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Abstract

Green roofs are multifunctionalype of NatureBased Solutionsthat provide different
ecosystem services among which the reduction and detention of theduao@egeoutflow

arethe most important from the aspects of hydrology and stormwaaeagement. As for
various scientific fields, the issue of scales also appears as rather important scientific question
in case of hydrology, and thus in case of green roofs. The idea behind it is to find a proper
way of treating spatitemporal variabilies of different processes involved in green roofs at
larger scales, without masking heterogeneity characteristic for smaller Sdaiess rather
important for green roof designers, since the homogenization (averaging) in both space and
time domain cammpact the results of modeling significantly, providing unreliable insight into

the hydrologtal performances of green roofs. This wargdictions ohydrological responses

at larger urban (sub)catchment scake® also affected which prevens from meetng
regulation rules adopted by local authorities in charge of stormwater management.

In order to improve reliability of hydrological predictions, various thorough investigations

were performed on Green Wave, a green roofoKH %LHQYHQ+*H EKdeQGLQJ OF
Ecole des Ponts ParisTech suburban area of Paris. Firstly, different physical properties of

the Green Wave substrate were measured in laboratory (specimen scale). The laboratory
investigation of the hydraulic properties of the unsaturateturatead Green Wave substrate,

were carried out by means of the newly developed apparatus and the innovative methodology

for determination of the hydraulic conductivity function.

Furthermore, on the specimen scale, spatial variability of the soil deiedityobtained using
X-ray CT scanner is analyzed using Universal Multifractals, a theoretical framework
convenient for characterizing both spatial and temporal variabilities of different geophysical
fields. As a result of the investigation, new methodol@nd analytical functions for
describing different soil properties such as the grain / pore size distribution, water retention
curve and the hydraulic conductivity function, are derived. The obtained analytical functions
proved to be able to interpret rathwell the experimentally determined properties of the
Green Wave substrate, and other soil types taken from the literature.

On the green roof scale,-gitu conditions were investigated using detailed monitoring system
installed on Green Wave, where thnmain water balance components are measured: rainfall
rate, water content indicator and drained discharge. Results showed that based on the
multifractal analysis of temporal variabilities of three mentioned components, where the
indicator of water contens measured by means of the network of TDR sensors distributed
along the roof slope, it is possible to go beyond the standard investigdtithe rainfaH

runoff ratioand to analyze the impact of roof inclination on the lateral water movement within
the substrate. The mentioned analysis showed that the roof inclination does not affect the peak
outflow, allowing development of a new edanensional analytical hydrological model.

The proposed model is based on a cascade ofimear reservoirs, where éhleakage from
each reservoir is described by means of the analytical function of hydraulic conductivity, also
developed in this workThe modelwas proved as an adequate alternative for numerical




solving of Richards equation in terms afcuracy andeliability, but also as a significant
improvement from the aspect of computational efficies/ such, it can be further used to
efficiently treat spatial heterogeneity of green roofs at the scaleswigée roof and larger
allowing reliable investigationfdiydrological impacts of this type dfatureBased Solutions
on the urban catchment scale.

Keywords: green roof; unsaturated medium; (multi)fractal soils; urban hydrology; modeling;
monitoring




5pVXPp

/JHV WRLWXUHV YpJpWDOLVpHV UHSUPpVHQWHQW XQ W\SH Gt
comme mulil RQFWLRQQHOOH HOOHV SURGLMMQYWPGCHXORPEDH
OHVTXHOV OD UpGXFWLRQ HW OH UD O HQWes ¢VdeRiohQi®e GHV G
HDX[ SOXYLDOHV XUEDLQHV &RPPH GDQV GIDXWUHV GRI
PFKHOOHYV UHOQYH GYXQH LPSRUWDQFH VLJQLILFDWLYH HQ
DX FRPSRUWHPHQW K\GURORWRLAXH GHV WRLWXUHV YpJpWD

'‘DQV FH FRQWH[WH OYREMHFWLI GH FHV WUDYDX[ GH WKc
WUDLWHU OHV WDHRBSERUEBDW BV GSDWERITpUHQWY SURFHVVX
WUDYHUYV OHV pFKHOOHV VDQV POWVWOKMUWp BKKOWHYVROMQYpED .
HVW LPSRUWDQW SRXU OHV FRQFHSWHXUV FDU O KRPRJpC
SURFHVVXV GDQV XQ PRGqOH SHXW DYRLU XQ LPSDFW VLJQ
UpVXOWDWY SHX WIHEHOHWBYHARBRDQBRYVY K\GURORJLTXHV G
$JUpJpV j OTpFKHOOHY GX EDVVLQ YHUVDQW XUEDLQ FHV
QH SHUPHWWHQW SDV GH UpSRQGUH DX UHVSHFW pYHQWX
D X W Rdddled gn\eh@rge de la gestion des eaux pluviales.

$ILQ G DPpOLRUHU OD ILDELOLWp GHV HVWLPDWLRQV L
K\GURORJLTXH GLYHUVHV LQYHVWLJDWLRQV RQWFrpWp Upl
ODUQH XQH WRLWHKHRIWWD B MPHXEH | SUR[LPLWpP GH O
HQ EDQOLHXH SDULVLHQQH 7RXW G DERUG GLIIpUHQWHYV ¥
PHVXUpHY HQ ODERUDWRLUH j OfpFKHOOH G pFKDQWLO
hydrauliqueV GX VXEVWUDW -LBWDSWOOX\ SDUDMDEX®OLGUHPHQW OD
IRQFWLRQ GH FRQGXFI LpYALW p pD G UDPHO DIXRR\HQ GIXQH Py
DSSDUHLO QRXYHOOHPHQW GpYHORSSpV j FHWWH REFDVLR

$ O pFKHOOH GH ODpHHIEQWLOYPRMEDWLDOH GX FKDPS FRQV\
pWp DSSUpKHQGpH j O DLGH G XQ PLFURWRPRJUDSKH j UL
DQEQDO\VpVY GDQV OH FDGUH GHV PXOWLIUDFWDOV XQLYHUVI
les varicELOLWpV VSDWLDOHYVY HW WHPSRUHOOHV GH FKDPSV J
SHUPLV GH IDLUH pPHUJHU GH QRXYHOOHV PpWKRGHV HW
GLIIpUHQWHY SURSULpWpV GX VRO WHOOHV TXle ddD GLVW
SRUHV OD FRXUEH GH UpWHQWLRQ G HDX HW OD IRQFWLR
IRQFWLRQV VH VRQW DYpUpHV DVVH] SURFKHVY GH FHOOHYV
gue ce soit pour le substrat de la vague verte, commedaures types de sols issus de la
OLWWpUDWXUH

(QILQ j O pFKHOOH GH OD YDJXH YHUWH OH FRPSRUWHPHC
j O DLGH GX VXLYL H[SpULPHQWDO FRQWLQX GHV WURLV SL
SUpFLSLODWHRXMH XU HQ HDX |j ODLGH GYfXQ UpVHDX GH V
SHQWH HW OH GpELW HQ VRUWLH GYRXYUDJH &HV PHVXUL
PXOWLIUDFWDOH FRQGXLWH VXU OD YDULDELOTWIL & HHR/SAR L
possible daller aulGHOj] GXQH VLPSOH TXDQWLILFDWLRQ GX FRH
G DQDO\WHU O LPSDFW GH O LQFOLQDLVRQ GX WRLW VXU (
substrat. Il en ressort que l'inclinaison du toit n'affecte @asl WUDQVIHUW GH OfH
VXEVWUDW SHUPHWWDQW DLQVL OH GpYHORSSHPHQW G X
unidimensionnel.

/IH PRGgQOH SURSRVp UHSRVH VXU XQH FDVFDGH GH UpVHUY
UpVHUYRLU HVWH®pBYXWH DXQPWLRQ DQDO\WLTXH GH OD




pJDOHPHQW GpYHORSSpH ORUV GH FHV WUDYDX[ /H PRG
LQWPUHVVDQWH SRXU OD UpVROXWLRQ QXPpULTXH GH O pT
de fiabilitp &HWWH PpWKRGH HQWUDLQH pJDOHPHQW XQH DPp
FDOFXO 7HO TXHO FH PRGQqOH SHXW rWUH XWLOLVp SRXU
VSDWLDOH GHV WRLWXUHV YpJpWDOLVpH jte@ir pdaioted @OH G X
FHWWH YDULDELOLWpP GDQV XQ EDVVLQ YHUVDQW XUEDLQ
VHUDLHQW LPSOpPHQWpPHY HW GYpYDOXHU DLQVL OHXU LP.

ORWYV FOipne YpJpW,DRPRAIOMFHX L QV D \WXibfractals: R @ydrologie
urbaine;PRGpOLVDWLRQ LQVWUXPHQWDWLRQ
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1. Introduction

1.1. General Context

Green roofs are the most widespread type of NeéBaseed Solutions (NBS) that are using
natural ecosystems in urban areas to provide biodivebbgihefits (Kabisch et al., 2016

Green roofs provide different ecosystem servi€serndorfer et al., 20QFrancis & Jensen,

2017 that help facing the unsustainable urbanization consequences by (i) reducing the urban
heat island effects and (ii) mitigating and delaying the mmo@off peak $tovin et al., 2012
Versini et al., 2016 The last benefit is of particular interest from the hydrological point of
view, more pregely from the aspect of storm water management, since green roofs are
designed to respect regulation rules adopted by local authorities based on minimizing the
water quantities in sewer systems in terms of flow and volume(Re@sicci et al., 2093

In terms of hydrology, during the past two decades green roofs leaveifivestigated from
different aspects in various research studies. Part of the studies was focused on quantifying
the hydrological performances of existing green roofs at building (roof) scale, based on the
monitored rainfalrunoff data. This has beerome by comparing retention and detention
performances of green roof§lohannessen et al.,, 2Q18ith different configuration
parameters including type and thickness of the subssatece area, slope, presence and
type of vegetation, et¢Berndtsson, 203Q.i & Babcock, 2013 Other studies were oriented
towards hydrological modeling at roof scale, where different kinds of mddetsBabcock,

2014 use rainfall data as an input to compute runoff that was comparednoititored data
afterwards. Based on matching quality between simulation and measurements, the ability of
models to predict green roofs hydrological impacts under different critical conditions was
estimated.

1.2. Main Issues (Scientific Questions)

Scale issas, common in hydrology, are also important in the case of green roofs. Clearly,
each scale Rigure 1.2-1) has different dominant processes that need to be linked by
preservingthe main physicalhpbased core that adapts to different scales while changing the
level of details.

Scales [m]

I | | | | | | | | | | | I
10° 10° 10* 10° 10* 10" 10° 10' 10> 10° 10* 10° 10°
Pore & Grain size Specimen &  Single green  Urban subcatchement
scale REYV scale roof scale scale

Figure 1.2-1. lllustration of different scales




In most studies on green roofs, the focus only concerns a single roof scale, while the link with
larger and smaller ones is often not thoroughly explained.régqusly mentioned, detailed
investigations concerning both monitoringaésmasBeck et al., 201,3Hakimdavar et al.,

2014 Stovin et al., 2015etc.) and modelingHilten et al., 2008+1D; Palla et al., 200%2D
among others) are uslly carried out at roof scale, while the urban catchment scale is
investigated only in terms of predictions of hydrological responses by means of less
physicallybased hydrological model€érter & Jackson, 20Q0¥ersini et al., 2015Versini et

al., 2016 Ichiba et al., 201Bcompared to those used at roof scale (to improve eftigie
Furthermore, scales smaller thdrat of a roof are usually not considered in hydrological
practice. These gaps between scatesse different problems for green roof designers, that are
reflected on hydrological modeling and thus impact the reiigbdf the predictions of
hydrological responses at roof scale, and hence on urban catchment scale.

At roof scale, the investigated domain is usually considered as homogeneous structure, where
the infiltration process is described by means of Richards (ldiken et al., 2008
Hakimdavar et al., 2034 while the hydraulic properties of unsaturated porous medium
(substrate) & described using different functions that depend on several {gemijical
parametersBrooks & Corey, 1964van Genuchten, 198@tc.). As a result, by fitting these
parameters good agreement between simulated and measured outflows nedolbbai
particular initial conditions and certain rainfall events, while in other cases, including change
of scale, reults might be less reliable.

One of the reasons for unreliable prediction is the use of the mentioned conventional
functions for describing hydraulic properties of a green roof substrate. Besides not being fully
physicallybased, these functions anappropriate for such unconventional granular materials

of low grain densities (not to load roof significantly), that are adequate for plant growth
(6WDQLUO HDxQ@o that, using these functions one can have realistic interpretation of
soil hydraulic properties, and thus drained outflows, for certain range of soil water contents,
while out of this range (wetter or dryer conditions) interpretation can be wrong.

The other important reason is the spatial heterogeneity of the substrate, which is usually
neglected regardless of the scale investigated. In order to properly accotim &patial
heterogeneity it is necessary to make a link with smaller scales, at which the hydraulic
propertiesof a green roof substrate are experimentally determined, through development of
new hydraulic properties functions. Also, in situ behavior ekgrroofs, beyond the standard
rainfall-runoff measurements, is not thoroughly investigated up to date. Finally, the issue of
efficient treatment of spatial heterogeneity, especially at larger scales, in physasaly
hydrological models, remains to belved.

1.3. PhD Thesis Objectives

Following the scientific questions raised in Chaft@ the objectives of this work are:

- to develop the methodology for efficient and simple experimental determination of the
soil hydraulic characteristics of green roof substrate. Those prapargecrucial for
any kind of physicallybased simulations of water flow in unsaturated medium, and




thus they need to be reliably determined through experiments and not by fitting some
of the mentioned functions. Efficiency and robustness are quite impasaects in

this case, due to the fact that experimental investigation is not common in hydrological
practice.

- to provide physical basis on the link between different scales, by analyzing the scaling
behavior of various measured properties of a gmearfi substrate. The Universal
Multifractal (UM) theoretical frameworkSchertzer & Lovejoy, 1987appears to be a
convenient tool for performing such analysis, due to its ability to deal with both
temporal and spatial variabilities of different geophysical fields.

- to propose physicalipased alternative to tedionsmerical models based on Richards
equation. This is particularly important in terms of efficiency, since standard
numerical models can be rather time consuming when the domain investigated is
rasterized (usually the case at larger scales).

The researcharried out in this thesis starts from the scale of the representative specimen used
for the experimental determination of various soil properties, also known as representative
elementary volume (REV) for modeling purposes. A REV is considered as largghetoou
keep a reasonably constant porosity when slightly changing its location inside a larger soil
mass, but small enough not to mask any smaller scale spatial variabifief & Celia,

2006 Pokrajac & Howard, 2010 After having conducted an experimental determination,
new analytical models describing different soil properties have been developed by analyzing
the soil density field, obtained by pemming X-ray CT (computational tomography) on the
REV, by means of UM framework. The largest scale considered in this thesis is that of a
single green roof, used for installiagletailedmonitoring system for different water balance
components. Measuremts carried out in situra used for verifying the ratibetween rainfall

and runoff, for analyzing thempact of slope on green roof, and for analyzing témaporal
variabilities of different water balance components. Finally, this work has been cairipjete
developing a new physicallyased modethat can be effectively applied even at larger
(catchment) scales.

$00 PRQLWRULQJ FDPSDLJQV REWDLQHG GXULQJ WKLV WK
:DYH” RI WKH %LHQYHQ+*H E XL Odes PohtsPRrisDevhHIGhE DeRcdtesW R (F
FDPSXV RI ODUQH OD 9D O O pHgure 1.BIH. FoDngwthiRlargeQhay

wavy-form vegetated rdo consisting of three wavemgpresents the largest green roof of the

Greater Paris area. From its implementation in 2@E@en Wavehas been considered as a
demonstrative site oriented to Blue Green Solutions rese@fensini et al., 201B
Implementationof the experimemal setup started during the European Blue Green Dream

(BGD) project http://bgd.org.uk/funded by Climat&IC) that aimed to promote a change of
paradigm for efficient planning and management of new or retrofitted urban dexsitspby

promoting theimplementation of BGS DNVLPRYLU H)WThE @onitoring was

anticipated and thieuilding could be adapted to experimental purpose during its cotistru

It has also been supported by RadX@IdF, a regionaégrtihat notably aimed at anailyg

the benefits of highesolution rainfall measurement for urban storm water management.
TodayGreen Wavaes also part of thé&resnel mlii-scale observation drmodeing platform

created in the CAQQRYDWLRQ /DE DW eFROH GHV 3RQWV 3DULV7Y
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synergies between research and innovation, as well as the pursuit of theoretical research, the
development of a network of international collaltimras, and various aspects of data science
(https://hmco.enpc.fr/portfoli@archive/fresneplatform)).

Figure1.31. 7KH 3*UHHQ :DYH" RI WKH %LHQYHQ+H EXLOGLQJ OR
3DULV7HFK ODUQH OD 9DOOpH

1.4. Thesis Structure

Having on mind rather wide range of topics considered in this thesis, including laboratory
experiments at small scale, monitoring camps at the roof scale, and different kinds of
modeling, it was realized that the classical form of the manuscript is inappropriate in this case,
and hard for readers to follow. Thus, the main body of the thesis, excluding introduction and
conclusion, isorganized infour main Chapters followinghe previously described order of
scales Thesefour Chapters consist of in totabvenjournal papers (published or submitted),
arranged so that each Chapter contaimsor two papers representing subchapt@tarting

from the specimen scale (Chapfgrand finalizingwith the hydrological modeling (Chapter

5), aphysicallybased link between scalesobtainedo help solving the scientific questions
raised in Chaptet.2

For using any kind of deterministic physicabbpsed hydrological model, it is necessary to
know two main hydraulic properties of unsaturated porous medium: the water retention curve
(WRC) and the hydraulic conductivity function (HCF). These properties rtee be
determined experimentally at specimen (REV) scale (Sgere 1.2-1) which is rarely
considered in hydrology. Chapt2ris focused on the innotige procedure for simultaneous

and efficient experimental determination of the soil hydraulic properties. Based on the
detailed outflow measurements collected while performing a multistep outflow test, both
WRC and HCF have been experimentally determinedChapter2.1 is presented a new
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apparatus that can be easily adapted to two different techniques of controlling suction (i.e.
hanging column and axis translation technique), which enables imposing accurate values of
suctions by means of a specially dggd mobile device. Furthermore, in Chajidris also
presented a new inverse analytical method for the experimental determination of the hydraulic
conductivity function, which accounts for two boundary conditions met in step suction tests:
the impedancef the high air entry value (HAEV) porous ceramic disk and aquomstant
imposed suction increment.

