydraulic conductivity K 

The range of hydraulic conductivity is strongly correlated to the soil characteristics at each specific area. 

In the cases used, the soil profile varied from very fine material such as clay up to sandy types of till. 

It’s not uncommon for even coarser material such as gravel to occur in aquifers, but this study is limited 

to the two cases.  

• Drawdown s 

The amount of drawdown is limited by the aquifer thickness (B) and the depth of the excavation. 

Drawdown less than 1 m is seldom interesting as it does not have much of an impact on surrounding 

soil. It should be noted that drawdown seldom varies once it is decided, as it’s determined based on the 

need and is highly controlled. It is, however, possible that there are several suggestions of the drawdown 

need, which leads to different influence radii. This could result in some initial uncertainty in the 

magnitude of drawdown, but once the construction has begun, the final drawdown is usually certain. 
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• Pump/inflow rate Q 

Based a number of examples (such as in Carlsson & Gustafson, 1991 and Larsson et al, n.d.), pump rates 

seems to usually be in 10-100 l/s, which is up to 0.1 m3/s. The lower side of the range is down to 0.1 l/s, 

which is within the same order of magnitude as the expected leakage inflow in Lomma, 0.5 l/s (Mendoza, 

2018).  

• Storativity S 

Todd (1959) presents a range of storativity that is valid in most confined aquifers: 5E-5 to 5E-3. These 

values constitute the minimum part of the range, as the values for S in unconfined aquifer are in the 

higher span of 0.1 to 0.3 (Lohman, 1972).  

• Time t 

Some of the formulas include the time parameter, meaning that there is no upper limit of the influence 

radius, and R will continue to increase as time passes. In reality, steady-state conditions are thus never 

reached, but approximations of the maximum influence radius can be made when the change in 

drawdown is small enough to be considered negligible. Determining when this occurs is hard, as is 

approximations of a reasonable range. Pumping could be conducted for anything from a few minutes to 

several years (not considering permanent dewatering), depending on the objective of the dewatering 

(using examples from Carlsson & Gustafson, 1991 and Larsson et al, n.d.). For the cases, the time set as 

fixed was based on equation (30), which yields an estimation of a pseudo-steady state for a specific 

drawdown. 

• Aquifer saturated thickness B 

The saturated thickness, or simply the thickness of the aquifer, is determined by the geological formation 

which constitutes the aquifer. For this parameter, values can be very small, if the water-bearing layer is 

only a few decimeters, up to tens of meters for extensive formations. (Fetter, 2001) In Lomma and Hova, 

the aquifers are rather thin, only ca 1 m and 2.5 m, respectively.  

• Equivalent radius Re 

The size of the equivalent radius is based on the dimensions of the shaft. Assuming that the two cases 

were representative for typical infrastructural projects of this scale, the range of Re could be estimated 

based on the available data. In Lomma, shaft dimensions used in calculations were 80 m ⨯ 11 m and 

100 m ⨯ 17 m, respectively. (Sweco, 2014) This equates to an equivalent radius 16.7 m and 23.3 m. In 

Hova, the equivalent radius equals 37 m. 

• Groundwater recharge G 

The groundwater recharge was restricted by the values given in the two cases, as well as normal average 

precipitation values for Sweden. The given recharge value in Lomma was 150 mm/year = 4.753E-9 m3 

m-2 s-1. (Tyréns, 2012) For Hova, this value was slightly smaller, at 2E-9 m3 m-2 s-1. Based on average 

yearly precipitation in the areas of the cases, this is circa 25 – 30 % of the total precipitation. (SMHI, 

2017)  
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The parameters that are not variable in the sensitivity analysis (well radius rw, transmissivity T, 

potential levels hw and ho, as well as porosity n) have been chosen to remain fixed due to them either not 

being present in a great number of formulas (n, rw), or because there are other variable parameters that 

yield the same result (T = KB, s = hw-ho). 

3.2.2 Methods for analysis of sensitivity 

In order to analyze the results of the impact of changing the values of the parameters, there was a need 

of translating the change of input and output into numbers that reflect the impact. Basically, the question 

that needs to be answered is “Given a certain change in the input parameter, how will the influence 

radius change?”; if the answer is “Not so much”, then R is not sensitive to that parameter, and if it’s 

“Very much”, then R is very sensitive to that parameter. The sensitivity could thereafter be used to 

evaluate uncertainties in the calculation. A large sensitivity translates to a greater range of possible R 

values, and thus to a greater uncertainty. 

 Ideally, a single number could be calculated for each variable parameter and formula, which was 

comparable to one another. This number would give an indication of how sensitive each formula is to 

change in the input and would be used to determine which parameter that had the highest impact on the 

range of the output. For example, a high number for the input parameter K and the Theis formula would 

indicate a high sensitivity of hydraulic conductivity for that formula. In an attempt to compare the 

sensitivity, a simple mathematical evaluation numbers were proposed. 

• Local sensitivity analysis: ±20% 

There are a few different methods of evaluating the local sensitivity. Hamby (1995) describes two 

simple methods which utilizes the “One-at-a-time” approach, i.e. changing only one parameter at a time 

while keeping the others constant. The first such method is simply referred to as the “±20%” approach, 

where the input parameters one by one is changed by -20% and +20%, respectively. By observing the 

change in output (i.e. influence radius R) in percent, the local sensitivity can be quantified. The result is 

presented as percent of the base case output – that is, a result of 1.0 indicates that the influence radius 

generated by -20% of the base case input is 100% of the base case R, meaning that it has not changed at 

all. This thus indicates that the specific formula is very insensitive to that particular parameter. On the 

other hand, the larger the deviation from 1.0 the result is (either larger or smaller), the more sensitive 

that particular formula is to a change in a particular input parameter. 