In Chapter3 are presented new physicabbgpsed functions that describe physical and
hydraulic properties of porous medium, accounting for its heterageagid enabling
hydrological models to treat the spatial heterogeneity in a proper manner. Based on the
scaling behavior of the gregcale images describing the (migstructure of the Green Wave
substrate (Pore & Grain size scale Rigure 1.2-1), scanned using -Xay CT, analytical
functions for pore and grain size distributions are derivedcase of grains, the scaling
properties are describdny means othe multifractal theory UM framework due to their
nortconstant densities, as explained in Cha@et On the contrary, the fractalsed
approach is applied for describing the pore size distribution by using only one ouitipfanu
fractal dimensions thatlescribe the grain size distributiobhis way, direct link between
pores and grains is provide®&ince the pore size distribution is strongly related to the
retention and transport properties of capillary water, new water retention amnauligyd
conductivity functions have been proposed in Chapi2rNewly developed functions were
validated through the comparison with experimentally determined hydraulic properties of the
Green Wave substrate (Chapde?) and with data published for othmaterials.

For analyzing performances thfe green roof in termsf the rainfall zrunoff ratiq temporal
variabilities of different water balance components (the precipitation rate, the water content
and the drained discharge) and water movement &hation, detailed monitoring system
described in Chaptetis installed on Green Wave. Different techniques for measuring these
water balance componerds roof scaleare presented Chaptérl, together with almost three
months of continuous time seriew ach of the components. In Chapté&are analyzed and
compared temporal variabilities of monitored water balance components forirtaesve
rainfall events of short duration, by means of the Universal Multifractal Framework. This
approach is conveent for analyzing the ability of green roofs to mitigate the rainfall and to
provide attenuated fluctuations of drained discharge. Furthermore, by comparing the temporal
variability of rainfall rate with that of water content at different locations atbagslope, it is
possible to make some conclusions about the dominant direction of water flow within the
substrate.

Based on the work done in the three previous Chapters, a new phys&sely hydrological

model is proposed in Chaptér The measurementbtained on Green Wave (Chaptr
confirm the conclusions made in previous studies that the water movement through the green
roof substrate is dominantly vertical, with negligible lateral flow, even at slopes acceptable for
green roofs. Thus, a omkmersional model based on Richards equation appears to be
sufficient for simulating the outflow drained from green roofs. The newly developed
analytical model presented in Chapfet is based on the concept of cascade of-limear
reservoirs that are distabed one below another along the substrate thickness. The leakage

5



from each reservoir is described through a new hydraulic conductivity function presented in
Chapter3.2 A cascade containing the adequate number oflinear reservoirs improves the
standad nonlinear reservoir approach by compensating some of the water retention
properties ignored in the standard approddie biggest advantage of this approach is its
ability to provide in a much faster way the same results as those obtained by nuynericall
solving Richards equation, confirming its accuracy and providing an important perspective in
hydrological modeling to efficiently and reliably account for the spatial heterogeneity at
different scales.

1.5. Publications

1.5.1.Journal Papers

As previously mentioned, the thesis consists of 7 journal papers, among %/lach
published, Is under review, and areready for submissian

1. 6WDQLU ) -J.&DBdlage< P., De Laure, E., Versini,-A®R, Schertzer, D.,
Tchiguirinskaia, 1. (2019), Adevice for the simultaneous determination of the water
retention properties and the hydraulic conductivity function of an unsaturaseseco
material; application to a greenroof volcanic substrate,Geotechnical Testing
Journal DOI: 10.1520/GTJ20170443.

2. 6WDQLU ) -J.&DBdlage< P., De Laure, E., Versini,-A®R, Schertzer, D.,
7TFKLIXLULQVNDLD , 7ZR LPSURYHPHQWYV WR *DU
hydraulic conductivity of norsaturated media: accounting for impedance effects and
nortcongant imposed suction incrementWater Resources ResearchDOI:
10.1029/2019WR026098.

3. SWDQLUO ) 7 F K L Y¥rkibl,LRAV, €D, LYRJ., Delage, PScherzer, Q A new
physicallybased Grain Size Distributiomodel based on thespplication of he
Universal Multifractals on the results provided by theay Computed Tomography,
Ready for submission

4. 6 WD Q IDg&lage, P.Tchiguirinskaia, I. Versini, P-A., Cui, Y-J.,, Schertzer, D.A
new (multifractal approacho account for capillary anddsorption phenomena the
water retention and transf@roperties ofunsaturatedsoils Under revision in Water
Resources Research

5. Versini, P:$ 6WDQLU ) *LUHV $ 6FKHU]JHU 20), 7TFKLJ
Measurement of the water balance components of a large green roof in Greater Paris
Area,Earth System Science DafaOl: 10.5194/essd 2-10252020Q




6. 6 WD Q LVersipi, P-A., Tchiguirinskaia, |. Delage, P., Cui, ¥J, Scherzer, D.,
Application of Universal Multifractals (UM) on monitored data of water balance
components of Green Wave for assessing its hydrological performaReady for
submission

7. 6WDQLU ) -@AHOW,LYQL, Séchertzer, D., Delage, P., Tchiguirinskdia A
cascade of nofinear reservoirs concept and proof of its physical balsrsugh
comparison with Richaslequation; application on green rod®®ady for submission

1.5.2.Conference abstracts

The following work has been presented at European Geosciarnioa (EGU) conferences
held between 2017 and 20itBVienna (Austria)

1. 6WDQLUO ) AH Boherdr, D3 Delage, P., Tchiguirinskaia, 1., CukJY.
Baudoin, G.Large scale monitoring of a remarkable green roof: the Green Wave of
Champssur-Marne through scalesPresented at EGU Conference, Vienna (Austria),
April 2017.

2. 6WDQLUO ) "HODJH Vdsini,&PAL Tchiguirinskaia, 1., Schertzer D.,
Investigation of retention and transfer properties of green roofs: the Green Wave of
Champssur-Marne (France)Presented at EGU Conference, Vienna (Austria), April
2018.

3. 6WDQLUO ) AHBoherdr, D3 Delage, P., Cui,-Y., Tchiguirinskaia, 1.,
Analysis of different soil properties using Universal Multifractals Framewerk
applicaion on green roof substrat®resented at EGU Conference, Vienna (Austria),
April 2019.

1.5.3.Conference papers

Two conference papghave been recently accepted, and will be presentedJNFAT 2020
conferencen Lisbon (Portugal):

1. 6WDQLUO ), P,HID YH., De Laure, E., Versini, A., Schertzer D.,
Tchiguirinskaia, |.,Water retention and transfer properties of a green roof volcanic
substrate Accepted for publication at-BNSAT Conference Proceedings, Lisbon
(Portugal),October2020.

2. Stanic, F., Delage, P., Cui, Y., De Laure, E., Versini, A., Schertzer D.,
Tchiguirinskaia, 1.,.$ QHZ DSSURDFK RI DFFRXQWLQJ IRU LPSHG
method of determining the hydraulic conductivity of unsaturated, disepted for
publicaton at EUNSAT Conference Proceedings, Lisbon (Portugagtober2020.







2. Experimental investigation of
Green Wave substratgoroperties

This Chapter is mainly focused on the experimental investigation of the hydraulic properties
of a volcanic granular material used as a substrate for Green Wave. The experimental
determination of the WRC the HCF, necessary for physitesed simulation ahe water
movement through Green Wave substrate, was carried out on a newly developed device
presented in Chapteé2.1 It is a specially designed pressure plate apparatus adapted for
accurate control of low suction values typical of coarse granular miatéy means of two
different techniques. Smaller suctions (up to K328 were imposed by using a hanging
column system whereas larger suctions (between 32 akB&Qvere imposed by using the

axis translation technique, in the same cell. The changesctios during the tests were
monitored by using a high accuracy differential pressure transducer. Transient suction
changes were also used to determine the hydraulic conductivity function by means of both
*DUGQHU DQG .XQ]H DQG .LUNK BeEfiMuewhg/us&@MowsKdtionR U P H U
(< 4 kP@) to account for the impedance effects due to the low permeability of the high air
entry value ceramic porous disk whereas the latter was used between 4 kipa &®od
comparability was observed in the datanirdboth methods, demonstrating the good
performance of the device for accurate and efficient determination of the hydraulic properties
of granular materials.

Based on tests carried out on this specific device, it was found necessary to account for i)
impedance effects caused by the ceramic disk, and ii) the effects e€ammtant imposed
suction increments, the two boundary conditions dictated by the apparatus. Two analytical
methods to solve the problem resulting from these two boundary conditions aetedes
Chapter2.2 The new method accounting for impedance effects is based on an analytical
solution of the equations governing water transfers. Its validity is tested by considering
experimental data from three distinct materials: the coarse Greem Wisanic substrate
considered in this work, together with literature data on a poorly graded sand and an
XQGLVWXUEHG VLOW\ FOD\ &RPSDUHG WR WKH JUDSKLFD¢
method is less operatdependent and hence more objectives llso simpler than numerical

back analysis methods, since it does not require any use of numerical code or parameter
optimisation algorithm, providing a more direct and reliable determination of the HCF. An
analytical solution is also proposed to accdenta norconstant suction increment, and its
validity is tested based on the comparison with the experimental data obtained on the Green
Wave substrate.




2.1. A device for the simultaneous determination of the water
retention properties and the hydraulic conductivity
function of an unsaturated coarse material; application to
a greenroof volcanic substrate

(Published in Geotechnical Testing JourfafI: 10.1520/GTJ20170443

2.1.1.Introduction

Within the context of global warming, green roofs are considered as an efficient option to
reduce the urban heat island (UHI) effect that abtmrizes large contemporary urban
concentrations, thanks to the evapotranspiration of the vegetal (lawn or trees) grown on them.
Green roofs are also interesting to reduce urbarofuriThe substrates used in green roofs
have to be light enough and toepent satisfactory water retention and transfer properties.
Coarse volcanic granular substrates appear to be relevant in this context, and they are
frequently used in green roofs, like for instance in the casgreén WavgVersini et al.,

2018 zFigurel.3-1.

The use of substrates in urban green roofs appears to be rather empirical to date, and very
little data on their water retention and transfer properties are available. Also, whereas many
investigations have been devoted to the determination of the wétatioa properties of
unsaturated soils, much less data address their transfer properties, because of the technical
difficulties met in their experimental determination. This is even truer in the case o coars
materials like the volcanic substrate consedeehere.

To cope with these limitations, the paper describes the development of a specific controlled
suction device for coarse granular materials, based on both a tensiometry principle (through
the hanging column technique) and the axis translation miethbe device is used to
determine the water retention properties of the volcanic substrate used in the Green Wave.
The device is also used for a simultaneous determination of the change in hydraulic
conductivity of the unsaturated substrate along a dryatg, by means dbardner(1956 V
andKunze & Kirkham(1962 idethods, with special care devoted to impedance effects. The
experimental data obtained are compared to those derived from the water retantem
through Mualem (1976 { ®pproach, so as to check the validifor the coarse material
investigated in this work, of some models that are often used in the literature.

2.1.2.Material and methods

Material

7KH 3*UHHQ ZDYH ™ URRI RI WKH %LH@jueQ.sH Th&Vuk&leQJ LV S
volcanic material VulkaTec Riebensahm GmbH, 2016 presented in the photo Bigure
2.1-1 and its main characteristics are presentedlable 2.1-1. The grain density was
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determined bysing water pycnometer, providing an average value of 2.35 figimmall

value compatible with the volcanic origin of the material. The dry density ofgheimen

tested was determindoly calculating its volume (from its dimensions) and measuring its
weight, providing a value of 1.42 Mgfmlight enough not to load the roof significantly. The
resulting porosity was foundqual to 0.395. A percentage of 4 % of oigamatter was
determined by using the French standAFNOR (1998), which consists in comparing the
specimen weight before and after heating during at least 3 hours at temperature between 450
and 500 £. The grain size distribution curve of the substratetermined by sieving
following the French standaFNOR (1996)is presented ifrigure 2.1-2 (solid line).

7KH GLVWULEXWLRQ RI ILQH SDUWLFOHYV —P ZDV RE
French standardFNOR (1992). It can be noticed that 50% of the grains are larger titan 1

mmwith 10 % particles between 10 and @2@n in the coarse range and 13 % fine particles

smaller than 80— P

Figure2.1-1. 3BKRWR RI WKH YROFDQLF VXEVWUDWH XVHG IF

Also represented ifrigure 2.1-2 (dashed curve) is the grain size distribution curve of the
material used for the test, with all particles smallent®enm Particles larger thantGmwere
discarded because we used ant® diameter cell. For the same volume, a specimen with
large particles discarded will contain more small particles, resulting in a larger porosity, in
more water retained at a given san, and in a larger hydraulic conductivity. Given that the
proportion of the coarse particles discarded is 20%, a rough estimation of thestwetion
could be between 10 and 20 %.
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Table2.1-1. Basc FKDUDFWHULVWLFV RI 3*UHHQ :DYH" VXEVWUDWH

Density of | Bulk (dry) . Curvature Uniformity Percentage of
: : Porosity .. .. :
the grains density coefficient coefficient | organic matter
GMg/m?] | Hi[Mg/m?] T[] Ce[] Cul] Cwmoc [%0]
2.35 1.42 0.395 1.95 55 4

In Table 2.1-1 are also presented the curvature coefficién{C. = (dg,SO)Z/( dg60X dg10) =
1.95)and the uniformity coefficient, (Cy = dyed dg10= 55). According to ASTM D24806
(2006),the material can be regarded as well graded.
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Figure 2.1-2. Grain size distribution curve of the volcanic substrate

Methods of controlling suction

The various methods of controlling suction in saislude the hanging column technique
(Buckingham, 190) the axis translation techniqu®i¢hards, 1941Richards, 194); the
osmotic techniqueZur, 1966 and the vapour equilibrium techniquBeters et al., 2011
Esteban, 1990 A detailed description of these techniques and of their adaptation in
geotechnical testing can be found Delage (200f Vanapalli et al.(2008, Blatz et al.
(2008, Delage & Cui (2008andFredlund et al. (2032

Given that the volcanic substrate investigated here is granular with rather large grain sizes
(seeFigure 2.1-1), it was initially decided to use the hanging column technique, because of its
simplicity to use and of its good accuracy in both thetrobrof low suctions and the
measurement of water exchangdswever, one realized during the preliminary tests that, at
the largest height imposed in the hanging column technigue 8.2 m, corresponding to a
suction ofs = 32 kPa), a significant amountf water still remained in the substrate. It was
then decided to impose larger suctions by using the axis translation technique. Note that the
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hanging column technique was kept at very low suctions because of its robustness and high
accuracy in this rangdan which a high precision air pressure regulator would have been
required if using the axiganslation method.

In both cases, tests were conducted on ang#high specimen placed into a metal fdn
diameter cylindrical cell, in contact at its bottom with akB&air entry value ceramic porous
disk. A thin metal disk (5nmthick) was placed on top of trepecimenso as to monitor
changes in height by means of a displaent sensor (Mitutoyo Brand).

The Hanging column technique

The implementation of the hanging column technique is presentédure 2.1-3. The cell is
connected at its base thrdugalve V2 to an outlet controlled by valve V3 and to a water
reservoir through valve V1. The cell is also connected through a central tube to a mobile
device that allows the imposition of water levels lower than that oEpeeimenso as to

apply suctims defined by the difference in water level betweenstfecimerand the mobile

part (up to 3XPaat the maximum height of 3r8).
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Figure 2.1-3. General layout of the hanging column system

The mobile device contains a smaller inner glass tulal,of 0.5cmand larger outer glass

tube of diameted,,; = 1.5 cm The inner tube is connected to tepecimenwhile the
differential pressure transducer is connecting the outer tube with the reference glass tube
(Figure 2.1-3). This pressure transducer (@nin accuracy in water height) is able to provide

high frequency measurements that are necessary for the determination of the hydraulic
conductivity function. A monitoring rate of Xwas adopted, chosen small enough to capture
the change in the capillary fgmtial at small times through the change of the water level in the
mobile device. This change is detected as the height difference between the water levels either
in the inner (valve V4 opened) or the outer tube (valve V5 opened), and the water laeel in t
reference tube used to indicate constant reference water level. Most tubes used Hipghe set
are semrigid tubes made up of polyamide, except that used in the mobile device (inner and
outer tubes) and the reference tube that are made up of glass.
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Thedetermination of the WRC along the drying path was carried out as follows:
Saturating the whole system

Before starting, albf the system has to be saturated, particularly the tubes connected to the
differential pressure transducer, because air bubblé® itubes can result in misleading data.
Saturation was done by placing the reservoir filled with demineralizexdrelé water above

the specimen(Figure 2.1-3) and by opening valves V1 and V2 to let water infiltrate the
specimerfrom the bottom to the top. Circulation of water within the specimen was let during
one night, resulting in having a water layer laying abovespleeimen

To determine the ebree of saturation after infiltration and water circulation, a specific test
was carried out on a specimen of same density, with the top face coinciding with the top of
the cell, allowing for water overflowing. Eight pore volumes of water were circulatedgh

the specimenby means of a graduated water column that was connected at the specimen
bottom. Thespecimerwas weighed after water circulation, and the volume of water could be
calculated, knowing also the dry weight of tygecimenthat was measudebefore the test.

The test provided a degree of saturation of 98%, which was found reasonably close to
saturation. The 2% remaining were probably due to difficulty of fully saturating the small
pores existing within the fine fraction (13% < 86-)P As in standard triaxial testing, full
saturation could ideally be obtained by imposing a water -peegsure, which was not
feasible in the present device.

Once saturation was completed, the water layer abovep@menwvas removed, valves V1

and V2 were closed. Prior to running the test, the mobile device was placed in such a position
that the top of the inner tube full of water was at the same level as the topspethmen
resulting inhy =0 (Figure 2.1-3). In order to check whether equilibrium was ensured, valve
V2 (Figure 2.1-3) was opened. If there was no water movement in the inner tube, the
experiment could start. Otherwise, the saturation procedure was repeated.

Imposing suction

Two methods were used, according to the value of suction imposed.

i) At smaller suctions, starting from saturation, it was observed that suction increases
mobilized a significant volume of extracted water. Suction was then imposed by closing
valves V2 and V5, by filling the inner tube up to the top and by moving down theamobil
device at a position corresponding to the required suction. The water levels in the reference
and outer tubes were carefully adjusted at the starting level in both Ripese@.1-4a).
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Figure 2.1-4. Description of the two procedures used: a) change in water level observed the
in outer tube ('Hy) with valve V4 closed and valve 5 opened; b) changeter level
observed in the inner tube'll,) with valve 4 opened and valve 5 closed.

The imposed suction was defined by the difference in height between the tofspétitaen

and the water level at the top of the inner tulan( Figure 2.1-3). Valves V2 and V5 were
then opened, resulting in water being extracted from siecimenunder the effect of
increased suction. The extracted volume of wat®ti( Figure 2.1-3) flows from the top of

the inner tube into the outer tubeidtmonitored by the differential pressure transducer that
measures the height difference between the water levels in the outer and referencéHubes (
- Figure 2.1-4a). Once equilibrium is reached (after £24 hours), a point on the WRC is
obtained from the pair of values/(hy;) from the following equation:

agL apsF Ag 8 aip- (2.1-1)

where 8;is the volume of water [{] extracted from thespecimen 8 4o the average

specimenvolume [L°]] between the end and the start of the test, determined from the
monitored changes in height of tepecimenand :ayF &zps5; the difference in volumetric
water content-]| between the end and the start of the test. Note however that the monitoring
of the changes ispecimerheight during the tests indicated very small changes smaller than
0.5 mm (2%) along the whole test made upld step increases in suction. The changes in
height during each step were hence neglected.
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i) At larger suctions, the quantity of extracted water appeared to be much smaller and the
procedure was changed to improve accuracy. The initial water level inngetube was no
longer imposed at its top, but adjusted (by means of valve V3) at a lower level, in such a way
that overflow was avoided during water extraction fromspecimenThe changes in height

in the inner tube were then directly measured by differential pressure transducer by
closing valve V5 and opening valve V4. The imposed suction was calculated at the end of the
measurement from the difference in height between the final water level in the inner tube and
the top of thespecimer( 'H, - Figure 2.1-4b).

Before each new suction step, water levels in the outer (i) / inner (ii) and reference tubes were
adjusted to the same level by openthg bypass valveF{gure 2.1-3), in order to reset the
differential pressure transducer. Water levels in the outer (i) / inner (ii) and referense tube
were then set to the required initial levels by carefully using valve V3, in order to eliminate
extra water through the outlet.

In this study, only the drying path was considered. But the apparatus can also be used along
wetting paths, along the followgnsteps:

W1. Setting the initial positionthe initial position of the mobile part is at the lowest
vertical level, i.e. the final position at highest suction reached during the drying path. The
specimenis hence capable to store more water, thus a highergeha water level is
expected. The water level change is recorded in the outer tube while the inner tube is filled up
with water to the top, and no longer used during the test. Initial water levels in the outer and
reference tubes should be set at theofajhe inner tube by opening valves V1, V4 and bypass
and letting water flow over the top of the inner tube. After reaching the required position, all
valves and bypass should be closed.
W2. Imposing suctionby opening valves V5 and V2, water from the otiidye enters the
specimenThe resulting decrease in water level in the outer tube is captured by the differential
pressure transducer.
W3. Reaching equilibriumonce equilibrium is reached, suction is calculated as the height
difference between the water lévia the outer tube and the top of tlspecimen The
corresponding water content is calculated like during the drying path, but with an opposite
sign because water content is now increasing after each measuregdntabs E

A8,

)
W4. Decreaing suctionto impose a lower suction, the mobile device is elevated, the outer
and reference tubes are filled again, as described in step W1, and the W2 procedure is
repeated. When a smaller change in water level in the outer tube is expectedyicvesrs,

higher water content), the inner tube should be used, by closing valve V5 and using valve V4,
unlike in step W2.

WS5. Final state of the wetting patim order to bring back thgpecimerto zero suction, the
mobile device should be located at theiahiposition of the drying path with the water levels

in the inner and reference tubes corresponding tspkeimertop. In case of a difference in
height between the level in the inner tube and the top cfpgbeimer(if hy marked inFigure

2.1-3 is higher than zero) after reaching equilibrium, the tubes should be refilled with water
by opening valves V1, V4 and the bypass. After closing valve Vlhanbypass and opening
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valve V2, without changing the vertical position of mobile device, no water movement in the
inner tube should occur. If this is not the case, it means that zero suction is not obtained and
the refilling procedure should be repeated.

As commented above, for determining the drying path the hanging column technique was
used for heights up to 3.2 corresponding to a maximum suction of B2a For higher
suctions, the axis tnslation technique was applied.

The axis translation technique

The axis translation technique was carried out by applying increasing air pressure on the top
specimersurface. To do so, a cap connected to the air pressure supply source was placed on
the top of the cell. Tests were carried out while keepingpleeimerand the mobile device at

the same level, above the differential manometer in order to monitor the changes in height

difference. The imposed suction was calculated as the difference between the air pressure
applied on thespecimerfil V X S S H U n¥ ikéJdharkgkl oDwater level inside the inner tube.

Before each test, the water level in the inner tube should be put at the same level as the top of
the specimen and some space should be left above the water level to allow for some level
increase with a overflow during the measurement. Once the air pressure is imposed, valves
V2 and V6 are simultaneously opened, resulting in an increase of the water level in the inner
tube, until stabilization at equilibrium. The final suction is calculated as theratitfe
between the applied air pressure and the pressure corresponding to the water level increment
in the inner tube, captured by the pressure transducer. The corresponding water content is
calculated by usingquation (2.11). This methodology was appliddr suctions up to 50

kPa the air entry value of the ceramic disk used. Higher suctions could be obtained with
higher pressure and a ceramiskdof higher air entry value.

Determination of the HCF
Saturated state

The investigation on thelCF of the material started with the determination of the saturated

one. To do so, the cell containing tepecimenwas disconnected from the device and
FRQQHFWHG WR D ODULRWWHTYTV ERAVaY @aier] a3 HoGuz aWK G+
constant headgsmeability test. Once thepecimernwas saturated, the position of the thin tube
WKDW JRHV WKURXJK WKH ODULRWWHYIYV ERWWOH ZDV VHW
between its bottom and the top surface ofgpecimerrepresented the imposed waleead

a > @ 7KH ZDWHU OHYHO LQ WKH ODULRWWHTVY ERWWOH KI
tube, in order to ensure a constant imposed water head. By measuring the water level change
LQ WKH 0D UL BNL)Vand the ERaMB¢Esary for almting this changet [T], the

flux g [L/T] can be calculated.

M L %ﬁ%izouaw FL s& a (2.1-2)
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whereAnariote IS the crossection area @ RI WKH ODULRWWHYV ERWWOH G|
the thin tube. The saturated hydraulic conductitity>/ 7@ LV WKHQ FDOFXODWHG
law.

L 2% FL s& a (2.1-3)
nys

The procedure warepeated for three different imposed water hepdsl( 2, 3), that were

adjusted by changing the altitude of the bottom of the thin tube.

Unsaturated states

The various existing methods of measuring the hydraulic conductivity functions in
unsaturated medium have been described in various papers or textbooks indastiogri et

al. (2008 and Fredlund et al(2012. In steady state method€drey, 1957 Klute, 1972

Olsen et al., 1985among others), a constant flow is imposed in a specimen put under given
values of controlled suction. Theseethods are known to be rather long and tedious, due in
particular to the need of very precisely measuring tiny transient flows along rather long
periods of time. Alternatively, transient methods, in which the water outflow from the
specimen submitted taustion steps is monitoreds@rdner, 1956Miller & Elrick, 1958;
Kunze & Kirkham, 196® are known to be easier to perform, with simpler equipment
(Masrouri et al., 2008 For these reasons, transient methods were used in this work.

The HCF was hence determined by applying suction steps and monitoring the resulting
changesn water content with time until equilibration, by means of the differential pressure
transducer. It was planned to calculate the hydraulic conductivity of the specimen by using
*D UG QHU T \Garddan KIEsThis mehod assumes that the change in suction for each
step is small, in such a way that the diffusion coefficiefit) can reasonably be considered
constant during the test:

& Dy L &L =0 | Lle (2.1-4)

Vi Up; é
whereC(h) is theaverage slope of the WRCflLalong the suction step correspondingitd
[L] and K(hy) is the hydraulic conductivity [L/T]. Based on the analytical solution of the
diffusion equation expressed in terms of a Fourier series, Gardner proposed an estimation
the water conductivity using the monitored voluvg) [L% of water extracted from the
specimen

- O B
8:PL 8 FsF—= A{IW%—S ol e (2.1-5)
As i Up; Ay
6L= L (2.1-6)

whereV- is the totalamount of water extracted during the suction stéh JAs commented
above, we observed in this work that 8mecimerheightHs remained reasonably constant,
we hence adopteHs = 2.4cm
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*DUGQHUTY PHWKRG LV EDVHG RQ WK=H1)Id heVFomiesevieR QO\ W
in Equation (2.15) can be taken into account as a reasonable approximate schctepable
after PP Ryzea.l fip'/ In such conditions, the equation corresponding to the first member of

-1

Equation (2.15) can be witten as:

‘R7L HI® [ a6_%¢ i
HB F8PR?LHI2Fe T (2.1:7)
showing that the termH 3, F 8:R ?becomes a linear function of tinme with a slope
depending on the diffusion coefficieDt

The hydraulic conductivitK(hy) can then be calculated using the following equation:
‘D L o (2.1-8)

7KH H[SHULPHQWDO GDWD REWDLQHG LQ WKLV ZRUN LQGLF
at higher suctions, in which i) less water exchanges occurred, ii) the condition of constant
suction is ensured and iii) the assumption about a constant diffasedficientD is more
satisfactorily fulfilled.

+RZHYHU *DUGQHUYTY PHWKRG FDQQRW EH GLUHFWO\ X
conductivity of the ceramic disk is smaller than that of $pecimen Experimental data

showed that this occurred during thesfisteps at low suction from the saturated state, during

which higher hydraulic conductivity values are obtained. To cope with the cases in which
impedance effects due to the ceramidkdiscur, the method proposed Kynze & Kirkham

(1962 was alopted.

.XQ]H DQG .LUNKDPIV PHW

Kunze & Kirkham (1962 considered the solution of the consolidation equation applied for
various layers of soil with different hydraulic conductiwstielheir solution is graphically
presented through various curves showing the changég)iNn: with respect to the variable

°DY/HS, in which the parameter; is the first solution of equatioa ,= cot , anda s the
ratio between the impedance of teramic disk anthat of thespecimen

In order to determine the hydraulic conductivkyhy) of the specimen it is required to
estimate parametessand 1, by fitting the experimental data (presented in the fgth/ V-

versust) with one of the theoretical curvasunze & Kirkham (1962 remarked that only a
portion of the experimental data corresponded to the theoretical curves, so they recommended
to rather fit the curves at small times, for which more accurate valugdare obtainedThe
choiceof the adequate theoretical curve provides the value of paramdtes then possible

to determine the corresponding parametgirom theTablepresented in the paper ilinze

& Kirkham (1962. It is also necessg to graphically determine the reference titagthat
corresponds to 1°Dt/HZ = 1. Finally, the diffusion coefficient is calculated &s=

Hs?/ 1%trpand the hydraulic conductivity by usifgjuation (2.18).
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Another way to explore a possible impedance effect due to the ceramic porous disk is to apply
'DUF\YVY ODZ WR WKH IOX[ JRLQJ WKURXJK WKH VDWXUDWHG

?I_ (2.1-9)

oy el
Dgaal B F M 57

whereh topis the suctin [L] at the top of the ceramic diski{its thickness [L], andd 9s the
volume [L%] extracted from thepecimerduring the time intervall V).

The change in suction at the top of the ceramic disk can hence be derived from the monitoring
of the extracted water volumé 9with respect to time. In the lack of any impedance effect,
both suction values at top and bottom should be equal.

2.1.3.Experimental results

WRC

Figure 2.1-5 shows the continuous monitoring of the changes in suction with both the hanging
column technique (steps 1 to 10) and the arisslation technique (steps 11 to 13).

Figure 2.1-5. Continuous monitoring of the imposed suctions during the 13 steps, provided by
the differential pressure transducer.

The outer tube was used for steps 1 and 2 that mobilized larger water volumes (valve V4
closed, valve V5 opened, ségure 2.1-4a), while the subsequé 11 steps (3+13) were

made by using the inner tube (valve V4 opened, valve V5 closedigae 2.1-4b). In the

former case, the imposed suction remains conskgtre 2.1-6a, solid line with squarest

the dashed line with triangles will be commented later on), while in the latter ca$8)(3he

initial instantaneous drop in heighhy (increase in suctiong followed by a slight progressive
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increase in height, corresponding to igldl decrease in suction (see for example sidpsl?2
in Figure 2.1-6b).

Figure 2.1-6. Zoom othe suction changes (solid line with rectangteésposed suction;
dashed line with trianglegcalculated suction at the top of the ceramic disk): a) steps 1 and
2; b) steps 11 and 12

The corresponding drying path of the WRC is presenté&dguare 2.1-7, in which the changes

in volumetric water content7are plotted with respect to changes in suction expressed in
[KP&. The curve evidences a significant decrease in water content for thegteps at low
suctions, with 7decreasing from the initial value of 0.395 down to 0.23 upon application of
the first suction step of 2.8Pa The increment in volumetric water content progressively
decreases afterwards, with a decreas&tm 0.20 at asuction of 4.2kPa The curve finally
becomes almost linear at suction larger than ER& indicating that the further suction
increments extract small quantities of water. A final value of 0.11 is reached atP¥.6

22



Good compatibility is observed beten the section obtained with the hanging column
technique (1+£10) and that with the axis translation method ¢1B).

Figure 2.1-7 also shows thah good fitting is obtained by using the WRC expressions of
Brooks & Corey(1964 andvan Genuchtefi1980, as follows:

- van Genuchten (vG)aL &E 2? ¥ o ASER (4L sF—> (2.1-10)
I5>%%Aa’p ’ aa,

where 7is the saturated volumetric water conterfi{ 0.395, sed-igure 2.1-7), 7[-] the
residual ones,is the air entry value of suction [M/(E)], and n[-] an empirical parameter;

?f>92
- Brooks & Corey (BC):EL E,E:E,F E,; %{A (2.1-11)

where gc[-] is an empirical parameter, relatedntg by the relation gc = n,c *1.

The fitting of the parameters of both vG and BC curves were made by first adopting values of
Sse @nd 7, taken equal to 0.32Paand 0.057, respectively. The best fitting was obtained with
nye = 1.35 (VG expression) angc = 0.35(BC expression).

Figure 2.1-7. Water retention curve obtained using both techniques of controlling suction
(hanging column and axis translation)
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HCF
Saturated state

Figure 2.1-8 shows the data obtained from the steatite permeability test, expressed in
termsof changes in fluxes; with respect tahe hydraulic gradientd j / Hs - seeEquation
2.1-3). Theslope of the linear regression corresponding to the three measured jpoith{<2(

3) and to point (0, 0) provides a valkie= 8.11 x 1&° m/s

The same approach carried out on the ceramic porous stone provided éja®2 x 1¢°

m/g confirming that the hydraulic conductivity of the saturated ceramic porous stone is
significantly smaller than that of the saturated material. As a consequence, Kunze and
.LUNKDPYJV PHWKRG ZDV XVHG WR LQWHUSUHW WkH GDWD
from the saturated state.

Figure 2.1-8. Data of the constant water head hydraulic conductivity measurement of the
saturated material.

Unsaturated states

Figure 2.1-9 presents the experimental data of steps 1 and 2 presented in terms of changes in
V(t)/V: with respect to a log scale of?Dtge/Hs, @as proposed by Kunze and Kirkham. For
step 1,Figure 2.1-9 shows excellent agreement of the data with the theoretical curve of
parameter = 1. The corresponding value of parametgtis 0.74, acording to Kunze and
.LUNKDP TV JUDSK ZKLQgddisWwKriin (2800d UvdrGcaltarrdniif H
Figure 2.1-9).
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Figure 2.1-9. Kunze and Kirkham's method applied to steps 1 and 2 (arrow indicates tRP)

Finally, a hydraulic conductivitK(s) = 2.14 x 10’ m/sis obtained for a suction of 2kPa
This value is larger than that of the ceramic dikk € 4.02 x 1¢ m/9, confirming the
necessity of accounting for the impedance effect of theysostoneSimilarly, a valuea =
0.142 is obtaing for step 2, with 2 = 1.90 withtgp = 24 min (1440 9), resulting in a
hydraulic conductivity value of 3.64 x Pom/s slightly smaller than that of the ceramic
porous stone.

The calculations of the changes with time of the suction imposed on the top of the ceramic
disk according toEquation (2.19) are presented iRigure 2.1-6a for steps 1 and 2 (dashed

line with triangles). As expected, they confirm the perturbation due to the low permeability of
the ceramic disk. This perturbation is stronger during step 1, in which almost 3 hours are
necessary to reach the desired kP& suction at the top, compared to step 2 in which the 4.2
kPaimposed suction is reached hettop after less than 2 hours.
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Figure2.1-:10 'DWD IURP *DUGQHUTVY PHWKRIB VXFWLRQ VW

SULRU WR XVH *DUGQHUYYVY PHWKRG WKH DVVXPSWLRQ RI |
has to be checked. Inspection of the suction steps applied for suctions higher tkBa 4.1

(steps 3%13, Figure 2.1-5) showed that the water level in the inner tube was slightly rising at

the start of the step, hence decreasing the suction. The level changes in the inner tube during
steps 3 and 4 are around P® of the imposed suction and 30 % of the imposed suction
increment. These two steps do not reasonably ensure the constant suction condition, they will

not be considered for the determination of the HCF. For suctions higher th&i®alO
(measurements %13, Figure 2.1-5), the level increase in the tube is smaller (less than 4 % of

the imposed suction and less than 12 % of the imposed suction increment), and suction
FKDQJHY DUH FRQVLGHUHG WR EH UHDVRQDEO\ FRPSDWLEC
example step$l and 12 irFigure 2.1-6b).
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7KH DSSOLFDWLRQ RI *DUGQ iguia2. P10 Whit Rews the ShahgHQ WH G
H3, F 8:PR with respect to timéor the measurements made during steps 2 aniH(see

Equation 2.17). In all cases, the linearity of thel 3, F 8:PR ?function is satisfactoryAs
recommended by Gardner, the fitting is only based on the points correspontimd,iong

The values ofyoung calculated for each stage, are given in the graph of each step. Values are
included between 0.2 and I2 depenthg of the value ofD. Note that step 2 was also
FRQVLGHUHG KHUH VR DV WR FRPSDUH WKH GDWD ZLWK W
more appropriate, gen possible impedance effects.