Table 5 displays the selected range of varying input parameters. Since only one parameter changed 

in value at a time, most of the parameters had a fixed value, presented in the “Fixed” column for Lomma 

and Hova, respectively. These values was (when available) taken from literature from each project in 

order to obtain results similar to the actual calculations performed in the projects. When information of 

a certain parameter couldn’t be found in the documents from the projects, general values had to be taken 

from literature or derived from other supplementary formulas. In the cases where changing the value of 

the parameter yields different results, the -20% and +20% values are displayed.  

An example of the sensitivity analysis method is provided in Appendix I. 
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Table 5. Range of values used in the different cases of the sensitivity analysis. 

Parameter Unit Lomma Hova 

  -20% Fixed +20% -20% Fixed +20% 

K m s-1 8E-6 0.00001 1.2E-5 6.4E-6 8E-7* 9.6E-7 

T m s-2 - 0.00001 - - 2E-6 - 

hw m - 3.3 - - 2.5 - 

ho m - 0.3 - - 0.3 - 

s m 2.64 3.3 3.96 2 2.5 3 

Q m3 s-1 0.0004 0.0005 0.0006 3.2E-5 4.0E-5* 4.8E-5 

S - 0.16 0.2 0.24 4E-4 5E-4 6E-4 

t s 9.1E5 1.1E6 1.4E7 6.9E5 8.6E5 1.0E7 

B m 0.8 1 1.2 2 2.5 3 

n - - 0.1 - - 0.1 - 

Re m 18.6 23.3 27.9 29.6 37 44.4 

G m3 m-2 s-1 3.8E-9 4,7E-9 5.6E-9 1.9E-9 2E-9 22.9E-9 

*Median values for K and Q in the case of Hova. 

• Local sensitivity analysis: ±SD 

Another simple method, though slightly more robust than the ±20% approach, presented by Hamby 

(1995) is based on the same principle of One-at-a-time parameter change, but instead of changing the 

input parameter by 20%, the value is changed by a factor of the parameter’s standard deviation (SD). 

This could be seen as a refinement of the ±20% approach, but is less applicable. 

The result is interpreted in the exact same way as the ±20% approach described above (i.e. less 

sensitivity the closer to 1.0 and vice versa), and has the advantage over the previous approach that it 

takes into account the parameter variability. What this indicates is that not all parameters are necessarily 

given an equally large range (of ±20%), but the naturally occurring statistical distribution of values are 

deciding how large the range is, and therefore sensitivity. For instance, if a parameter rarely varies by 

more than 5% (such as a series of hydraulic conductivity measurements that all yield values within 5% 

of one another), the use of the ±20% approach could indicate a higher sensitivity that justified, due to 

the input range being too large. Conversely, a parameter with a higher range in distribution will be 

showing too low sensitivity. Using the standard deviation of input parameter values would thus remove 

this generalization and use more reasonable values of the range, giving better estimations of the 

sensitivity. An example of the local sensitivity analysis methods are described in Appendix I. 

This approach does have its limitation, however, mainly in the fact that it requires more data to be 

applicable. More specifically, it demands a distribution of the input parameter: more than only one value 

of each varying parameter. Such rigorous measurements is seldom performed in smaller projects such 

as the two cases used in this study, and limits the application to a handful of parameters. As with all 

statistical sampling, the value of the standard deviation becomes more accurate with an increasing 

number of sample points, which also could be a limitation even for the parameter with more than one 

sample value.  

As the case studies have limited supply of data, not all of the parameters described in section 3.2.1 

could be evaluated this way. The parameter which have sufficient data is limited to: 
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Lomma 

• Hydraulic conductivity K 

The hydraulic conductivity was measured in a number of observation wells prior to the estimation of 

R (Mendoza, 2018). Using these values, the standard deviation was calculated to be SD = 8.6E-6, equal 

to 86% (or -14%) of the base case K. Adding or subtracting such a large value (almost as large as the 

base case K) would yield a much larger/smaller input than adding/subtracting 20%. There is thus a much 

larger range using the ±SD approach compared to the ±20% approach for hydraulic conductivity in 

Lomma. 

• Drawdown s 

The drawdown was not uncertain per se, as the actual lowering was determined and controlled 

beforehand. Instead, a small variation of the value of the drawdown could be obtained from different 

versions of the planned lowering, based on different drainage levels. Basically, three different scenarios 

for different magnitude of drawdown was developed and calculated on, while only one was actually 

used (Mendoza, 2018). Using the values of these scenarios, the standard deviation could be calculated: 

SD = 0.92, which is equal to 28% (-72%) of the base case drawdown, making the result of the ±SD 

approach fairly similar to the ±20% approach. 

• Equivalent radius Re 

Some uncertainty of the actual, final dimensions of the shaft yielded a few different values of 

equivalent radius to be calculated on, much like the case of drawdown described above (Mendoza, 

2018). The standard deviation was calculated to be SD = 5.4, which is equal to 23% (-77%) of the base 

case Re. The results of the ±SD approach could therefore be expected to similar to the results of the 

±20% approach. 