Figure 2.1-11 shows the hydraulic conductivities obtained using the three different methods:

i) saturated hydraulic conductivity, using the constaedd permeability test, ii) unsaturated

hydraulic conductivity & ORZHU VXFWLRQV XVLQJ .XQ]J]H DQG .LUNKD
DQG LLL XQVDWXUDWHG K\GUDXOLF FRQGXFWLYLM\ DW OCLC
1T DQG WR

Figure 2.1-11. Hydraulicconductivity function (HCF)

2QH REVHUYHV WKDW WKH K\GUDXOLF FRQGXFWLYLW\ DW
VRPHZKDW VPDOOHU WKDQ WKDW VWHS JLYHQ E\ .XQ
compatible with the impedance effect due to the low pebitigaof the ceramic diskyhich
LQGLFDWHY WKDW *DUGQHUYV PHWKRG LV QRW IXOO\ VDW
difference in hydraulic conductivity is not that large (3x640° m/s for Kunze and Kirkham
and1.64x18 P V IRU *DUB@HUTV PH

All the points obtained by the three methods are in reasonable agreement and provide the
decrease in hydraulic conductivity with increased suction along the drying path. In the first 5
steps, a large decrease of 4 orders of magnitude is obseoved 0°> m/s (saturated state)
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down to 10 m/s at a suction of 10M4Pa, and the hydraulic conductivity then stays between
10° and 10'° m/s for steps 5 to 13, corresponding to suctions between 10.4 arid49.6

The results are also compared with theves obtained by using the mathematical expressions
of the relative hydraulic conductivitK((s) = K(s) / K) derived from the WRC formulations

of Brooks & Corey (1964 and van Genuchten1980 according toMualem (976 TV
approach (Equatiorz 1-10 and2.1-11), as follows:

k5?@‘—/f'c7'|5>@‘—/f'cpnlcll
- van Genuchten: pies L Wi — Wc[|cﬂ. (2.1-12)
I5>@\'/—V[A|Cp
2629fs> 6
- Brooks & Corey: ,:e; L %A (2.2-13)
[

The curves obtained with the parameters obtained from the WRC curves, also represented in
Figure 2.1-11, do not satisfactorily fit with the experimental data. Both formulations
underestimate the hydraulic conductivity, with a better correspondence observed with the
Brooks and Corey formulationindeed, the poor performance of the vG formulation is
surprising, given that both the vG and BC expressions fitted quite nicely with the water
UHWHQWLRQ FXUYH DQG WKDW ERWK SHUPHDELOLW\ IXQF
explained above, the @ physical parameters were adopted in both cases (air entrysyalue
residual and saturated water contefdnd Z, respectively), while the fitting parameters used

for the water retention curve weng; (vG) and ¢ (BC), also linked together gc = n,g *1).

Actually, it seems that these permeability functions derived from the WRC curves are most
often used in the literature without further experimental check. A possibility could be that we
deal in this work with a rather specific coarse granulaerat This poor performance of the

vG HCFin such a coarse material certainly desefugher attention.

Because of this poor correspondence, it was decided to propose a power law, fitted by using
the rootmeansquaredeviation (RMSD) method. This solati can be written in the
following form:

QL % HE (2.1-14)
with a; = 5.38 x 10 andb, = - 2.283, giving:

-:Q L wiizHsr? HG6&<7 (2.1-15)
The correspondingxpression of the relative permeability is then:

ATze L =& L x&uHs 6 HG68<7 (2.1-16)

In order to present the right side Bfjluation (2.116) in the relative form as well, coefficient
ay can be written as follows:
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é 2
= L @-DA \ QgL = - Lrairw (2.1-17)
where the value afcis expressed irkPa. The final form of the equation reads:
A oo p (2.1-18)
S -
with s;e= 0.305kPaandb = b; = -2.283.

2.1.4.Conclusion

The new device developed in this work allowed to determine the water retention curve and the
hydraulic conductivity function of a light coarse material used as substrate in an urban green
roof. In a first estimation, it was estimated that the hanging coltenhnique of controlling

suction, with a maximum height of 3n2(suction 3%Pa) would have been satisfactory, but it

was finally necessary to impose larger suctions by using the axis translation technique. This
adaptation was rather simple to carry,dutally allowing us to run the whole test by using

both techniques on the same specimen in the same cell, between the saturated state and a
maximum suction of 49.&Pa with a good comparability between the experimental data
obtained by the two technigsie

The advantage of the hanging column technique is to allow for a very good precision in the
control of both the suction and the water exchanges, made possible by using a differential
pressure sensor with an accuracy ofrriin height. A specific syste based on the use of

both an inner and an outer tube was also developed so as to improve the accuracy of the
measurements along the range of the applied suctions. This good accuracy was necessary,
given the significant changes in volumetric water conddserved during the first application

of a suction as low as 2kPathat resulted in a significant decrease from 0.40 to 0.23.

Starting from a saturated state, the WRC exhibited a drastic decrease under a small suction of
2.1kPa, in link with the coarse nature of the granular substrate, followed by a progressive
decrease down to a water content of 0.11 at kP& Both the van Genuchten and Brooks

and Corey mathematical expressions fitted quitelyieéh the experimental data.

The good accuracy in the measurements of suction and water exchanges also wshoved
simultaneously determine, in a simple fashion, the hydraulic conductivity function from the
monitoring of the water exchanges resulting from the step changes in suction. At lower
suctions (2.1 and 48Pa and higher hydraulic conductivity, it was nesay to account for

the impedance effects due to the@®a air entry value ceramic disk by successfully using
.XQ]H DQG .LUNKDPYV PHWKRG *DUGQHUTVY PHWKRG ZDV X
comparability was observed from the experimental data fraeh éechnique. Another
advantage of the device is to simply allow for the determination of both the water retention
curve and the hydraulic conductivity function of the coarse material. Unsurprisingly, the HCF
exhibited a trend similar to that of the WRA@th a decrease of around 3 orders of magnitude
between the saturated state and that at a suction kP4.2vhereas all the data between 10.4
and 49.6kPawere comprised between1@nd 10 m/s.
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The experimental HCF data were compared with the acal\ygxpressions derived from the

:5& H[SUHVVLRQV RI YDQ *HQXFKWHQ DQG %URRNV DQG &R
both cases, these expressions appeared to significantly underestimate the experimental HCF,
however with better results wiC 1V H [s®b), Whchwas less than one order of magnitude

below the experimental data. These expressions of the HCF are often used in the lack of
experimental data, and the difference observed in this work confirm the need of having
operational devices for the siftaneous experimental determination of the water retention

curve and the hydraulic conductivity function in granular materials, such as the green roof
substrate inv&igated in this work.

To summarize, the main advantages of the presented device arerd)iakslity for the
simultaneous determination of both the WRC and the HCF, thanks to the robustness and
precision of both the double tube system for monitoring water exchanges, and of the high
precision differential pressure transducer for the measuteafesuction; ii) its ability to
accommodate both the hanging column and axis translation techniques of controlling suction,
with the largest possible suction controlled by the air entry value of the porous stone, i.e. 1500
kPa for common ceramic porousoses; iii) its ability to provide relevant data within a
reasonable period of time: 10 days were necessary to run 13 steps, a period that can be
reduced by making less steps, resulting for instance in a timedperaaround 1 week for 7

steps.

Note that he technique developed in this work could be extended to larger suctions by using a
ceramic disk with a larger air entry value, allowihd¢p reach drier states. Note however that
the technique is more adapted for granular materials in which rather ttnsudevelop. It

could exhibit some restrictions in terms of water retention properties in the case of finer soils.
The range of unsaturated hydraulic permeability functions covered during our investigation is
between 10 and 10'° m/s Again, it seemshat the technique would be limited, for finer
soils, at larger suctions resulting in smallerdfaygdic conductivity functions.
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22. TZR LPSURYHPHQWY WR *DUGQHUTV PHW
hydraulic conductivity of non-saturated media:
accounting for impedance effects and noaonstant
imposed suction increment

(Published in Water Resowgs ResearctDOI: 10.1029/2019WR026098)

2.2.1.Introduction

*D UG QHU T \Garddan K9Rgw/as the first analytical method of calculating the hydraulic
conductivity ofunsaturated porous media by measuring, in the pressure plate apparatus, the
transient outflow resulting from a step increase in suction, applied to the unsaturated
specimen through an increase in air pressure. This method is based on various assumptions,
including the linearity of the water retention curve (WRC) and a constant value of the
diffusivity D over the suction increment applied (both hypotheses are better fulfilled with
VPDOO VXFWLRQ LQFUHPHQWYV *DUGQHUYV PeéifdtE BFG GRHV
the plate (made up of a saturated ceramic porous disk with high air entry value) that may have
a significantly lower hydraulic conductivity than that of the saturated specimen. This
impedance effect was considered for first timeMijler & Elrick (1958, who proposed an
analytical method to account for the flow resistance exerted by the disk, provided the disk
hydraulic conductivity was known and the contact specimen/disk was p&igeina (1959

improved the method by developing a solution based on the hydraulic conductivity ratio
between the soil and the disk, valid regardless of the quality of the specimen/disk contact.
Finally, Kunze & Kirkham(1962 developedal UDSKLFDO PHWKRG EDVHG RQ OL
method, in which particular attention was focused on the accurate determination of initial
outflow values, which is particularly important with respect to impedance effects. However,
this method, based on fittj experimental data against normalized charts to obtain some
specific parameters required to calculate the hydraulic conductivitypreagnt some degree

of subjectivity and operator dependency (see Appendix A2). More receatigntzas(1990

proposed an analytical method that was not based on the assumption of constant diffusivity.
The method was applied on singlep outflow measurement®dering, 196% by using an

iterative algorithm to determe the relationship between the diffusivity and the water content.
The main disadvantage of this method is that the water retention curve, necessary to make the
calculations, has to be determined independently of the hydraulic conductivity function
(HCF).

In the past decades, numerical back analysis methods have been preferred to determine the
HCF of unsaturated soils, through the simulation of water flow in unsaturated media by
numerically solving Richards equatioRi¢hards, 193]l When dealing with techniques in

which ceramicstones are involved, numerical back analysis methods account for impedance
effects by simulating transient water outflows from fagered specimens (soil specimen and
ceramic disk) subjected to suction incremefishing & Hopmans, 199Fching et al., 1994
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van Dam et al.1994 Durner & Iden, 2011Schelle et al., 203INasta & Hopmans, 2011
Wayllace & Lu, 201) In these calculations, differe functions are used to describe the
hydraulic properties of the soils. Their parameter values are obtained by using different
optimization algorithms for minimizing the deviation between measured and simulated
outflows (Levenberg, 1944 aLP$QHN HW). Bixe the WRC of the investigated
materials canot be always reliably interpreted with these functions that depend either on one
(Brooks & Corey, 1964 or several sermempirical parametersv@n Genuchten, 1980
Fredlund & Xing, 1994etc.), the HCF derived throudgfiualem (1976 fapproach does not
necessarily provide realistic results (Kbaleel & Relyea, 1995

Given the advantag and drawbacks of existing methods, a new and simple analytical
approach to account for impedance effects in the determination of the HCF of unsaturated
soils is proposed in this paper, together with an approach to account foomstant imposed

suctin increment. The validation of the method is carried out based on experimental data
from three different materials, i.e. a coarse material fmedovering Green Wave6 WD QLU HW
al., 2019, a poorly graded sand and an undisturbed silty ddgy{lace & Lu, 201). This

analytical method is simpler than numerical back analysis methods since it does not require

the use ofany numerical code and sophisticated optimization tools. It is also not affected
HLWKHU E\ DQ\ VXEMHFWLYH JUDSKLFDO PHWKRG OLNH L
method.

2.2.2.Methods

Analytical methods of determining the hydraulic conductivity ofunsaturated materials

The methods developed in this work originate from an experimental investigation carried out

by 6 WD Q L (ROHYVTe@xperimental device used for the determination of the HCF based

RQ *DUGQHUYYV DQG .XQ]J]H DQG .LUNKDPYV PHWKBU&BEY LV SU|
2.221and 2 (see6 WD QLU H\Wr bh@e details). It consists of a metal cylindrical cell in

which specimen is placed on a high air entry value (HAEV) ceramic porous diBlgure

2.2-1, one observes that a suction step can be applied through a hanging column device, by
moving down a mobile system in which the constant suction is controlled by the level of the

top of the innetthin tube. The water extracted due to the suction step overflows in the outer

tube and is determined by monitoring the change in water height by means of a high precision
differential pressure gaug6MW D QLU HW DO

In hanging column systems, it is convenient to express suction in water hgght), as the
sum of the initially established hydrostatic suction prdiiléz, t=0) and the time depending
change of suctionl K(z, t) The imposed suction incremeftK[L] (indexi IRU 3LPSRVHG’

impacts thegradientaf%;iéuz@1 that induces the outiiv at the specimen bottom (see
|
Appendix Al).
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Figure 2.2-1. Simplified scheme of the hanging column apparat WD QLU HY DO
where the water drained from the specimearfiows from the inner to the outer tube (initial
suction equal to zero)

If the hydraulic conductivity of the ceramic disk is higher than that of the specimen (no
impedance effects), the constainiis immediately transferred to the specimen bottaimK(

(z=0, t)= 0 K= const) xsee dotted lines iRigure 2.2-1. In this casethe assumptions made

E\ *DUGQHUTY PHWKRG OLQHDULW\ RI WKH @m&can&&®QJ WKH
diffusivity over the samel K allow to expressi K(z, t)using ) RXULHUYYVY VHULHV EDV
analogy with Terzaghi ) U | K OdofsKlidation equation (Terzaghi § U | KO L F K that

governghe consolidation of saturated soils:

o B 1 Opy; U .
, 8 ~ 5 ?:4 6; - — 1
iV L (DyFs F = Al gasas A b ece—G (2.2-1)
a Ap
whereD(hy) = K(h)/C(h) is the (constant) diffusivity value fIT] at suctionh,, whereK(hy)
[L/T] is the hydraulic conductivity an@(h) [L Y] the slope of the water retention cualeng
the applied suction step. Suctibpis a reference value equal to the sum of the initial suction
and U KEquation (2.21) concerns the outflow (see Appendix Al) which is integrated in time
to obtainthechanges in water volume

8:P L& @F— Algyggap A8 & THl Aop (2.2:2)

where § is the total volume [f] of the outflow drained from the soil specimen after
imposing U K

Without considering the outflow at very smgllGardner provided a convenient relation by
keeping only the first term of Fourier series:
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. . le 6 ..
HX® F8:P; L HB2AF @A &D,;P (2.2-3)
: =]

Indeed, Gardner showed that the changes in the first term with respect to time become linear
after a short time period (seeWDQLU HW p@ding a reliable estimation of the
diffusivity D(hy) from the slope of thén(V: - V(t)) curve. The estimation is more accurate

with small imposed suction increments, sidy) is the average diffusivity value along it.

The hydraulic conductivity at suctidn is derived a¥(hy) = D (h)C(hy).

When the hydraulic conductivity of the disk is significantly smaller than that of the specimen,
the suction incrementi Kimposed at the bottom of the porous disk is not immediately
transferred to the specimen due to impedance effects. To cope withstiskisnze &
Kirkham (1962 proposed a graphical method that is described in more details in Appendix
A2. As commented ithe Introduction, this graphical method is nowadays rarely used and has
been replaced by numerical back analysis of water outflow under imposed suctiareimtste

A new method to account for impedance effects

As an alternative to existing methods of accounting for impedance effects, it is proposed to
ILUVW DSSO\ 'DUF\YfV ODZ WR WKH VD3 XaubaWHIGdr&uRdI R XV G
conductivity Kq and cross sectional aréa similarly as inEching et al(1994). One obtains

the following expression of the drained outfl6t) [L/T]:

3:R L F-,L@7dby ozr (2.2:4)

el er

where 4/ [L?] is the extractedvater volumeduring the time interval4. The following
relation gives the changes in the increment of suction at the specimen bottom:

AD:VL 1@ L AQF (Ve (2.2.5)

|
This relation indicates that the change with respect to time of the suction applied at the
specimen bottom can be derived from the monitoring of the drained ou@ldy that
depends on botKy and the combined effects of the water retention and trapsiperties of
the unsaturated specimen. Theoretically, the case with no impedance effect indwHickr

0, ) = 0 Kis met with porous disks of lard&, whenKq >> Q(t)/A

Based on the time superposition princifftantush, 19646 WD QL U H \&@maén@ others)

it is hence proposed: i) to decompose a suction increment at the specimen tgt{ams 0,

t) as the sum of a numbéis of very small successive suction incremeritg, = 'hi/Ns,
occurring at timety, ii) to apply the analytical solutionEQuation 2.21) to each suction
increment and iii) to superpose in time all suction increments, giving the following expression
of the suction changes:

s ~ . 8 ~ 5 .4 (e A a i
(DVER L A iDy @ F = Algrgaa; A4 & @il & O E:—;}%DA (2.26)

resulting in bhe following expression of extracted volume:
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. le % < ~ 5 .4 UL Al

P LE®D A s GF = Algasay A2 & @@l Ao p (2.27)
Note that largeNs secures smoother curves obtained using Equat@2s5) and 2.2-7).
Since the computation is not time consumiNgz= 1000 is adopted for all cases. Also, far

= 1Equation (2.Z7) EHFRPHV VLPLODU WR VWDRQWGINL2FDUGQHUYV VI

$V LQ *DUGQHWIHW i® EllbkarRG asD(h)C(h), where C(hy) = ' T7'h is
determined from the measured WRC 7is the measured change of water content over the
suction step’h;). D(hy) is adjusted to obtain the best agreement betegmation (2.27) and

the experimental points describing the water outflow, by aptimg the squared correlation
coefficientR?. InFigure2.21 WKH FKDQJHV LQ VXFWLRQ DORQJ WKH V¢
times are presented. Without any impedance effects (dotted Ewgstion (2.21) is used to
calculate suction profiles (detd lines), where the calculatadK(z=0, t) immediately reaches

0 K In the case of impedance effects, the suction profiles (solid lines) are calculated using
Equation (2.26). The calculated changes in suction with time at specimen bottom show how
the baindary conditions progressively reach tftg condition imposed &at= 0 at the bottom

of the porous disk.

Given that the calculation of the Fourier series of Equatiar&sl(), (2.2-2), (2.2-6) and R.2-

7) may be found somewhat tedious, one tested the approximated empirical formula proposed
by Sivaram & Swamegl1977) in their simplified approach to solve Terzaghij) U|KOLFK TV
consolidation equation. This expressidhat exhibits a difference with analytical solution
smaller than 1% for 0% ¥(t)/V- < 90% and less than 3% for 9084V(t)/V < 100%, writes

as follows:

i:g ¢ 0k 41® ¢ Ylks: 6x 248, =
8 YA IsE@ZYA p (2.2-8)
l® Ap Ao

Substituting in all equations where Fourier series apgepration (2.27) becomes:

o (xR s — xR = or v e A8 or O B& 7ABIE
8:P L%@H\E'@l (& FAJG & FsF @A IsE@T20A p @ (229)
=} 1=}

For sake of simplicity, it is proposed to adopt expres2dhxq) instead oEquation (2.27).
A new method to account for noaconstant imposed suction increment

As observed in6 WD QL (ROHYV DDOUGQHU TV P HW EtRo@Ger2@r cohtetD IO L G
the hydraulic conductivity of the unsaturated soil becomes smaller than that of the ceramic
disk, reducing impedance effects to zero.awW D Q L (21 d&vice, given that smaller

water quantities are extracted from the specimen at higher suctions, it is necessabgtter
accuracy, to monitor the water exchanges through the changes in height of the inner thin tube
used for imposing the suction incremdanik= 0 K(z= 0,t = 0), as seen iRigure 2.2-2.

Given that a gradual decrease in suctibip (z=0, 1) occurs once the mobile device has been
ORZHUHG WR ZDWHU H[WUDFWLRQ WKH VWDQGDUG *DUGC
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smallvalues of the raticf’uo?éufu’l:j;@‘ '(see6WD QLU HWOBD&wise, it imecessary to
<

account for the change ipD,: VL raP.

Figure 2.2-2. Simplified scheme 8 WDQLU HWIDGHYLFH LQ WKH FDVH ZKI|
extracedfrom the specimen is collected in the inner tube (no overflow), resulting inra non
constant suction step

Since the increase in water level is caused by the outflow drained from the specimen, the
water balance equation can be written in the followway:

FXﬁU@;ig@tlz’e;; =od 3:R L 'g (2.2-10)

wherea; is the crossection area [} of the small inner tube in which outflow is collected.

Since there is no impedance effeéff) FDQ EH VXEVWLWXWHG Efgwatiin*DUGQH
2.2-2), by substitutingV: by * #¢05: VL ré % 0y;, thus replacing the constadt; by the
nonconstanty(z=0, t). The outflowQ(t) then becomes equal to:

3P L '99 L Xéo@;‘g@@; * #0D0: (1P E* #eDb:VL rR% D (NP (2.211)

Where( ‘P L sF; Ag@sg@é; 2:4 6; rH:Uy; Aband(ﬁ:P: LXTZ
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After introducingEquation (2.211) into Equation (2.210), the variables can be separated,
leading to:

s el @ xilni @& | 2 ¢ g AYily°
" lnto ot A& -l Qorei6ApYily:° @P (2.212)

By integrating both sides &quation (2.212), the following obtains:

. Als . .o Ay Us; © :
Z@U@:i—@ﬂ,@;AL Z@E('P’—Om A (2.213)
The expression ofhy (z=0, t) is then derived as follows:

Since §; is equal to the total volume of water collected in the tube betvidtem and PL R,
the following equation can be written:

§ L =ykADyF AD,:VL rdR ;oL *#¢DVL réR ;% Dy (2.2-15)

Ap¥i Ue;° il .
%o L(;Uo:i@L; Fs (2.2-16)

After introducing the last expression irEguation (2.214), the final forms of4 (z=0, t) and
V(t) are obtained:

cDbiVL réP L o (2.217)
5>¢:¢; I—éoo:é&O ;?5p

5
_ e;Oo ?5pq (22—18)
¢Op a8, &p ;

8:P L syAQyns F

5>::¢;l

Fort =0, F(t) = 0, so th(z=0, t=0) = 4 andV(t) = 0. On the contrary, fot = ¢, F(t)=1,
OHDGL®E=0YR) @and 8:P, L :UgADJF ¢b:VL réR ;oL §. Like in the standard
*D UG QHU T \K(R)HsWé&tdrr@ined based on adjusting the valu®i) by comparing
our solution Equation 2.218) with experimental data. The value®fh) = * 77 'h(z=0, ¢*)

is calculated based on the corresponding suction step on the medstied@n from WRC.
Unlike Equation (2.29) (or 2.2-7), Equation (2.218) cannot be mathematically reduced to
VWDQGDUG *DU Gquatiof2/2) Sreefav LR YL raR ; L ¢Dthere will be no
outflow - V(t) = 0. Please not¢hat Fourier serieB(t) is identical as irEquation (2.22), thus

it can be substituted usinttpe empirical expressior2.-8), as previously explained, and
introduced intdequation (2.218) for sake of simplicity.

To calculate suction profiles, the nroonstant boundary conditiorEquation 2.217) is
decomposed as in the case of the impedancectefind Equation (2.26) is applied
afterwardsFigure 2.2-2 presents the calculated suction profiles at different times for 2 cases:
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i) constant suctR Q V WH $w(2=0, ¢-) described usingquation (2.21) +dotted line- and
i) nonrFRQVWDQW V XF W L RifQz30QFdestibEdQMEuation (2.26) +solid
line.

2.2.3.Experimental investigations

This work was initially developed when investigating the water retention and transfer
properties of a volcanic coarse substrate used in an urban green roof in the Paris area, detailed
in 6 WD QL 2019V TheQralidity of the method is further established by also considering

the experimental data obtained on two quite different materials (a poorly graded sand and an
undisturbed silty clay) published MWayllace & Lu(2011).

Dataof 6WDQLU HW DO

In the device of6 WD Q L ROHYYFIDWes 1 and 2), a 70 mm diameter and 24 mm height
specimen is placed on &; = 5 mm thick ceramic porous disk with an air entry value of 50
kPa, and a saturated hydraulic conductiiity= 4.02 x 10 m/s. Water exchanges are
monitored by using an inner tulf@ner diameter 5 mm, outer diameter 8 mm) and an outer
tube (15 mm). The maximum height allowed by the system is equal to 5 m, corresponding to a
maximum suction of 50 kPa. The material investigated was the volcanic substrate used for
FRYHULQJ WRMH*WQHWKH F LawM&ne &K-EaRc8Wersini et al., 2018

The substrate is a coarse granular material with 4 % of organic matter, an average grain
density of 2.35 Mg/rhand a bulk density of 1.42 Mgfgporosity of 0.395), wittDsp = 1.5

mm, 15% particles smallé W KD Q —P DQG D FXDJ¥(DMDD) laf EFEHIILFLH
The saturated hydraulic conductivity of the substratéis 8.11 x 1 m/s, and its WRC is

given inFigure2.23a (6 WDQLU HW DO

Figure 2.2-3. WRCs of (a) the coarse substrate determineé by D Q L i H W(bpddthe
remolded poorly graded sand (RPGS) and undisturbed silty clay (USC) determined by
Wayllace & Lu (2011 Saturated water contentq is indicated in each graph
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Data of Wayllace & Lu (2011)

Wayllace &Lu (2011) developed a transient water release and imbibition (TWRI) method for
determining the WRC and HCF of two materials along the drying and wetting paths, by
imposing, through the axis translation method, two suction increments for draining water
from the soil specimen, followed by a suction decrease allowing subsequent water imbibition.
The TWRI apparatus consisted of i) a flow cell accommodating a soil specimen of 60.7 mm
diameter placed on 300 kPa HAEV ceramic disk (saturated hydraulic congutiv=
2.5x10° m/s, thickness( } = 3.2 mm), ii) a pressure regulator connected to cell top and iii) a
water jar placed on a weight scale connected to cell bottom to collect the drained outflow
(more details in Wayllace and Lu, 2011). During drainag@stimposed suction increment

was fixed (2 kPa), just above the specimen air entry values, small enough to just initiate the
outflow from the specimen, while the second step was significantly larger (about 300 kPa).

Wayllace and Lu investigated two f#ifent soils: a remoulded poorly graded sand compacted
to a porosity of 0.39 and an undisturbed silty clay with a porosity 0.44. The values of the
saturated hydraulic conductivities of these soilskye 2.1 x 10° m/s and 1.1 x IO m/s,
respectively, ad their WRCs are presented Figure 2.2-3b. The significantly lower
saturated hydraulic conductivity of the ceramic disk clearly indicates that impedance effects
haveto be accounted for when analyg the outflow data.

2.2.4.Determination of hydraulic conductivity values

Coarse volcanic substrate of the Green WavegW D Q LL{2HYV D

By analyzing the evolution of drained outflow for different suction steps, the change in
hydraulic conductivity with respect to increased suction is obtained. Thirteen suction steps
were carried out, whergteps 1 and 2 were constant suction steps (with the overflow system
of Figure 2.2-1) whereas the remaining steps correspond tecomstant suction inements
(seeFigure 2.2-2). The saturated hydraulic conductivities of both the specindgnafd the
ceramic diskKq) were determined using a constant head hydraulic conductivity test described
in detailsin6 WD QL@0OHW DO

In the top graph of Figure 2.2-4a is illustrated the evolution of'hy (z = 0, t) for step 1
FRQQHFWHG ILOOHG GRWV FDOFXODWHGEqstio22),HDV XUH

that gradually reachesh; imposed at tb disk bottom. It can be noticed that the ratios

'hy (z=0,t)/ 'h; at different timest( to t4) correspond to those Figure 2.2-1 (x axis) for the

samet.
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Figure 2.2-4. Green Wave substrate; top graptsuction change at specimen bottom, at
contact with ceramic disk; bottom graphsieasured outflow (circles) compared with
calculated values from different methods (indicated orfFiere); (a) suction step 1
impedanceeffect; (b) suction step 4non-constant suction increment; (c) suction step#1
same as in (b)

The bottom graph ofigure 2.2-4a presents a comparison of the calculated valua&tyiv-

(in D WLPH ORJDULWKPLF VFDOH XVLQJ *DUGQHUTVY PHWKRG

developed in this work. The best fit betweEqguation (2.2) and experimental data is

obtained foD(h = 18.5 cm) = 1.2x18 m?/s, whereC(hs = 18.5 cm) = 0.16 / 0.185 = 0.86 m

! (seeFigure 2.2-3a), which finally givesK(h = 18.5 cm) = 1.04 x 1®m/s. Fitting our

experimental datd ROORZLQJ .XQ]H DQG .LUdIdndonal titel VakaBRe& QR Q
’D(h)tre/ Hs? is also reported on the bottoraxis, see Appendix A2) provided = 0.097

andtgp 8 V 2 E\MOKThe case of suction step 1 is described in details in Appendix

A2 to point out the difficulties typical of graphical methods. Finally, the bestativer

agreement with measurements is obtaifeech = 10 (having on mind that = 1000 provides

a hydraulic conductivity higher than the saturated one). Fhygure shows excellent

agreement between experimental data and both Kunze & Kirkham and the propmtsed.
8QVXUSULVLQJO\ WKH H[WUDFWHG YROMPH.HVIF mPPWHG E\

for times smaller than b is higher than the measured one and that calculated with the two

other methods.

In case of step 4 (initial suction 0.489 m afigl= 0.321 m with 17 % of suction step change),
FDOFXODWHG hz@af) Eguatidn@.20i7 - solid line) are compared with the
measured changes in water level in the top graphFajure 2.2-4b, whereas calculated
(Equation 2.218) and measured drained volumes are compared in the bottom graph. In this
caseC(h) = 07 K(z=0, ) = 0.04 m*, where (1 7= D Qhgz=D, ) = (1-0.17) x

'h; = 0.266 m (se€&igure 2.2-3a). The difference between the rénR Q V WAIzQOVV)) alind
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FRQ VWAV ¢ ))dsuction increment is more significant at initial time, right after

LP SRV hQwhilé the largest difference in drained volumes between our method and
*DUGQHUYNYV PHWKRG; £ 25 Rk TheUnétHad pibpdéétiin this work shows the

best agreeent forD(h) = 4.3x10*m>* V. WKH VDPH YDOXH LV DGRSWHG IR
ZKLOH .XQ]JH .LUNKDPYV WKHRUHAGEROS FXUWHDEEWK SDUI
2.467 also shows satisfying agreement at small times. All three methods show almost
idertical agreement with measured volumes when the overall suction step change is
negligible, like in step 11 (initial suction 3.227 m arig = 0.822 m with 5 % of suction step

change) presented ifigure2.224F *DUGQHU TV D QIRhJRXIBXPE WikAR G
.LUNKDP V- ®HOMK B G V Difx®@.467). Concerning the methods proposed

in this work, R > 0.99 for all three steps presented.

The accuracy of the determinédhy) value depends on the accuracies of both the WRC
measurements (parametéfh)) and the outflow measurements (fitted valueDgty)), both

governed by the precision of the differefda SUHVV XUH WUDQVGXFHU * P
uncertainty oK(hy) can be expressed as follows:

ak “0 L § @—A E @—A (2.2-19)

The uncertainty oC(h) = 0 0 K V:/(Hs$ 0;)Kdepends on the uncertainties\bf, Hs and
0 Kand it can be expressed as:

vi Oy p o 6 .

. L§@—A E@‘lA E @A (2.2-20)

ZKHWH /*“ [®m® « [ ®m® when measuring in the outer (inner) tube,

Hs * PP DIXG Y PP ,Q FDVH RI DOO WKUHJ;I%‘X&IFWLRQ \

ra” . Furthermore,t appears that the uncertainties of the outflow measurements (few
percent at small times, and less than 1 %t tar5 min) have no significant impact @nhy)

: o vi Ogy;
value, adjusted based on ti& criterion @— N———— 7o Nra&~ A Finally, the relative

uncertainty of hydraulic conductivitgan be calculated based dguation (2.219) as

A Qs vi Oy O — o . . . ..
R N 8§t %A N¥ Hrav" Nrgs”. Given that the hydraulic condudty

changes over 5 orders of magnitude in the case of the coarse volcanic matefalsee
2.2-5), this value is satisfactory.
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Figure 2.2-5. Change of hydraulic conductivity of the coarse substrate with respect to
LQFUHDVHG VXFWLRQ REWDLQHG XVLQJ GLIIHUHQW PHWK
*DUGQHUYTY PHWKRG WULDQJOHVY DQG PHWKRGYVY GHYHOF
conducivity values obtained by analyzing volume change measurements at larger times
(Equation 2.23) are presented with blue symbols

Figure 2.2-5 shows the changes in hydraulic conductivity obtained by using the three
GLIIHUHQW DSSURDFKHV *DUGQHUYfYV PHWKRG WULDQJOH)
and the methods proposed in this work (circles). All 3 methods are applied on steps 1, 2, 3, 4,
8, 11 and 12, for whicktableand reliable volume change measurements are obtained at small
times. Note that we also present in Ehgure the hydraulic conductivity values for steps 5, 6,

DQG WKDW ZHUH REWDLQHG rmbathdd/ ba3ed od Kdtumew D Q G L
change measurements at larger tinfegu@tion 2.23).

Figure 2.2-5 shows that both our method and Kunze. E UNKDPfV RQH SURYLGH Yl
results for the first two steps, where significant impedance effect occurs. In this range,
*DUGQHUYV PHWKRG XQVXUSULVLQJG®&(h)Svalkey lbechuge Y LIQLIL
integrates the effect of the low hydraulioncluctivity of the disk. However, the difference

between the three methods decreases quite rapidly, with convergence obskhd=ag x

10® m/s, to compare to the twice largéy value of the ceramic disk (4.02 x ien/s). In case

of steps 8, 11 and2, where the imposed suction step changes less than 5 % with no
impedance effect, all methods provide comparable results.

From a hydrological point of view, the valueskyhy) in the low suction regime are of the
greatest interest, since they have riest significant influence on the hydrological responses

of the soil (substrateAs shown inFigure 2.2-5, this zone (first 4 steps) is precisely that in
which the most significant differences are observed between the methods used, showing the
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advantage of our method, that is less operdémendent compare to that of Kunze and
Kirkham.

Poorly graded sand andksilty clay (Wayllace & Lu, 2011)

Among the transient outflow data frovlayllace & Lu(2011), only the first and smallest of

the two applied suction steps was considered on both specimens because: i) our method
assumes constant diffusivity, a hypothesis @ugepablefor small suction increments and ii)

the impedance effect is more significant at initial steps, when the hydraulic conductivity of the
soil is significantly larger than that of the ceramic disk.

Figure 2.2-6. (a) Poorly graded sand (data frodayllace & Lu, 201} top - Suction change
at specimen bottom, at contact with ceramic disk, bottaneasured outflow (circles)
compared with calculated values from different methods (indicated dnghee); (b)

Undisturbed silty clay (data froM/ayllace & Lu, 201}t same asn (a)

In Figure 2.2-6 are presented the same kind of data a&igure 2.2-4 for the poorly graded

sand Figure 2.2-6a) and the silty clay specimenBigure 2.2-6b). In the first casdds = 2.67

cm, 0 K= 0.2 mandV: = 4.66 x 1 m*, while in the case of silty clafs = 2.41 cm, (i K=

0.2 m andV: = 1 x 10° m*. The bottom graphs iRigure 2.2-6a show that our method and

.XQ]JH .LUNKDPYV PHWKRG FRPSDUH TXLWH ZHOO ZKHUHI
the outflow values at small times, like for the Green Wave substfatpife2.2-4a). On the

contrary, for the silt clay specimefrigure 2.226b-ERWWRP ERWK *DUGQHUTYV D
.LUNKDPYfV PHWKRGY RYHUHVWLPDWH WKH RXWIORZV DW
excellent agreement with measurements along the whole time range. Due to the poor

45



agreement at small timesX Q] H .LUNKDPYYVY DQDO\WLFDO FXUYH ZDV |
at larger times (the parameters for this method are preserifetlg?.2-1).

Table2.2-1. Parameters used and hydraulic conductiviffp OXHV REWDLQHG IRU *D U (
PHWKRG RXU PHWKRG DQG .XQ]H .LUNKDPTVY PHWKRG IRU
undisturbed silt clay investigated Wayllace & Lu (2011

Gardner This Work Kunze & Kirkham
D[m%s] | K[m/s] | D[m%s] | K[m/s] | a[-] | tre[S] 2[4 K [m/s]
Poorly 1.0x10° | 3.01x10° | 1.8x10® | 5.43x10° | 0.389 | 23700 | 1.3228| 6.87x10°
graded sand
Urs‘ﬁt';tglr:;d 8.0x108 | 5.73x10° | 5.0x107 | 3.58x10° | 0.5 | 2300 | 1.1596| 1.59x10°

Based on the adjusteb(hy) YDOXHV LQ WKH FDVH RI *DUGQHUTV DQ
parameters, tpand i%in case of Kunze & LUNKDPJV PHWKRG WKH YDOXHV
conductivity for the first step were determined ($able2.2-1). Based on the data from both

RXU PHWKRG DQG .XQ]H .LUNKDPYVY RQH LW FDQ EH FR(
occurs for both soilsK(hy) > Kg), especially in case of silty clay where adhtedK(hy)

values are about an order of magnitude larger &afor both methods. As in case of the

coarse substrate, Gardner's method provides significantly I§g®) values compared to
WKRVH GHWHUPLQHG XVLQJ RXU DQG .XQ]H .LUNKDPTV PH!