Hova 

• Hydraulic conductivity K 

As in Lomma, a number of conductivity measurements was conducted prior to the estimation of R, 

generating a range of K (Sweco, 2015). The standard deviation was calculated to be SD = 9.09E-6, 

which is 113% (+13%) of the base case K, with even higher variation from ±20% approach as Lomma, 

described above. In fact, as SD is more than 100% of the base case, subtracting SD would lead to 

negative values for K, which of course is impossible. The ±SD approach is thus not applicable for this 

scenario. 

• Flow rate Q 

Similar to hydraulic conductivity, the flow rate was determined from calculations of measurements 

in observation wells (Sweco, 2015). The standard deviation was thus calculated to be SD = 2.6E-5, 

which is equal to 66% (-34%) of the base case flow rate. 

 

As not enough data is available, most of the variable parameters lacking any information on the 

distribution, the ±SD approach cannot be used in this study. It is however, important to know that there 
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are different methods of estimating the local sensitivity, which will yield very different results. This will 

be further discussed in section 5.2. 

3.3 Method summary 

The overall approach of the thesis is summarized in figure 3.7. This flowchart shows a schematic 

overview of the steps taken to achieve the results presented in section 4. The black boxes and arrows 

indicate steps concerning the formula evaluation, whereas the blue indicate steps concerning the 

sensitivity analysis.  

 

Figure 3.7. Flowchart summarizing the method. Black boxes/arrows indicate the results showed in section 4.1, 

blue indicate section 4.2. 
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4 Results 

4.1 Estimations and outcomes in the cases 

Using the formulas presented in table 2 and the “Fixed” parameter input from table 3, the resulting 

influence radii from Lomma and Hova are presented in Table 6, as well as in figures 4.1 and 4.2.  

Table 6. Results for the influence radius formulas for Lomma and Hova. 

Formula R Lomma (m) R Hova (m) 

■ Theis 8 59 

■ Jacob 0 11 88 

■ Jacob 0.3 11 80 

■ Thiem Confined 34 74 

■ Thiem Unconfined 91 80 

■ Todd 151 73 

■ Marinelli & Nicolli (M & N) 153 82 

■ Thiem-Marinelli Thiem-M&N) 88 82 

■ Sichardt 31 7 

■ Elongated 55 44 

■ Cashman & Preene (C & P)  18 4 

■ Kusakin  6 2 

■ Aravin & Numerov (A & N)  15 6 

■ Weber  32 12 

■ Lembke  27 35 

■ Liedholm  81 27 

■ S-Q  67 19 

 

Figure 4.1 and 4.2 show the contents of Table 6 for an easier overview of differences in influence 

radius for different formulas. Some of the formulas was developed for a certain type of aquifer: confined 

or unconfined. The columns with only outline and no inner colour indicate that the formula’s intented 

aquifer type is different from the actual aquifer type. The columns with colour filling as well indicate 

that the formula is used for the correct type of aquifer. Columns with a partial filling indicate that the 

formula is not intended for a certain aquifer type. For instance, in the unconfined aquifer case of Lomma 

(figure 4.1), Theis and Thiem Confined both only have outline, indicating that they were developed for 

estimations of influence radius in confined aquifers, making them completely filled in the confined case 

of Hova, figure 4.2. The Weber formula is not limited to confined or unconfined aquifers, as indicated 

by the partial fill in both figures. 
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Figure 4.1. Outcome of the formulas for Lomma. The black dashed line indicates the separation of theoretical and 

empirical formulas. The grey dashed line shows the estimations made in the project, in this case equal to Sichardt’s 

formula. 

 

 

Figure 4.2. Outcome of the formulas for Hova. The dashed line indicates the separation of theoretical and 

empirical formulas. The grey dashed line shows the estimations made in the project, in this case equal to the Thiem-

Marinelli formula. 
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The overall trend in figure 4.1 and 4.2 is that the empirical formulas give lower values for influence 

radius than the theoretical, where certain formulas (Theim Unconfined, Todd and M & N) help to 

significantly increase the average in the case of Lomma. Here, the remaining theoretical formulas show 

lower values that give a smaller influence radius than most of the empirical formulas. 

In the case of Lomma, the initial estimation of influence radius was made with Thiem Confined and 

Sichardt formulas, which coincidentally give a very similar value of ca 30 m each. Weber and Lembke 

also yield similar values for R, both being within 10 % of 30 m. The remaining empirical formulas either 

overestimate (Elongated, Liedholm, SBEF) or underestimate (C & P, Kusakin, A & N), though it’s hard 

to say what the real influence radius was other than it probably being between 11 and 29 m. Regardless, 

the theoretical formulas apart from the aforementioned Thiem Confined are either below the 

documented drawdown influence (Theis, Jacob 0 and Jacob 0.3) or very much above the maximum 

influence radius of 29 m (Thiem Unconfined, Todd, M & N and Thiem-M&N). The overestimation of 

such large influence radius in the setting of Lomma, in the middle of a residential area, could lead to 

unnecessary, inefficient and costly preventions, whereas underestimations could lead to unforeseen 

effects and insufficient precautions. 

Hova was initially estimated with the Thiem-M&N formula, iteratively calculated to be 82 m, using 

the median value for hydraulic conductivity. Overall, the theoretical formulas align towards this value, 

more so than the empirical formulas do. With the exception of the Theis formula, all of the theoretical 

formulas yield values of R within 10 % of the estimation of 82 m, which is coherent. The empirical 

formulas does not reach as high values, the highest being Elongated at 44 m, a distance almost half of 

the initial estimation and shown to have been affected by lowering (figure 3.5).  

Using the groundwater measurements from figure 3.5, a better estimation of the actual R could be 

calculated, as described in section 3.1.2. Table 7 summarizes the input and output of that calculation, 

with drawdown values given at the end of pumping. In this table the results of the validation method 

using the Theis and Jacob formulas are also included. The Theis formula yields the expected drawdown 

(s) at the specific distances, whereas Jacob yields the expected distance (r) at which the specific 

drawdown was observed. A good match between the 1st and 5th column, as well as between the 2nd and 

4th column, would thus indicate a good initial estimation of influence radius. 

Table 7. Input and output for validation of estimated influence radius, Hova. 

Obs. Well (m) h0-h1 (m) R (m) Theis s (m) Jacob r (m) 

35 3.01 84 3.06 34 

41 1.12 80 2.54 62 

49 1.84 79 1.94 49 

Average  81   

 

As can be seen in table 7, there is a good match for the validation formulas for wells 35 and 49, while 

well 41 does not show an expected drawdown for that distance. Based on the Theis and Jacob formulas, 

the drawdown of 1.12 m is expected to be found at a distance of 62 m from the shaft middle line (instead 
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of 41 m, where it was measured), and the expected drawdown at 41 m is 2.54 m (instead of 1.12 m). 

Concluding a coherent influence radius from the three points is thus hard given the inconsistent 

measurements. 

It should be noted that the theoretical assumption that the depression cone being equal in all directions 

does not hold in this case. The wells at distances 41 and 49 m from the shaft show a difference of 0.6 m 

in drawdown, where the drawdown is larger at the larger distance than at the shorter distance. The wells 

are in fact located in different directions from the shaft, and the reason for them not showing as similar 

values for drawdown as would be expected will be discussed in the discussion section.  

Despite the well at 41 m from the shaft middle line not corresponding with measurements,  the actual 

influence radius can be expected to be somewhere between 79 and 84 m, which is similar to the initial 

estimation and most of the theoretical formulas discussed above. 

 

4.2 Sensitivity analysis 

In this section, the results of how the influence radius is affected by different values of input parameters 

is presented. Tables, graphs and values of the evaluation number β are presented one variable parameter 

at a time, presenting the results from Lomma and Hova simultaneously. The aim of the sensitivity 

analysis is not to compare R values to the actual drawdown, but only to observe trends in how the value 

of the influence radius responds to changes in the input parameter. 

 

4.2.1 Local sensitivity analysis: ±20% 

The results of the ±20% approached is shown for each investigated parameter, presented in tables 8-15 

and summarized in figures 4.3 and 4.4 (Lomma), as well as figures 4.5 and 4.6 (Hova). All 

investigated parameters are shown simultaneously for -20% and +20, respectively. The closer a value 

is to 1.0, the less sensitive the formula is to that parameter. High and low values indicated a high 

sensitivity. 
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• Hydraulic conductivity K 

Table 8 shows the result of the local sensitivity analysis for hydraulic conductivity, K. The output 

(change in influence radius in percent of the base case) is given for all relevant formulas, for -20% and 

+20%, Lomma and Hova separately.  

Table 8. Outcome of the ±20% local sensitivity analysis for K. 

K Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 0.98 0.92 1.03 0.87 

■ Jacob 0 0.89 1.10 0.89 1.10 

■ Jacob 0.3 0.90 1.09 0.91 1.07 

■ Thiem-C 0.93 1.08 0.87 1.15 

■ Thiem-U 0.76 1.3 0.85 1.17 

■ Sichardt 0.89 1.22 0.89 1.22 

■ Elongated 0.94 1.12 0.98 1.03 

■ C & P 0.89 1.22 0.89 1.22 

■ Kusakin  0.89 1.22 0.89 1.22 

■ A & N  0.89 1.22 0.89 1.22 

■ Weber  0.89 1.22 0.89 1.22 

■ Lembke  0.89 1.22 0.89 1.22 

■ Liedholm  0.90 1.21 0.91 1.18 

 

What can be seen in Table 8 is an overall consistent trend across the different formulas, as well as 

when comparing results from Lomma and Hova. Most of the output values lies within ±20%, i.e. 0.80 

and 1.20, apart from a few more sensitive formulas, especially Thiem Unconfined in the case of Lomma. 

The remaining theoretical formulas all show less sensitivity to changes in hydraulic conductivity than 

the empirical formulas, which apart from the Elongated formula consistently have a rather high 

sensitivity for +20%, while a rather low for -20%. It’s evident that the mathematically similar empirical 

formulas have different sensitivity depending on how the hydraulic conductivity changes. 

Finally, the Theis formula is somewhat of an outlier in the sense of being influenced oppositely 

compared to the rest of the formulas. While the remaining formulas all decrease with decreasing input 

and vice versa, Theis show an opposite trend, due to the complex well function. 

 

• Drawdown s 

Table 9 shows the result of the local sensitivity analysis for drawdown, s. The output (change in 

influence radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, 

Lomma and Hova separately. 

Table 9. Outcome of the ±20% local sensitivity analysis for s. 

s Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 1.02 0.84 1.15 0.82 

■ Thiem-C 0.92 1.09 0.85 1.17 

■ Thiem-U 0.61 1.83 0.75 1.41 

■ Sichardt 0.80 1.50 0.80 1.50 

■ Elongated 0.89 1.26 0.97 1.06 

■ C & P  0.80 1.50 0.80 1.50 

■ Kusakin  0.80 1.50 0.80 1.50 
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Drawdown is, when regarding the ±20% approach, one of the parameters which yields the highest 

sensitivity, as can be seen in Table 9. Thiem Unconfined is very sensitive when compared to the rest of 

the theoretical formulas, and all but Elongated among the empirical formulas are, as with K in Table 8, 

highly sensitive to an increase in s, but not as sensitive to the decrease. Lomma and Hova both share 

similar outputs. 