On the occurrence of impedance effects

The most convenient way to clarify the importance of impedance effects is by analyzing the
HYROXWLRQ Rzt Hlhl) €@ldulakd by usingquation (2.25). The faster the

ratio gets close to 1, the less rgfgcant impedance effects are, and vice versa. It seems
reasonable in this regard to define a criterion based on the relative/ttimé- is the time at

ZKLFK HTXLOLEULXP L Vh{2+0DtF/KH Gets DIvge Zhoudhkto A (ex. 0.95).
%DVHG RQ H[SHULHQFH ZH EHOLHYH WEW /UK &t QFH FLO
0.95 within the first 5 % of the step duration, leading to a critetidnt: = 0.05. After

dividing both sides oEquation (2.25) E\ hj and introducing the proposed criterion, the
following is obtained:

— Orz‘itwi’TL_Jl_@-xé RL raws (2.2-21)

Equation (2.221) shows that, besides the hydraulic conducti¥igyof the ceramic disk, the

values of imposed suction incremeftt; and stone thicknesszy also affect the impedance.

For the data presented iRigure 2.2-4a (coarse materialf;igure 2.2-6a (sand) andrigure

2.2-6b (silty clay), the values of the left side®duation (2.221) are 1.2 x 16, 6.8 x 10° and

9.6 x 10° m/s, respectively, while the values on the right side are 1.5'x7.81 x 10 and

7.81 x 10° m/s. Equation (2.221) is hence not satisfied in none of the three cases, meaning
that impedance effects cannot be neglected. In case of step 2 of the coarse substrate, the left
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and right side ofEquation (2.221) are almost identical, which is in agreement with the
obtainedK(hy) value that is rather close Ky (seeFigure 2.2-5).

2.2.5.Conclusion

7KLV SDSHU SUHVHQWHG WZR LPSURYHPHQWYV WR *DUGQH
account for impedance effect in a simpler and more objective way than in Kunze and
.LUNKDPTV JUDSKLFDO PHWKRG DQG LL WdndhFRAQW IRU I
increment is applied, as is often the case in hanging column techniques.

The experimental data from various materials analyzed (coarse substrate, poorly graded sand
and undisturbed silty clay) in this work showed that the proposed simple analytitaldmet
fairly well accounts for the impedance effects of the ceramic disk. This method is believed to
EH PRUH UHOLDEOH WKDQ .XQ]H .LUNKDPYV JUDSKLFDO
significant impedance effect, because it is not dependent of the dyffioithoosing the best

fitting theoretical curve, among the family of curves provided by Kunze & Kirkham. The
proposed method, based on the analytical resolution of the water transfer equations in the
different parts of the system, only requires the ateumonitoring of outflow measurements,

a requirement that is typical for any method for determining the hydraulic conductivity of
multiphase porous material. The boundary condition in which acoostant suction
increment is applied, which is often thase when using the hanging column technique, was
also treated analytically to be applied in the (larger) suction area in which no impedance effect
has to be considered, with also good agreement between measured and calculated values. It
has also been shownhat the simplified equation dbivaram & Swamed&1977) could
successfullyreplace the analytical solution in Fourier series, which simplifies the use and
improves the efficiency of the method. Compared to numerical back analyses method, this
method provides point values of hydraulic conductivity without the need to assume a
parametric expression for the conductivity function. Thus, it is not confronted with the issue

of model selection. Also, this method is considered simpler in the sense that it does not
require the use of any numerical simulations with optimization algoriteimse the analysis

of outflow data and the derivation of hydraulic conductivity value is much more
straightforward.
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3. Soll properties models

In order to assess the heterogeneitythef Green Wave substrate and to further ustor
developing new soil properties functions;ray CT scanner was useBy reducing the
resolution of the scannegrey-scale soil image(s), the cumulative representation of solid
particles(grains)and pores equal to or larger than the actual discretizaélement can be
determined and described analyticaDue to the variable grain densitiescribed through
different shades of grey colawn a scanned imageghe UM (Universal Multifractals)
theoretical framework has been useddevelop thegrain ske distribution (GSD) model
(Chapter 3.1) Comparison between the proposed model and the standard dry sieving
experimental dataonfirms that the GSD curve can be reasonably well predfcbea the
scanned soil imagéf those images are not available, fmposed model can be used for
interpreting the experimental data by adjusting the parameter values, as demonstrated on case
of two soils taken form the literaturEven though it requires more parameters than the well
known fractalbased PSKPoreSolid-Fractal) model, the proposed Ub&sed model has
stronger physicabasis, while its parameters are closely related to the gradation of granular
material.

Comparedto the multifractal GSD model, lte proposedPSD modelis based ona simpler

fractal approachwhere the fixed value dfactal dimensionrelated to the minimal grain size

is used insteadf a continual set of fractal dimensiondgscribingthe GSD.Even though the

PSD model is simplified compared to the GSbe fixed value of thefractal dimension
conserveshe link between two distribution$he fractalbased PSD model has been used for
practical reasonsto develop a simple and robust physicdlgsed model of the water
retention and transfer properties in reaturated soils valifom saturation to ovedryness
(Chapter 3.2) To do so, new capillarpased water retention and hydraulic conductivity
functions founded on the fractal approach have been derived froRSIheby means of the
Young / DSODFH ODZ DroBel0ToO &3 ¢tiBefladsorption phenomena, these functions
are combined with those used in the Pé&den-Durner (PID) model, providing a model along

the fullrange of suctions, with less parameters than the existing mddesswork also
shows that someagpameters are directly determined from the experim&&d (the fractal
dimension), or from the water retention data (air entry suction and residual water content),
leaving only two parameters to be optimiz8dhe model was successfully validated with
repect to published experimental data from 10 different coarse, sandy and clayey soils,
confirming it is convenient forsimulating the water movements unsaturated porous
medium.
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3.1. A new physically-based Grain Size Distributionmodel
based on theapplication of the Universal Multifractals on
the results provided by the xray Computed Tomography

(Ready for submissign

3.1.1.Introduction

The grain size distribution (GSD) is one of the fundamgmmaperties of granular soils that,
besides the influence on mechanical characteristics, also affects the packing arrangement of
grains (Nolan & Kavanagh, 1993e et al., 199%mong the others), and thus the distribution

of pores ad hence hydraulic properties of the porous medi8egél et al., 2009 The GSD

curve is experimentally determined by using the dry sieving method that is based on the
determination of themass fractions of grains of different sizés=FNOR, 199§. By using
numerous sieves with different void diameters, grains are classified in the same number of
groups according to their size, where the representation of each group is determined based on
the measui mass fraction that stays on the corresponding sieve. After aggregating, the
cumulative mass distribution (or the GSD) curve is obtained. However, the mentioned mass
fractions are notnomogeneously distributed, which provides complex GSD curves that need

to be modeled.

Detailed overview of different approaches used for describing the mentioned complexity of
GSD curves can be found @hanbariarAlavijeh & G.Hunt (2017. One of them is the self
similarity principle which is included in fractddased models and which assumes occurrence
of the same pattern of the soil structure bsedles. According t&hanbariarmlavijeh et al.
(2011, the thregphase PSF (porsolid-fractal) approachRerrier et al., 1999Bird et al.,

2000 is the most consistent and with the strongest phyb&sis among the fractbhsed
approaches% HVLGHY SRUHV DQG JUDLQV LW DVVXPHV RQH DGG
tfractals- that aresuccessively broken at smaller scales in assiflar way, leading finally

to the structure consisting of fractditributed pore and grain sizes. Thus, the GSD can be
represented by means of a power (fractal) law, where the fractal coefficient tethafuthe
exponent. However, unlike assumed in the PSF model, grain densities drernogeneous,
which also contributes to the complexity of distribution of different mass fractions.

Multifractal formalism, that takes into account different fractakfioients for different

threshold valuesyas also used for analyzing the complexity of GG&ibout et al., (1998and

Posadas et al., (20plused Renyi dimensions, one of the multifractal parameters, to
characterize the heterogeneous distribution of different mass fractions. Bissdege of

multifractal analysis, the singularity spectra analysis is also applied for analyzing the dry soil
volumesize distribution obtained by usirg laser distraction method0o(D U Wt Q ORQWHUF
2002. Recently, Torre et al.,, (2016used a Xray CT, a nordestructive technique for

obtaining a threelimensional greygcale image of a porous materibdsgih, 2003 Banhart,

2008, in order to compare the threémensioml structural complexity of spatial arrangement

of grains and pores, with that of differently oriented-twmensional planes. The multifractal
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analysis has also proved to be convenient in this case. Even though the multifractal theory
brings great poterdl to better understand the complexity of GSBhé&nbarian & Hunt,

2017, up to date this kind of analysis has not found practicdicgin. In other words, the
multifractal theory has not been used for developing a GSD model, as done in case of the
fractal approach (e.g. PSF model).

This work is focused on development of a new physidalyed GSD model founded on the
Universal Multfractal (UM) framework §chertzer & Lovejoy, 1987Schertzer & Lovejoy,

1997. Based on a gregcale sil image scanned by means ofrXy CT, it is possible to
recognize solid particles of different sizes by progressively decreasing the resolution of the
image while keeping the fixed value of the threshold. Change of the representation of solid
particles wvith the resolution of the image can be directly linked with the grain size
distribution, and described analytically in a mathematiealijgant way by means of the UM
framework. Compared thai & Chen (D18, where a specific machine learning tool was
used for particle recognition, this approach is much simpler and more convenient for practical
application.

The approach presented was firstly validated by using the scanned structure of the artificial
volcanic substrate WD QLU HWudedfor covering green roof named Green Wave
(Versini et al., 2018Versini et al., 202D Results of the model, whose parameters are directly
determined from scanned images, are compared with the experimental data obtained by means
of the standard dry sievingpethod(AFNOR, 1996 and sedimentation teAFNOR, 1992.
Furthermore, the model was tested on two additional soils taken from the lite&itdret(

al., 2000, Ariana silty clay loam (ASCL) and Yolo gtdoam (YCL), whose scanned images

are not available. In this case the proposed model was used only for interpreting the
experimental data, while the model parameters were manually adjusted to obtain a credible
description of the experimental points. Flgalthe model was compared with the fractal
based PSF model, and a physicdéilised explanation of the model behavior was given.

3.1.2.Universal Multifractal (UM) framework (Schertzer & Lovejoy,
1987

Contrary to the fractal approach thassumesa fixed fractal dimensionthe multifractal
formalism usesa continual set of fractal dimensiorfigr estimating the probabilityhat the
value of theinvestigatedfield exceed different resolution dependent threshis. In the
context of this work, the field of interest is soil density indicator field éY2*&; [-]

proportional to the ratiol / pux, Where Iy is the dry bulk density [M/f] of the material.
eVaxz: field is presented in the form of twar threedimensional scanned soil imagend
hence it depends on the resolutiérin such casethe multifractatbasedorobability function
is expressea@s thefollowing:

C: OU:I L

2keYa*3 R oL —— N&9 (3.1-1)
~ 5 ° . ca 5 75 .
20 L %@—E-A a UL @F-A aUMs (3.1-2)
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whereE is Eucledian dimension][(in this caseE = 2 or 3 for twe and threedimensional
fields, respectively),a LB—A, is aresolution of 6U2%3; field equal to the ratio between the

size of the field. [L] and the size of a single discretization elemient [L] (pixel or voxel
for E =2 or 3, respectivelyNote that needs to be a power of an intege(usually equal 2).
Furthermoredimensionless singularity [-] defines a resolution dependent threshaldor
which the probability of exceedance is calculated, whileis the cedimension function that
describes how the fractal dimension changes depending on the vioesbbdl (or ).

Note that for conservative fields is described by means of parametérsnd ., describing

the sparseness of the mean value of the fieldtleahange of sparseness for values around
the meanrespectivelyAccording toSchertzer & Lovejoy (1987 C, takes values between 0
(mean value is ubiquitous homogeneous field) anB (mean value is too sparse to be
observed)while . takes values between 0 (no occurrence of extresifesctal field) and 2
(maximal occurrence of extremeslog-normal field).For = C; the fixedpoint of theco-
dimensionfunction c(C,) = C; is obtained (see Equatidhl-2), whereas for = sthe co
dimension function reaches dimension of the investigated fiElg, = E. Value of s is
known as the most probable singulatifyat can becomputed from Equatior3(1-2) as the
following:

. “_ w5 ° 5
kL %UFEA F2G (3.1-3)
Note that Equation3(1-3) is written for a single data set analyzé&tie two UM parameters
can be determined from the real data sets by applgifigrent techniquesSchertzer &

Lovejoy, 1993. In this work the Trace Moment (TM) technigugchertzer & Lovejoy, 1997

based on the scaling behaviortioé statistical moments of ordefs used.

AgVaxz o AN g8 (3.1-4)

where AgYaxs; oéﬁis the average statistical moment of an onoddx > indicates average
value) andK(p) is the moment scaling function described as following:
2 L FLa UMs (3.1-5)

4
?5°

- L

Note that bothF andK(p) functions are convex, they increase with no upper limit and they
are linked by Legendre transforfarisch & Parisi, 198h meaning that for eachthere is a
corresponding (i.e. for = C;and = ¢the corresponding values goe= 1 andp = ps,
respectively)More details about the UM theoretical framework can be found in Chapter 4.2.

3.1.3.Methodology
X-ray CT (Computed Tomography)

Previously mentionedé” 2*5; field is obtained from the gregcale soil image scanned by
means of Xray CT scannerln this work,an UltraTom microtomograph frorhaboratoire
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Navier was usedwherea 10 cm diameter and 15 cm height specimen of the Green Wave
substrate 6WD QLU HWwas®lacedon the rotation table located between thea)
source and the flat panel detector (more details on the principle and the deBioehon et
al., 2013. The obtained thredimensional gey-scale image consists of 1785x1785x3072 50

P VLIH YR[HOV FDUU\LQJ WKH LQIRUPDW leReQGID(BEFRIXW GLIIH
shades of grey represent high, and dark shades low density. Z8as=) on the proved linear
correlation betweeL and soil densityTaina et al., 2008 ¢ can be obtainebly:

- subtracting th&L, threshold value from the origin@lL values
- setting to zero alGL valueslower thanGLy,.

- renormalizing thenodified GL field.

ax ). P).aa  SRAR
gUax R RAAA (3.1-6)
). Q)..4 ‘

where notation < > indicates the mean valaky is adjustedbased on the locations of pores
that can be reliably identified on the image. By udfijg, an open gurce Javdased image
processing package, it was possible to estimate the valsie,of

Preliminary investigationconfirmed the existence of the statistical isotropy within the
investigated specimen (explained later in the text), allomioggto analyze the full three
dimensional & ) field, butonly several horizontal planek € 2) extracted fronit. This is

rather significant for saving computational time and memirysigure 3.1-1 are presented

eight horizontal ¥ ) planes that are further analyzechere , = 2!°= 1024 is the highest
resolution considered. These fields &reated within central 10 cm of the specimen height

(the top and the bottom 2.5 cm are ignored due to technical reasons), with an equal distance
(1.6 cm) between two consecutive images.

Figure 3.1-1. Eight horizontal!™ = 1024)fields analyzed in this work (vertical distance

EHWZHHQ WZR FRQVHFXWLYH SODQHV LV 8§
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A New GSD Model

In order to develop a GSD model it is necessary to find a way to reliably recognize grains and
pores based on thd) filed obtained, and to classify them according to their sizes. The
approach proposed in this work is based on thescating procedure (decreasing the
resolution of ¢ field), which is due tcthe secured statistical isotrogxplained on the
exampleof two-dimensional ¥ field (E = 2). The same procedure can be appliecEfer

3.

Starting from ,, it is assumed that?®® « é%&>yaluesindicate grainswhere 648 4is a

thresholdrelated to the minimal grain densjtyvhile & = 0 indicate poresintermediate
values ofthe field (0< & < eaL;anrepresent mixtures of grains and pores of sizes smaller
than the actual pixel sizeg , andthusthey cannot be classified neither as grains nor pores
at . Since is a power of @(=2), pixels are merged in groups b and their values are
averaged, creating that way one out@pixels. Thus, is decreased@times, whileL; is
increased by the same factor. By averagiflj, valuesare mitigated antherepresentation
of those abovee i 4S decreased compared t@thmetat . Mostly individual grairpixels
of sizeL; that aresurrounded by zeror intermediate ¢  values disappearafter
averaging because larger pixels replacing them do not satisfy the criterion for(gftfins ¢

&Y a"; Therefore the representation of grapixels atdifferent (Pgrains ) corresponds to a

cumulative representation of graitisat are equalto or larger thanL; . The upscaling
procedure is repeated iteratively, and giyaixels gradually disappear asdecreases, until
even the largest grajpixels vapor(seeFigure 3.1-2).

In Figure 3.1-2 is illustratedthe & field (horizontal plane 4 ifrigure 3.1-1) at different ,
where each bar present¥®  value, while the horizontal platform presents valueé%g‘aL
s&v wWrluctuationof the fieldis clearly reduced asdecreasesas well as the representation of
pixels above the platformHowever,pixels grouped in the central part of the field resist
longerto the upscaling proces@up to =8 xseeFigure 3.1-2e), indicating the presence of a
large grain on that location

Pgrains  describes how the probability of exceeding a fixed threshéﬁ‘@éin this case)
changes with, and it can be expressedths following:

5UI .1 OU
c@Pv! ;1 p@éé\

208008 L 2keVa¥a R elax oL -

(3.1-7)

where Fis the total number of discretization elements (pixels in cageo®) at , while
0keYaxz R &% U8 pis thenumber of discretization elements atvhose values amqual to
or larger thanéé; s The probability that a sizef a grain exceedsy( , P(d * Li( 1)), is

obtainedby renormalizing Equation3(1-7) with respect t®grains n). Thus,P(d <Li( n) =1
-P(d <Li( ) can be expressed as the following:

2:@0 .55 L s FovI0us | o CO0 it oh o 3.1:8
5183 S Eoviovn: S Gk OUI ;1 S@L’ég (3.1-8)
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Compared to the standard dry sieving metiwheére grains are classified in groups according
to the sizs of voids on thesieves, and hencethe total mass representation of each group is
usedfor determining a GSD curve, treproach presented in this work takes into account
densities of individual graindHowever, the analogy between the dry sieving method and the
approach proposed here (Efjoa 3.1-8) can be derived under certain simplifications, as
presented in the AppendAa.