 

• Flow rate Q 

Table 10 shows the result of the local sensitivity analysis for flow rate, Q. The output (change in 

influence radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, 

Lomma and Hova separately. 

Table 10. Outcome of the ±20% local sensitivity analysis for Q. 

Q Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 0.86 1.03 1.37 1.63 

■ Jacob 0.3 0.99 1.01 0.98 1.02 

■ Thiem-C 1.10 0.94 1.19 0.89 

■ Thiem-U 1.40 0.80 1.21 0.88 

■ Todd 0.89 1.10 0.89 1.10 

■ M & N 0.90 1.10 0.92 1.08 

■ S-Q  0.89 1.22 0.89 1.22 

 

The flow rate is another of the most sensitivity-inducing parameters, yielding a few very high values, 

but also more values close to 1.0, indicating a low sensitivity. The Jacob 0.3 formula, for instance, is 

very insensitive to the change in flow rate, while the Theis and Thiem Unconfined formulas have high 

variations. 

 

• Storativity S 

Table 11 shows the result of the local sensitivity analysis for storativity, s. The output (change in 

influence radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, 

Lomma and Hova separately. 

Tabell 11. Outcome of the ±20% local sensitivity analysis for S. 

S Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 1.12 0.91 1.12 0.91 

■ Jacob 0 1.12 0.91 1.12 0.91 

■ Jacob 0.3 1.12 0.91 1.12 0.91 

 

Only three formulas are based on the storativity parameter, all being time-depending theoretical 

formulas. The result in table 11 is overwhelmingly consistent and of low sensitivity, indicating that the 

storativity probably is one of the least sensitive parameters.  

 

  



 

37 

 

• Time t 

Table 12 shows the result of the local sensitivity analysis for time, t. The output (change in influence 

radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, Lomma and 

Hova separately. 

Table 12. Outcome of the ±20% local sensitivity analysis for t. 

t Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 0.89 1.10 0.89 1.10 

■ Jacob 0 0.89 1.10 0.89 1.10 

■ Jacob 0.3 0.89 1.10 0.89 1.10 

■ A & N  0.89 1.22 0.89 1.22 

■ Weber  0.89 1.22 0.89 1.22 

 

Similar to the results for storativity, time is flagrantly consistent across the formulas with a time 

parameter. Changing the time by 20% does not have a large impact on the theoretical formulas, but a 

somewhat larger impact on the two empirical ones presented here, at least when t increases. 

 

• Aquifer saturated thickness B 

Table 13 shows the result of the local sensitivity analysis for saturated thickness, B The output (change 

in influence radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, 

Lomma and Hova separately. 

Table 13. Outcome of the ±20% local sensitivity analysis for B. 

B Lomma Hova 

Formula -20% +20% -20% +20% 

■ Theis 0.94 0.92 0.98 0.89 

■ Jacob 0 0.89 1.10 0.89 1.10 

■ Jacob 0.3 0.90 1.09 0.91 1.08 

■ Thiem-C 0.93 1.08 0.87 1.15 

■ Kusakin  0.89 1.22 0.89 1.22 

■ A & N  0.89 1.22 0.89 1.22 

■ Weber  0.89 1.22 0.89 1.22 

■ Lembke  0.80 1.50 0.80 1.50 

 

The seemingly systematic trend of the empirical formulas decreasing with 11% and increasing with 

22% can be seen in table 13 and the changes in aquifer thickness B as well. This indicates a difference 

in sensitivity depending on if the input is increased or decreased. Lembke is particularly sensitive in 

both Lomma and Hova, while the theoretical formulas are less sensitive to changes in B. 

 

• Equivalent radius Re 

Table 14 shows the result of the local sensitivity analysis for equivalent radius, Re. The output (change 

in influence radius in percent of the base case) is given for all relevant formulas, for -20% and +20%, 

Lomma and Hova separately. 
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Table 14. Outcome of the ±20% local sensitivity analysis for Re. 

Re Lomma Hova 

Formula -20% +20% -20% +20% 

■ Thiem-C 0.80 1.20 0.80 1.20 

■ Thiem-U 0.80 1.20 0.80 1.20 

■ M & N 1.00 1.00 0.96 1.04 

■ Elongated 0.91 1.19 0.83 1.41 

 

As many of the formulas that depend on the equivalent radius have a direct linear relationship to it, 

it’s no surprise that the Thiem Confined, Thiem Unconfined and mostly Elongated formulas all increase 

and decrease by as much as the input does. M & N is clearly very insensitive to changes in Re, while the 

Elongated formula in the case of Hova is very influenced by the increase in input. This difference 

between the two cases helps to illustrate the difference between global and local sensitivity.  

 

• Groundwater recharge G 

Table 15 shows the result of the local sensitivity analysis for groundwater recharge, G. The output 

(change in influence radius in percent of the base case) is given for all relevant formulas, for -20% and 

+20%, Lomma and Hova separately. 

Table 15. Outcome of the ±20% local sensitivity analysis for G. 

G Lomma Hova 

Formula -20% +20% -20% +20% 

■ Todd 1.12 0.91 1.12 0.91 

■ M & N 1.12 0.91 1.09 0.93 

■ Lembke  1.12 0.82 1.12 0.82 

 

Finally, the groundwater recharge can be seen as a fairly irrelevant parameter. There are only three 

formulas that depend on it and the influence radius only changes by no more than 18%.  

 

• Summary 

The results presented in tables 8-15 are summarized in figures 4.3-4.6 below. The figures present the 

change in output parameter for every formula and parameter, divided into Lomma and Hova, as well 

and -20% and +20%. Boundaries for the divide between theoretical and empirical formulas are included 

as a dashed black vertical line, and the dashed horizontal grey lines show the limits for -20% and +20%, 

respectively. Values that fall within these two lines does not change more than the input does, whereas 

values outside of this range change more than the value of the input, and these formulas can be 

considered to be highly sensitive. The grey solid horizontal line shows the result of 1.0, i.e. zero 

sensitivity (0% change compared to the base case). The closer the values are to this line, the less sensitive 

the formulas can be considered to be for that parameter. 

The advantage of showing the results in this manner is that comparisons between formula sensitivity 

and parameter influence is easy. Looking at a certain parameter and how it varies between formulas, the 

overall influence can be estimated by where the values are on the y axis. If a parameter is mainly within 

the ±20% boundary, it can be considered less sensitive than one with a tendency of being outside this 
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range. Similarly, a formula that has a lot of values outside the ±20% range can be considered more 

sensitive than formulas with values within the range. 

 

Figure 4.3. Results of the ±20% approach sensitivity analysis per parameter and formula for the case of input 

parameter change by-20% in Lomma. 

 

For the conditions of -20%, Lomma, a clear majority of the values fall within the ±20% range, with 

the Thiem Unconfined formula standing out as a particularly sensitive formula. The cases with -20% is 

generally lower in sensitivity, as can be seen in figure 4.5 as well. 

 

Figure 4.4. Results of the ±20% approach sensitivity analysis per parameter and formula for the case of input 

parameter change by +20% in Lomma. 
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A few clear trends is seen in the case of +20%, Lomma above. Perhaps most notably, the drawdown 

parameter is by far the most sensitive, approaching an increase of 190% in the Thiem Unconfined 

formula. Additionally, the empirical formulas are shown to be more sensitive, as many of the values in 

the right side of figure 4.4 show a output change larger than the input (i.e. above +20%). The theoretical 

formulas are more contained within a smaller sensitivity. 

 

 

 

Figure 4.5. Results of the ±20% approach sensitivity analysis per parameter and formula for the case of input 

parameter change by -20% in Hova. 

 

The results from Hova is mostly similar to the corresponding case in Lomma (-20%), with the 

difference of a few specific parameters such as Q and G. The overall trend is, again, that a reduction of 

the input parameter yields rather small changes compared to the +20% graphs, and that the empirical 

and theoretical formulas show more or less the same amount of sensitivity. As in many of the other 

graphs, certain parameters can be seen showing very similar values – K, B and t (where applicable) are 

more or less equally sensitive.  
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Figure 4.6. Results of the ±20% approach sensitivity analysis per parameter and formula for the case of input 

parameter change by +20% in Hova. 

 

Reviewing the results from the final scenario (Hova, +20%), most of what has been said for figure 

4.4 can be seen again in figure 4.6, but possibly slightly less extreme in the exhibited values. Again, the 

empirical formulas seem to be more sensitive for almost every parameter. 
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5 Discussion 

5.1 Formula evaluation and errors 

Looking at the outcome of the influence radius in relation to the estimations of influence radius in the 

two cases Lomma and Hova, the initial estimations made seem to have been accurate. No wells beyond 

the estimated influence radius was shown to have been affected by the drawdown, and calculating 

influence radius with groundwater data seem to verify that the estimated amount of drawdown was found 

at estimated distances. The choice of formulas was in these two cases successful and justified. 

As the initial estimations seem to be close to the actual drawdown, figures 4.1 and 4.2 can be used 

to evaluate how well the different formulas performed in the two cases, using the same input parameters. 

In Lomma, values for influence radius could be considered correctly estimated by 4 formulas: Thiem 

Confined, Sichardt, Weber and Lembke. The remaining formulas either over- or underestimate influence 

radius R, by as low as ¼ of the actual R, and by as much as 5 times the actual R. Looking only to the 

results from Lomma, this would imply that the formulas that yield these extreme lows and highs are less 

accurate and should not be used when calculating influence radius, as there are other formulas that yield 

more accurate results.  

This is, however, not the case as the formulas that yield the extreme lows and highs in fact produce 

the most accurate estimations of influence radius in the case of Hova. Here, 3 of the 4 most accurate 

formulas for Lomma dramatically underestimate influence radius, by as low as less than 1/10 of the 

actual influence radius. There is a large discrepancy of which the “good” formulas are when comparing 

these two cases, and concluding if any formulas in general are more correct would require formulas 

comparison to actual drawdown from additional projects. Further studies could aim at evaluating the 

accuracy of initial estimations and comparing influence radius of other formulas, in order to find trends 

of formula accuracy. 

Regardless of which formulas that produced the most accurate influence radius in these two cases, 

one important result is the range of values that was produced with the same input parameters, especially 

in the case of Lomma. Depending on the choice of formula, influence radius R could be estimated to be 

between 6 and 150 m. Awareness of this could be important when performing an estimation of the 

influence radius in a real project, when economic and juridical restrictions are present. It’s probably not 

necessary (or even helpful) to use all formulas and make an estimation or influence radius based on the 

entire range of output values, but using a few different ones could help to indicate the possibility of 

diverse influence radii. 