Figure 3.1-2. Change of the twdimensional % ILHOG +R U LBigugeG.DDWith LQ
D V& % & ' : )

The approach proposdrreis facing certain issues that are mostly related to the way pixels
are grouped. Thust is possible to haveq? neighbor pixels that belong to a grain of larger
VLIH EXW VLQFH WKH\ DUH GLVWULEXWHG LQ GLiéetUHQW J
grain will not be recognized after the aggregation. On the contrary, those pixels can signify
separated grains, but if they are aggregated as a part of the same g@ypxels, they will

be recognized as a part of the larger grain. The samesisgymar when applying the
presented approach on the thoémensional image, where? voxels are grouped instead of
pixels. Nevertheless, these special cases seentonbave significant influence on the
proposed algorithm if applied aqufficiently large @ This has been confirmed by moving the
frame of pixels at the initial resolution by one up to a few pixels to the left, right, bottom or
the top in order to impacthe way pixels are grouped.

Adaptationof the UM framework

To describe Equatio(B.1-8) analytically, it is necessary to aud the UM frameworko the
approach proposed in this works previously explained, UM assume a resolution dependent
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threshold &, while herethe emphasis is put on the fixed threshold vaﬁ%@ﬂherefore, it
iS necessary to expres%"ﬁéﬁéwhich is independent of through .

gL at (3.1-9)

where (I &; is determinedat each Gn order to maintain constant valoé eU ax 4 Thus, O &
is calculatedrom Equation (3.29) asthe following:

Cour
R @56 b
Ra;

Ga L (3.1-10)

By introducing Equation (3-10) into Equation (3-R), Pgnins (Equation 3.17) can be
expresseanalyticallyin thefollowing form:

. 6Ui .1 0U] oy BB oMY ¢ -
5.1 STt mwou g 5 o g
258008 L 7 N a (3.1-11)

In Figure 3.1-3 is presented comparison between Equation-13)1(solid line) and Equation
(3.2-1) (dashed lines) for the same values of UM parameters that are relatedhooizbatal
plane 4 inFigure 3.1-1 (C; = 2.23x10%, r = 1.67). Different dashed lines shows how the
probability of exceeding a scale dependent thresi@tthanges with for different values of

(indicated in the Figure), while solid line describes howpttabability of exceeding a fixed
value of eU a5 4L savwhanges with.

As illustrated inFigure 3.1-3, Equation (3.411) is valid for between the lowef ,w) and the

upper ( yp) resolution limit According to Equation (3:9), & asl keualj‘éo : ;, where
U &; L (kis the previously introduced maximal observable singularity value Fapee

3.1-3). 2550 udereaches its maximal value f@& L & swhichis computedhe same wags
Fuadustfor U & L % Therefore,2;46 okies0L keua"ép y e L sne 35 sdue to the
fact thatc(C,) = C, (see Equation 3-2).

Finally, after renormalizing EquatiorB.(-11) with respect t02; 5o i:8e, the following is
obtained:

0

{82

. @
7L
2:@0 .5:4;; L sF 3 (3.1-12)
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Please note thatn iorder to avoid negative values of EquatiBri{l2), it is necessary for,
to be equal to or lower thahe upper resolution limityy.
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Figure 3.1-3. Comparison betweethe probability of exceeding i) a resolution dependent
threshold d(Equat“ion 8.1-1) zdifferentdashed linesor different Jalueg andii) a fixed

threshold valueéalﬂﬁéGéL sdv \(Equation 8.1-11) solid line). UMparameter values are
related to theHorizontal plane 4seeTable3.1-1 later in the text)C; = 2.23x10°

Equation 8.1-12) is a function of image resolutio® and thus it is rather convenient for
predicting the GSD based on gregale images obtained by means efay CT. However,
sometimes it is preferable to express GSD curve as a function of grain size instead of image
resolution.Having on mindthat the atual grain sizedy corresponds to the actual size of a
pixel Ly , it is clear that Ccan be expressed #se ratio [ / dy). Furthermore, based on
10556 6

Equation (3.110) U Lm, and thus Equatior8(1-12) can be finally presented in the
X0

following form:

2k@0 @oL s F—=2 . (3.1-13)
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where = L / dgmin, anddgmin is the minimal grain diameter [L]L is the size of the
investigatedéUé‘.‘é; field (greyscale image), which can be also understood as the s&e of
cubic shape specimen that contains a material whose GSD needs to be detéricanede
also expressetthroughthe maximal grain diametélg ma{L], as . L &3 3@z 064

Determination ofnodelparameters

The model proposed in this work (Equation-32Land Equation 3:13) uses four parameters:

eUax d.mn (Or o in case ofEquation 3.112), C; and r. Value of 6537 4L €z i £65 & n6AN

be determined as the ratio between the minimal grain density and the dry bulk density of the
material investigated, whilg, is the highest resolution of the imaf min="L/ n).

Finally, r andC; are determined by analyzing the scaling behavior ofdimensional ¢
field by means ofthe Trace Moment (TM) techniqug&chertzer & Lovejoy, 1987

Figure 3.1-4. Scaling of statistical moments feight ¢( Ofields presented ifigure 3.1-1

Firstly, ¢ field is upscaled andat each resolution it is raised on the powas. Then,
AgUaxg: oaNthe average statistical moment of arder p) is calculated. For differenp

values, change ofkgUaxg; o Awith respect to is plotted in loglog scale. IrFigure 3.1-4 the

scaling behavior is presented only for four differpntalues, for each of the eight

fields illustrated inFigure 3.1-1. Different slopes of the obtained linear regressions are related
to differentK(p) valuesthat areplotted againsp in order to form the moment scaling function
(seeFigure 3.1-5 = different solid lines correspond teight analyzed fields). Based on
Equation 8.1-5), the first derivative of the obtaind{(p) function atp = 1 is equal t0o% L

XA?; a@s (calculated numerically), while the ratio between the second and the first derivative

xa

atpzlisUsz

x- A:a;
Xé a@s'
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Figure 3.1-5. Moment scaling functions K(p) obtained by applying TM techniquesgbr
horizontal &%( Ofields presented ifigure 3.1-1 (different solid lines) aneightvertically
oriented ¢°( Ofields (dashed lines)

Compared tcEquation 8.1-12), Equation 8.1-13) is more convenient for application when
the scanned soil images are not available. In that cased C; cannot be determined as
explained above, but manually adjusted for a certain rangeatds I / dy min) SO thatthe best
possible agreement betweémuation 8.1-13) and experimentalGSD data is obtained
Clearly, this procedure is less reliable thanftrener one, but might be helpful if-kay CT is
not available.

Influence oimodel parameters

In order to better understand the influence of the four parameters on the model behavior,
Equation (3.113) has been tested on different values of each pamgnaatellustrated in
Figure 3.1-6. For all cases presented kingure 3.1-6, value ofL = 100 mm is kept constant
while changig values of the four model parameters.

The impact ofC; on the GSD is illustrated iRigure 3.1-6a by increasing (dastotted line) /
decreasing (dashduhe) its initial value (solid line) by 50 % while preserving values of the
three remaining parameters. SimilarlyFigure 3.1-6b value of r is changed by 50 % in both
ways.Figure 3.1-6a shows that paramet€f mostly affects the break onto the finer particles
and the shape of that part ottburve in a way that small€; secures higher contribution of

fine grains (dashed line), while the case is opposite for high¢dashdotted line). On the
contrary, the change of parametelFigure 3.1-6b) is less affecting the representation of
small grains, but it is mainly responsible for the slope of the central part of the GSD curve,
where smallerr provides steeper curve. Thus, in case of graradds higherr and smaller
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C, values describe weffraded, while smaller and higherC, describe poorly (uniformly)
graded materials. Indeed, weitaded materials usually have lower total porosity due to the
better spatial packing of grains, meaning the lower representation of zef&fiald that
causes stronger variability of the fie(higher r) and lower intermittency of its mean value
(lower Cy).

The impacts oféal{malj‘aand dygmin ON the GSD curve are also tested by varying one of the

parameters while maintaining the rest. As illustrateBigure 3.1-6¢, the higheréz’j {more

strict threshold value), the higher valuesR{l < d;) (Equation 3.113), and vice versa.
Unlike the three other parametedy,min dictates the total range of scalds /(dgmin) by
affecting mostly the distribution of small grains (tail of the GSB3eFigure 3.1-6d.

Uax

Figure 3.1-6. Behavior of the proposed GSD model when changing values of; la) €\¢)
S%ﬁj‘ad) dy.min INitial parameter values (solid line in each graph) &e= 1. 85x107%, r=
1.3 %5354 L savand ¢ min= 1x10° mm

3.1.4.Results and Discussion

The approach presented in this work is firstly validated through the comparison between
Equation (3.112), applied on the scanned soil images of the Green Wave (GW) substrate, and
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the experimentalGSD data of the same material. In this case, the UM parameters are
estimated based on the scanned soil images following the previously described methodology.
The model (Equation 3-13) is further applied on two additional soils (Ariana silty clay loam
andYolo clay loam) taken from the literaturBifd et al., 200Q for which scanned images

are not available. The comparison with the frabeded PSF modePérrier et al., 199Bird

et al., 200Dis also presented.

Prediction model

Before appying Equation 8.1-12) on @ fields presented irFigure 3.1-1, the model
parameters need to be determin@d.previously explained, = 1024 @y min = L1( £) = 50

m) and é%&%, L 290 % | caywwhere both &mn and &l were determined

faxo S5B6

experimentally Finally, r and C; are determined by applying the TM analysis laoth
horizontaly- and verticallyoriented ¢ fields (only horizontal planes are presentedrigure
3.1-1) in order tocheck the statistical isotropy within the specimiote that , = 1024 for
vertically-oriented planes as well, and thegcupy the central part of the specimen with an
equal distance between two consecutive images

Figure 3.1-4 shows that the scaling quality of statistical moments of gaeisatisfactory for

all horizontal fieldswhereas the quality of scaling is even better in case of vertical fields (not
presented in th&igure). Note that , = 2'°= 1024is considered asufficiently high so that

the obtained values of UM parameters can be assumed as valid even forhigher

Figure 3.1-5 illustratesK(p) functions obtained for each analyzed vertical (red dashed lines)
and horizontal (different solid lines) image, while the values of the determined UM
parameters are presentedTiable 3.1-1. Obtained moment scaling functions for vertical and
horizontal plane&(p) are overlappingUM parameters cover similar range of valyeghich
indicates the statistical isotropy (homogeneihgt was previously mentioned. Low obtained
values ofC; (between 0.01 and 0.027) can be explained by the relatively narrow rariffe of
valuesvarying between 0 and several units (see-g@tebar inFigure 3.1-1). Values of this
parameter should be approximately the same order of magnitude for majority of soils, since
the ratio between the graidensity and the bulk density cannot change significantly
regardless of the soil type. On the contrary, higlalues (between 1.6 and 2) point out that
fluctuations of densities around the bulk density are rather significant, which indicates the
presence ofarious grain sizes of differemtensities. This isni agreement with the initially
made correlation between the highvalues and the weliraded materialsAs previously
mentioned the characteristic of wefiraded materials is the absence of large pavegh
seems to be the case hemece the majorityf pores are smaller thdf , = 1024) = P

and cannot be observed on fitesentedmages.
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Figure 3.1-7. Comparison between: A) Equation (3.2) applied on the Horizontal plane 4
(L =60 mm, 6535 ,L savw,=1024 C, = 2.23x10° . Equation (3.18) applied on
the same field é%é(jéL sav w, = 1024), and truncated experimental GSD datga {&0
P; B) Equation (3.112) applied on eight—i\(J ax3:fields presented ifigure 3.1-1 (L = 60
mm, €35 4L savw,=1024 ZKLOH jal® @r&sefted iTable3.1-1), andtruncated
experimental GSD data {c P C) Equation (3.112) (same as in B) just faty min=1
P) andthefull-range experimental GSD datag(@ P

Table3.1-1. Determined UM parameters feight D Q D O '] FieGis!

Horizontal plane
1 2 3 4 5 6 7 8
C, | 9.34E03 | 9.93E03 | 1.64E02 | 2.23E02 | 1.66E02 | 2.72E02 | 1.45E02 | 1.93E02
r 1.93 1.96 1.83 1.67 1.80 1.61 1.85 1.66
Vertical plane
1 2 3 4 5 6 7 8
C, | 2.6602 | 2.21E02 | 1.74E02 | 1.72E02 | 1.67E02 | 1.63E02 | 2.06E02 | 2.37E02
r 1.56 1.72 1.75 1.75 1.76 1.82 1.78 1.60

After determining values of the four model parameters, Equationl@.is firstly tested on
one of the ¢ fields presented ifFigure 3.1-1 (Horiz. plane 4) Figure 3.1-1a illustrates
comparison between Equation (32) (solid line), Equation (3-8) (connected dots) that

uses the counted number @2*3 R é%é@évalues at different, and tke truncated

experimental GSD data of the GW substrate (triangles). Note that truncated data consider only
grains equal to or larger thaiymin = 50 .m. Good agreement between different curves
presented verifies the approach proposed.

In Figure 3.1-1b is presented comparison between the truncated experimental data (triangles)
and Equation (3-12) applied on every™ field presented irFigure 3.1-1 (different solid

lines). Moreover, inFigure 3.1-1c the full range experimental data (squares) are compared
with Equation (3.112) by using the same parameter values dsignre 3.1-1b, with only
difference thatdymin is adopted to the minimal measured grain diameter.i(f). The
agreement between Equation 32) and both truncated and fulinge experimental data is
considered as satistacy. Also, the results presented confirm that the chandg.afimpacts

mostly the tail of the analytical function. The obtained family of curves creates reasonably
narrow confidential zone around experimental points, verifying that wayptbposed
analytical model.
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Application of the model without using Xray CT

Alternatively, this model can be also applied when the scanned soil images are not available.
In such case, the model proposed can be used only to interpret the measured GSD curve, and
not to predict it. Values oégﬁé--"éand dg,min are determing as described, while andC, are
manually adjusted for a given range of scale$ g mi) so that the best possible agreement
between Equation3(1-13) and measured points is obtained. Besides the GW substrate, this
procedure has been tested on Ariaifty clay loam (ASCL) and Yolo clay loam (YCL) taken

from Bird et al. (200).

Figure 3.1-8. Comparison between the experimental GSD data (GW subsisgigares;
ASCL =circles; YCL- diamonds) and Equation (3113) (solid lines) and Equation (314)
(dashed lines). The adjusted values offlCQ G . (T X DM)laRd@psr(Equation 3.1

14) are presented iTable3.1-2

In case of the GW substrate (squareBigure 3.1-8), L = 60 mm, é;%éjaL sawand dg,min =

1 .m are kept identical as in the previous section, wBile= 2.25x10* and r = 1.6 are
manually adjusted. The optimal values of UM parameters are rather close to those determined
through the application of TM technique on Horizontal plane 4 {&dae 3.1-1). This
confirms the physical basis of the proposed approach, having on mind that the analytical
curve related to plane 4 provides the best (among the eight planes investigated) agreement
with measured data.

In case of the ASCL (circles iRrigure 3.1-8) and YCL (diamonds ifrigure 3.1-8) there are

much more uncertainties due to the not so detailed information about these materials. Since
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645

only the average grain densitie@}(are provided 6J4x is calculated as—OL ceal saw
in case of ASCL, and as—2x5— | L s§ yin case of YCL, whereé,L —2= 18x%nd 3

.axosv ;574878
is the total porosity-]. Furthermore, values adymin are approximately estlmated from the
measurements presentedrigure 3.1-8 (seeTable 3.1-2), while L is estimated based on the
total volume of the material used for the experimental determination of the GSD. By
assuming that the standard empirical equation was used for estimatitmahmass of the
materialMotal = 300y max[9] (dgmaxiS expressed in [mm]), its volume can be estimated as

= Miotal /| @i @nd finallyL = (Mot / @)™, Based on the adopted valuedgfuax= 1 mm

for both ASCL and YCL, value of is conputed as 59.70 cm and 60.72 cm, respectively,
while the optimal values of andC; are presented ihable3.1-2.

Table3.1-2. Basic physical parameters related to the GW substrate, ASCL and YCL, together
with the manually adjusted values of UM parame(é&idlS WORK) and fractal coefficient
(PSF MODEL)

dg,min dg,max L (@Ik qT:min r C
[mm] | [mm] | [mm] | [g/icm’] | [g/cm’] ;
GW substrate | 1E-3 18 60.00 1.42 2.20* | 1.60| 2.25E2 | 2.57

ASCL 1E4 1 59.70 141 2.61 [0.98|2.76E2| 2.76

YCL 1E-5 1 60.72 1.34 2.37 [1.02| 2.26E2| 2.83
*Value 2.20 g/cmis the minimal grain density of GW substrate measured by means of the standard pycnometer
procedure, while the average one is 2.35 §/émcase of the ASCL and YCL, there is no information about the
lsmin DUtoONly lswhich is used instead

Soil type Dt psrk

The PSF approach, a thrpbase fractabased GSD model firstly introduced Bgrrier et al.
(1999, is also used for interpreting the three experimental GSD curves. According to this
model, the GSD can be described using the following expre@Biahet al., 200D

T? YR A -

(3.1-14)

where Ds psr is the fractal coefficient-] whose optimal value can be determined from the
slope of the best fitting linear regression in logarithmic scale that goes through the
experimental GSD data and reaches 100 % af« In Table3.1-2 are presented the optimal
values ofD; psefor all three investigated materials, while the valuedygficare those used for
estimatingViora in case of ASCL and YCLdg max= 18 mm is adopted for the GW substrate).

Compared to Equation (314) which considers the fixed fractal dimensypss Equation
(3.1-13) takes into account the fractal dimension that changesdyifthe cedimension
function). Therefore, for the multifractBbsed approach it is quite important to know the
guantity of the material investigated, defined througim order to estimate properly the total
range of scaled (/ dymin). Even though the $F model (Equation 3-14) is more convenient

for practical application, since it requires only two parameters that can be determined quite
easily, the model proposed in this work (Equation-1B) shows better agreement with
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experimental data for all theematerials investigated (séegure 3.1-8). If having more
detailed information about ASCL and YCL, Equation {B3) could fit even better.

3.1.1.Conclusion

This work shows that the proposed multifradiabed analytical model can be used for
predicting the GSD of a certain material based on its scanned -stiaobure which
represents a density indicator field. By reducing the resolution of the scanned deasjéy
indicator values above the fixed threshold are treated at each resolution as a cumulative
representation of solid particles of diameter equal to or larger than the corresponding pixel
size. The quantity of values above the threshold at diffeesaiutions can be described by
means of Universal Multifractals (UM), leading to the new multifrabeded GSD model.

The model uses four parameters, where two of them are related to physical properties of the
material (the minimal grain diameter and th@o between the minimal grain density and dry
bulk density), while the remaining ones (UM parameters) characterize the spatial
heterogeneity of the soil density field.