The selection of formulas when estimating R is also depending on the information and data available. 

One reason for the popularity of Sichardt’s formula (not only in the two cases presented in this study, 

but often seen recommended in literature) could be that it only requires input that is usually available: 

drawdown and hydraulic conductivity. If resources lack for measurements of other parameters, the 

Sichardt formula can still be used. Collecting data for other parameters such as storativity, flow rate and 
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aquifer thickness may not always be prioritized. Thiem’s well equation (Theim Confined) is also often 

seen in recommendations, sometimes written as in table 2, using the equivalent radius Re as input, 

sometimes specifically with the well radius rw, and other times just with general distances r. As seen in 

table 6 and figure 4.10, the choice of radius can have a drastic impact on the result of the influence 

radius, and caution must be taken when using the Thiem Confined and Thiem Unconfined formulas. 

This being said, the Thiem Confined formula is the one formula (from the limited study of these two 

cases) that performed best, having results of influence radii closest to the actual values. 

Some of the formulas were developed specifically for a certain aquifer type (confined/unconfined). 

When regarding the formula results from the unconfined aquifer in Lomma (figure 4.1), the overall 

match to the actual influence radius R is poor. The same is true for the confined case of Hova: the very 

best estimations was made by formulas intended for unconfined aquifers. There’s thus no visible relation 

between the accuracy of a formula and the type of aquifer it was developed for. Again, this is based on 

limited data from only two cases, and could possibly be revised if a larger study was conducted. 

During the follow-up and control, it could happen that the influence radius is found to be larger or 

smaller than calculated, or that the groundwater table is at an unexpected level when compared to 

estimations, despite proper consideration to aquifer properties. Taking the groundwater levels at Hova 

(figure 3.5) as an example, the groundwater table as seen in the observation wells remained at the same 

level as when having been lowered, not recovering to the original level before the measurements ended. 

Regardless of whether this was intentional or not, it helps to bring up the point of unforeseen conditions. 

The Hova project stood completed by the start of 2018, which was an unusually dry year in Sweden. 

Groundwater levels across the country were below normal by the end of the summer, when the 

measurements for Hova ended. This kind of unusual climatic conditions is of course impossible to 

account for when making estimations of the influence radius years in advance, and cannot be expected. 

It does, however, serve as an example of an interesting problem that could become more prevalent in 

future projects, as a changing climate could give rise to more extreme weather and unprecedented 

conditions. This problem is not within the scope of this study, but could be an interesting topic for a 

future study.  

5.2 Sensitivity and limitations 

When considering the sensitivity of the different formulas, the results varies depending on the chosen 

input parameter, but it’s clear that certain formulas will yield very different values for R with small 

changes in input parameter. Thiem Unconfined is the formula with the very highest sensitivity, as well 

as most of the empirical formulas having rather high values in tables 8-15. 

What became evident for some of the input parameters is that the sensitivity is not equally large 

across the entire range of input parameters. As was the case for many formulas when changing hydraulic 

conductivity K, flow rate Q, storativity and groundwater recharge G, the sensitivity was larger at larger 

at one side of the range; a very small change of input gives a large change in output and vice versa. As 
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was briefly discussed in section 3.2, aquifers with different properties have different typical ranges of 

input parameters such as hydraulic conductivity and storativity. What the sensitivity analysis shows is 

that aquifers have a different sensitivity for the same parameter, and that the range of possible input 

itself could have a very large impact on the range of estimations of influence radius. A thorough 

understanding of the aquifer type and aquifer properties is therefore useful for a good estimation. This 

can also be seen in figures 4.3-4.6, where sensitivity generally is lower when decreasing the input by 

20%, compared to increasing the parameters by 20%. 

As this study focused on a large number of formulas and variable parameters, the sensitivity analysis 

was restricted to being of the local type. A global sensitivity analysis would require much more powerful 

and computational intense methods, which was beyond the scope of this study. As discussed in section 

5.1, the lack of data, not only in number of cases, but also in parameter distribution and measurements, 

limits this study and further research could probably elaborate on the sensitivity of different formulas if 

more data were available. Such a study would require more, and most importantly larger, cases to be 

used, as smaller projects such as the ones used in this study seldom has sufficient resources for the 

required data. 

Regarding all of the results in figures 4.3-4.6, overall the empirical formulas can be seen to have a 

generally higher local sensitivity than the theoretical formulas. The ±20% method also shows that certain 

parameter have a higher influence on the sensitivity than others. For instance, in figures 4.4 and 4.6 

(+20%), the drawdown can be seen to vary greatly for most formulas, indicating a high sensitivity. While 

it’s easy to assume that the drawdown would be one of the most influential parameters for the sensitivity, 

it’s important to keep in mind that specifically drawdown seldom varies much at all, but is controlled 

and maintained during construction. Uncertainties in drawdown is thus generally very low. On the other 

hand, as discussed in section 3.2.2 (Local sensitivity analysis ±SD), hydraulic conductivity usually is 

more uncertain, varying more and thus the cause of greater uncertainty. This gives an example of the 

limitations of the ±20% approach compared to the ±SD approach. Given more data, it’s possible that a 

better and more nuanced sensitivity analysis could have been performed.  

The effect of input range justifies the approach of making several influence radius calculations with 

minimum and maximum values of the parameters. The acquired range of influence radius can help in 

decision-making, as more information of the possible outcomes of R is provided than if a single value 

was calculated. The minimum and maximum input values may be uncertain to some extent, which is 

why a sense of the sensitivity of the formulas is good to have. If the maximum input value is situated in 

a region with high sensitivity and a slight change in value yields large changes in influence radius, the 

maximum R calculated may not be sufficiently large.  

As there is not sufficient data available for enough parameters, no clear conclusions about the overall 

sensitivity from all parameters or formulas could or should be drawn from this method. It serves more 

as an example of the method itself, and that variations in input parameters cannot always be 

approximated to 20%.  
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To summarize the sensitivity analysis, there is no single input parameter that can be said to have the 

greatest effect on the uncertainty of influence radius. While some parameters can be seen not changing 

very much as the parameter changes, such as time and many of the formulas with a flow rate parameter, 

other parameters can cause very large differences in influence radius with small changes in input, or 

vice versa, depending on where on the input range the change is taking place. As the hydraulic 

conductivity and drawdown usually is known in most projects, a recommendation is thus to critically 

examine the formula used, preferably for a few different values of hydraulic conductivity and drawdown, 

take note of the changes and from that be aware of the possible uncertainties in R estimation. 

Lastly, one important aspect to keep in mind is that, as with all conceptual models and simplifications 

of natural conditions, all of the formulas presented only provide estimation of the influence radius. The 

exact influence radius can never be known, assuming there is such a thing as an “exact R”. This study 

focused on the presentation, differences and evaluation of formulas in the simplest and clearest case, 

when assuming ideal conditions such as homogeneity and isotropy. In reality, aspects such as hydraulic 

conductivity, porosity, water-bearing layer thickness, topography and hydraulic boundaries can vary 

over distance in site-specific projects. Estimations of influence radius should always be taken with a 

grain of salt and should not be used for more than an indication of how far the drawdown could affect 

surrounding groundwater levels. 
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6 Conclusions 

In conclusion, there are many formulas that have been developed for the calculation of the influence 

radius, using different aspects and mathematical relationships of the aquifers. The formulas presented 

in this thesis does not include all of them, but rather a selection of the most widely used.  

The initial estimations made for Lomma and Hova matched the measured groundwater levels and 

can be considered successful. Based on the two projects, no clear trend as to which type of formula that 

yields the most accurate results could be found, but differed greatly between the cases. Although Thiem 

Confined was the single formula that presented the most accurate results for influence radius, a larger 

study of more projects and cases with documented groundwater levels would be required in order to 

hopefully evaluate each formula’s overall accuracy. It does seem as though the accuracy of the formula 

increases with the number of parameters, as the theoretical formulas performed slightly better in this 

study. With more input more uncertainty follows, however. 

The output of formulas using the same input parameters gave large ranges in output, and the choice 

of formula for estimation of influence radius is crucial. The possibility of different formulas resulting in 

wildly different values for influence radius needs to be taken into consideration when performing 

estimations. 

The sensitivity was found to be very different not only for different formulas and input parameters, 

but also for different ranges of input parameters. As possible input ranges is related to aquifer properties, 

the type of aquifer in each specific case is important when dealing with uncertain input parameters. 

Hydraulic conductivity, due to its prevalence and relatively high range of possible values, should be 

mentioned as one of the more uncertain parameters. 

The use of a range of input values such as hydraulic conductivity, drawdown, flow rate etc. is 

therefore a good method for performing the estimation of influence radius. 
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https://www.trafikverket.se/nara-dig/Skane/projekt-i-skane-lan/Lommabanan/
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Appendix: Example of sensitivity analysis methods 

A brief example of the mechanics of the two different local sensitivity analysis methods are provided 

here.  

Using three input parameters (A, B, and C) that varies according to ±20% and ±SD, respectively, the 

following schematic results were obtained for an arbitrary formula. 

Table A1. Input and output for the schematic input parameters A, B and C. 

 Input Output 
±20% A B C A B C 

-20% 0.8 0.8 0.8 0.8 0.99 0.45 

 1 1 1 1 1 1 

+20% 1.2 1.2 1.2 1.2 1.02 1.3 

±SD A B C A B C 

-SD 0.4 0.65 0.95 0.4 0.9 0.8 

 1 1 1 1 1 1 

+SD 1.6 1.35 1.05 1.6 1.1 1.2 

 

Figures A1.1 and A1.2 shows the result of table A1. 

 

Figure A1.1. Graph of the schematic case of local sensitivity analysis using the ±20% approach.  
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Figure A1.1. Graph of the schematic case of local sensitivity analysis using the ±20% approach.  

The trend in these input parameters shows that A has a 1:1 sensitivity – the output changes by exactly 

as much as the input changes. This makes A rather insensitive using the ±20% approach, but the most 

sensitive with the ±SD approach, as the measured range is much larger for A than for B and C. 

B is generally insensitive, as shown by the small variety in output in both figures. When displaying 

the output of the ±SD approach, the output is somewhat larger spread, indicating a larger sensitivity than 

estimated with the ±20% approach, but still very close to 1.0 and rather insensitive. 

C is shown to have a high sensitivity, but having a small standard deviation, ultimately leading to a 

low sensitivity using the ±SD approach. It is also uneven in the sense of not being equally sensitive for 

positive and negative changes, which can occur.  

All of these parameters showed a positive correlation, but negative correlations can also occur (i.e. -

20% values yielding higher output and vice versa). 
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