An innovative approach proposed in this work was firstly tested on an unconventional
volcanic granular material used for covering green roofs. Based on the Trace Moment
analysis of its twalimensional scanned soil images (density indicator field), UM parameter
(C1 and .) values were determined and a family of analytical GSD curves was obtained,
showing a good agreement with dry sieving / sedimentation test data. In order to save
computational time and memory, the analysis was performed on eighdirtvemsional
horizontal slices extracted from the full thremensional image, which is legit if the
statistical isotropy within the specimen is secured.

Alternatively, if the scanned soil image(s) is not available the proposed model can be used for
interpreting, instead of pdicting, the GSD data. This was tested on two materials taken from
literature (Ariana silty clay loam and Yolo clay loam), wh€4eand . values were manually
adjusted to secure the best possible agreement between the model and experimental data.
Even thaigh the model applied in this form is less reliable compared to the analysis of
scanned soil images, results confirm that values of UM parameters can be correlated with the
gradation of granular materials. Low@r and higher. describe materials with widange of

grain sizes (welbraded materials such as the Green Wave substrate), while loesed
higherC; are related to the steeper GSD curve in its central part and stronger curvature close
to thebreak onto the finer particldsvo other soils). Alsoyalues ofC; are proved to be the

same order of magnitude for different soils fL@ue to the fact that density of an individual
grain cannot be significantly larger than the dry bulk density, regardless of the soil type.

Finally, compared to the framtbased PSF model that requires only two parameters, the
proposed multifractabased model requires four. However, the proposed model uses different
fractal dimensions for different grain sizes, providing better match with experimental data
than the PSF odel.
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3.2. A new (multi)fractal approach to account for capillary
and adsorption phenomenon in the water retention and
transfer properties of unsaturated soils

(Underrevisionin Water Resources Reseaych

3.2.1.Introduction

The most widely used water retention curves (WRC) (Brgoks & Corey (1964 van
Genuchten (1980 Fredlund & Xing (1994 or Kosugi (1996) are semempirical relations

fitted from experimental data. As recalled in Rahardjo and Leur8p7), hydraulic
conductivity functions have been derived from WRCs through statistical méttefisnann
Riemetal. 1999 DPRQJ ZKLFK %XUGLQH TV DQG OXDOHP
used. These models consider unsaturated soils as a bunch of parallel capillary tubes of various
diameters, with water saturation governed by MpUDSODFHYV FDSLOODU\
distinguishes, at a given suction, smaller saturated tubes from larger unsaturated ones. Water
flux through the saturated tubes is controlled by the Hageseuille law. This empirical
approach of WRCs has been completedrioye physicallybased models based on the fractal
theory GhanbariarAlavijeh et al.,2011) and accounting for capillary effects within the pores

of the partially saturated specimens (8gd et al., 2000 Russell & Buzzi, 2012etc). The
PoreSolid-Fractal (PSF) modelBfrd et al., 200D is closely related to the grain size
distribution (GSD) that is assumed to follow the same fractal law as the pore size distribution
(PSD) Perrier et al., 1999Russell & Buzzi (201pproposed a model based on two different
fractal dimensions for pores and grains, respectively, that also accounts for the hysteresis of
the WRCs. Hydraulic conductivity models have also been completed based on the fractal
theory. Xu (2009 developed a hydraulic conductivity function based on the PSF approach,
while Yang et al. (2014 extended a fractddased hydraulic conductivity model to the
hydraulic hysteresis of the WRC.

Capillary models assumeater to be immobilat water contents lower than the residual one,
which is not in agreement wibmestudies (i & Wardlaw, 1986 Lenormand, 1990Wang

et al., 2013 that showed that the movement of the thin liquidrfis of wateradsorbedalong
the clay particlescannot be neglectad clayeysoils Thedifferent mechanisms affecting the
soil-water interaction in clayey soils can be foundLin & Zhang (2019 andZhang & Lu
(2019 2020. Campbell & Shiozawa (1992proposed a water retention functiéor the
adsorbed water, thatecreases linearly towards zeroarsemtlog scale.Various hydraulic
conductivity functions for the film flowvere proposed byuller & Or (200) andTokunaga
(2009, and vaious models accounting for both capillary and adsorbed phenomena along the
whole range of suction between saturated and dry dtaiesbeen developeReters (2013
used the water retention models of botlan Genuchten (1930and Kosugi (1996, in
FRPELQDWLRQ ZLWK OtHdapilBrgdomih&t€sl iuetidiRadnepmpleted by
using Campbell & Shiozawal@92 and Tokunaga (20001 Yunctionsin the high suction
zone, wherdilm-dominatedlow occurs To cope withmathematical discontinuity at the -air
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entry suction met inCampbell & Shiozawa (1992V |1 X Q FH#L& Qurner (2013
proposed, in the scalled PID (PetetdenDurner) model, a continuoysldifferentiable
function This approach was upgraded Rydiyanto et al. (209)5to account for hysteresis,
while a mathematically continuous model basedFoedlund & Xing (19949V I XQBIWLRQ
been recentlproposed byVang et al. (2016

All these models have shown rather good agreement with published data for a variety of soils
along the fullrange of suction. However, optimization toote aecessary to properly model
experimental data, mostly because of the poor physical basis of the water retention functions
in the capillary rangeThe existing fractabased capillary models can be used as an
alternative, but they suppose a fractal GSthich is not in agreement with the work
presented in Chapter 3.1 showing its multifractal nature.

In this work, we are going badkom a multifractalto a simplified fractabased approach in

order to obtaira capillarymodel for soilhydraulic properties (WRC and HC®hich is more
convenient for practical applicatio@ompared to the existing fractepillary models whose

fractal dimensions related tahe pore size distributiorihe model proposed here uses fractal
dimension relaté to grains, preservindgpat way the linkbetween theoil hydraulic properties

and the multifractatbased GSDfunction presented in Chapter 3.Einally, the capillary

model developed helis combined with the PID model to account for retention and egansf
properties of both sandy and clayey soils along the whole suction range. The performance of
this model is tested by considering published data afiff€rent soils.

3.2.2.Methodology

Pore Size Distribution £tReduction from a multifractal to a fractal-based approach

In Chapter3.1is explained in details how are the raw gheyel datg obtained by means of
X-ray CT scanner, transformed into the density indicatd? *R r values(see Equation 3:6

in Chapter 3.), where éY2*_ r corresponds to pores full of ailt was shown thathe
representation of™ e '%égévalues changes with the image resolutiofollowing the
multifractal law which wasused to develop the multifractahsedGSD function However,

in this worka simplerfractal law is used for describirige link between the representation of
i"d > 0 valuesand , which is further used to analytically interpret distribution of pores
(™ = Qvaluey. Such areduction from a multifractab a fractalbased approads applied
due tomore convenient practical application, having on mindntfaén idea of this work, to
develop a simple and robust hydraulic properties model.

The fractatbasedapproach igexplainedon the example divo-dimensional greyscale image
(Horiz. plane 4 fronFigure 3.21) that has been previously modified in order to increase the
number of I"Y = 0 values, which was originally negligibl&o do so, the value of parameter
Gl in Equation3.1-6 (Chapter 3.1 has been increased compared todtgnal value used in
Chapter 3.1. Please note tlsath a modificationvas done only for illustration purposesyd
hasno impacton theresults presented later in the text
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As explained in Chapter 3.1tasting fromthe initial resolution ¢ one applieshe standard
up-scaling proceduren a '™ field by reducing Gstepwise. By averaging groups of four
neighbor pixels distributed in squar€decreases by a facte# = 2, while the pixel size
increases by the same factdhe procedure is repeated untii, the lowest Gcontaining
black pixelsis reached.

Figure 3.2-1. Procedure for determination of the fractal dimension of white pixé¥<
const. >0). 5 HVROXWLRQ RI WKH ELQDU\ LPDJH GHFUHDVHV VYV
Axis of each image indicates the number of pixels in two orthogonal directions that
FRUUHVSRQG WR

If at each Qall ™ > 0 values are set to a constant positive value (white) while keeping all
ind = 0 (black areas), the grégvel image (Horiz. plane 4 fromFigure 3.11) is
transformed into the binary blaekhite image ofFigure 3.2-1. This Figure shows that as
decreases from@= 1024 to @i = 32, the poregblack areasymaller than the actual pixel
sizel; vanish, while those equal to or larger remain. Thus, solely the largest pores are
recognized at the minimal resolutio@i, ( @n = 32 in Figure 3.2-1), providing the link
between the actual pore diametyrandL; (dy = Ly ), that is further used in the
development of the fractilased PSD model.
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Figure 3.2-2. Empty and filled dots illustrate the representations of white and black pixels
WKDW DUH FRXQWHdgbreB\21;Gblid Bhd Haohad lingslillustrate the change of
white and black pixels, respectively, according to the frautasled approach presented

By counting separately the whit&li( )) and black Npaci{ )) pixels at each value ofp
their representations are calculated with respect to the total number of pixels at that resolution

( ?) as indicated ifFigure 3.2-1 ( 2 gy o , 25R0 8 ‘and 2 gy o E
25088 L 9. In Figure 3.2-2, the counted values @i ) (empty dots) andPpiac )
(filled dots) are plotted againstin log-log scale, showing fractal behavior of white pixels
that follow a linear regression fore i, =32. Therefore, a power (fractal) law can be used
over this range to expreBgnie( ):

LCaOO.rslai LC|><||0

?Q
o L @A o (3.2-1)

z0OU
wherecmin = (E - Dy) is the exponent, corresponding to the slope of the solid line. NotBthat
is the fractal dimensiofz] of white pixels, whileE is the Euclidian dimensiork(= 2 for two
dimensional image as irigure 3.2-1, andE = 3 for a threedimensional space). Black pixels
(Polac ) = Ppored )) are complementary to white ond3,fi( )), resulting in the following
expression:

5@ A

%asgd LSF@—A 2o (3.22)

20U
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Axg . 0@ a : :
is equal to——, wheredy maxis the maximal
U

Given thatL; = d,, the ratio— L T
ZouU X0®ia

pore diameter [L] related t@, ;; 4 Thus, Equation3.2-2) describes the representation of pores
with diameter equal to or larger then

Similarly as in Chapter 3.1lthe representation functio(Equation 3.2-2) needs to be
renormalizedvith respect to the initial representation of pores meR@yores n)) in order to
obtaina cumulative distribution functiodescribing theprobability of exceedingl, = L1

UYDbHJ,

it can be assumed thBjored n) is equal to the experimentally determined porosityience,
the pore size distribution expressing the cumulative distribution of pores smalled, ttem
finally be written as follows:

5o VD14 Upia p7T oov
2k@0 @oL sF—————— (3.2-3)

Since & L . @gaaWhere @z g 4S the minimal pore diameter [L], representation of pores
oy s POV

at ,can be expressdny means oEquation 8.2-2) as 232548 L SF I—p L 7.
0@ 06U

Therefore porosity can be calculated dsL s F k@z ¢ P @4 1) @?%O.UNote thatcnmin is the

fixed minimal value of the edimension function used for describing the GSihich is

related to the minimal grain diametdymin (Cmin iS €qual tothe value of the exponent below

the division sign in Equation 313 - Chapter 3.1 This providesthe link between the PSD

and the GSD. Since the PSD is based on the representation of pore vauw®sdy,in = 3 -

D:. Note thatD; = 3 (or cyin = 0) describes the case when grain pixels are ubiquitous at

leading to zero porosityi L r).

In the case of weljfraded materialsmalker grains fill the voids between larger oneseating

pores of different sizesChis causeshe black areasn the blackwhite soil imageto resist
longer to the ugscaling procedure, securing less steep linear regression of white pixels (see
Figure 3.2-2), and hence loweg,, (higherDs). On the contrary, grains of uniform size create
narrow spectrum of pore sizes that vanish rather ramdbe the upscaling procedures

stared This results in asteeper slope dhe linear regression, and hence higlegn, (lower

Dy). Finally, it can be concluded thati@wer Dy is related tgoorly graded materialge clean
sandswith a narrow range of grain sizes, whikegher D (closer toE) is related to well
gradedmaterials

Water retention

When accounting for the water content chaalgeg the drying path of the water retention
curve from saturation to ovedryness, both capillary and adsorptive water need to be
considered. In 8 case the total water content®(hy) can bewritten, as poposed byiden &
Durner (201

D (3.2-4)

&

A%350,; L 13eF 25900 E &
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where S%(h,) and S*Yhy) are the relative saturations [01] of capillary and adsorptive
water, respectively,s and , are the saturated and residual water contehtsespectively,
andh is the suction expressed terms ofwater height (pressure head) [L]. EquatiBri24)
indicates that capillary water is dominant at lower( s < < ), while for significantly
higherhy values ( < ), mainlythe adsorptive water remains.

To date, semempirical water retention functior®rooks & Corey (196Y4 van Genuchten

(1980, Fredlund & Xing (199% Kosugi (1996, etc.) are mosbften used to account for

water retention effects in the capillary range, with no consideration of the residual adsorbed
water at high suctiorin this study, a new physicallyased function based on Equati@n

3) and the Young_.aplace lawis proposedn the capillary rangeFollowing YoungLaplacef V

law, once suction hy is imposedto an initially saturated porous medium, all pores with
diameters smaller thad, = C/ hycm C § expresses YoundD SODFHfVis@DZ DQG
function of watefsolid interaction properties) are emptied. Thu§S*(h,) can be simply

obtained from Equatior8(2-3):

sa D O Dbs

004 . %07 v A o M7/ N

5@ 'DD’ LT |_ 5?|O_(.‘;)lp . (32'5)
sSF—— 4 Do QD QD

wherehy yis the air entry value suction [L], a maxinmlcorresponding to full saturation

The suctiorhg, corresponding to the extraction of all capillary water and#o | is obtained

by writing SSOEDDéoL r,giving Dhg L Dbp>s F 18.F éé;’.W.

Thus, both&? and S2% condition the value of*® for hy, ” K< hy,, while onlyS2*remains
for hy * h, (see Equatior8.2-4). Note that Equation3(2-5) does not account for the total
porosity 7, but for its part (Z- 7) full of capillary water. This implies that Equatio®.Z-5) is
not differentiable fothy, = hy; and hg = hy, unlike standard water retention functions. But it

provides abetter insight into the impact of the pore size distribution on the retention
properties, as pointed outtine ResultsSection later on.

Based on the fact that adsorptive water linearly decreases towards zero in semi log scale
(Campbell & Shiozawa, 1992 Peters (2018proposed an equation describigg®, that has

been later replaced with ssmoothed piecewisknear functionproposed byden & Durner,

(20149, as follows

R 1P (e b 25 5+ 05| O8
5 L— 0 L SE@ @ M 2 giP pE>ZHEA T % K (326)

Y

whereb is a smoothing parameter that impa@"aﬁl; nearhy = hy 5 (seelden & Durner,
2014 for more details), antl, is the suction [L] valueabout10’ cm) related to totally dry
conditions " (hg) = 0. In this workho = 6.3x10° cm has been adoptes suggested Wyeters
(2013. The higher the value &f the smoother th&3 * 0 ; function, with a limitation thab
should take a value between 0.1 and @s3proposed biden & Durner (2013 based ora
sensitivity analysis. They also proposed empirical expressions for deterrhiamdunction
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of the parameters ofan Genuchten, (198@®r Kosugi (1996 1 ¥quations Since Equation
(3.25) is not differentiable forhy = hys Equation 8.2-4) cannot be mathematically
continuous regardless bfvalue. However, Equatior8(2-6), with a maximum valuef b =
0.3 has been finally adopted to smootff as much as possible in the zone arobind hy 5
allowing better interpretation of measured data. Note that Equa&i2#d)(can be reduced to
solely capillary mode{ ' = °®) if water is considered to be imnitebfor (%=
for everyhy).

r

Hydraulic conductivity

According toPeters (20183 the hydraulic conductiviti'*" along the whole suction rangan

be presented as the sum of two componkffsandK™™, if isothermal vapor conductivitig
negleced

_gagl__c‘)éqE_UUBE_an©§éO©7E_anUa_aéUUrza (3.27)
where K and KS"™ are the saturated hydraulic conductivities [L/T] for capillary and
adsorptive (film) waterrespectively, whileK,** and K,"™ are the corresponding relative
hydraulic conductivity functions-], respectively. Note that K"™ is several orders of
magnitude lower thaK®®, andthus has a negligible influenaam K for > . If the film
flow is ignored K™ = 0), Equation .2-7) is reduced to a capillary hydraulic conductivity
function.

As previously explained, the bulk hydraulic conductivity can be calculated by integrating the
contributions of water fluxes through the saturated kapiltubes of different sizes that
correspond to the actual water contensaturation degree. Based on the assumption that the
water movement through straight capillary tubes follows H&meeuillef Yaw, and that
exponentl can account forthe tortuosity effect, a general analytical form of the relative
hydraulic conductivity of capillary watdras beemiven byHoffmannRiem et al. (1999

10 IO
A A A  ~.n PP ",,70x‘|||U
2008008 kSO P8 G (3.28)

I Us" “xlg
where parameters k and vary for different modelsThe commonly usd Mualem (1979
model can be obtained far= 1 and = 2, whilel remains a fitting parameter, as proposed by

many authorsYates et al., 1991Schaap & Leij, 1999Neto et al., 2011Peters et al., 2011
among others)in this case, it is more conwent to integrate Equatior3.@-8) with respect to

h, which can be done by introducing the derivative of Equatidi-5) F@g 0§

YR T N7 8

T I% p @, Gand by changing the boundaries of the integratiih respect to

the boundaes in Equation3.2-5):
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Finally, - éo O?‘D;;can be rewritten as follows:
~S& D O Do
A T . uq70 6
00 L smale e g (3210
:LSF b? v M L Ooé,(p,(ﬂo MaDDEDQDDQDDﬁ
~ ’ 5?2 l—0p
@) Ocd

where the valuesf theexpression in the second bracketsncludedbetween 0 and, hull for
hx = hyr andequal to 1 foih, = hy .

Tokunaga (2009showedthatthe hydraulic conductivityof thefilm decreases almost linearly
with increasing suction in lelpg scale, with a slopa = -1.5. Based on thaBetes (2013
proposed a simple function describing the film flow:

. 25®:521 P

- UUBEDx®) I%p (3.211)

BesidesPeters (2018 Zhang (201} also proposed an analytical function that depends on
many physical constants and hence brings additional uncertainties into the calculation. This is
why this unction was not adopted in this work. Note that paraneetan deviate from1.5
(Equation3.2-11) since this value was derived from the case of smooth spherical grains.
Someauthors, such aRudiyanto et al. (20)5included parametea into the optinization
process. In this worla = -1.5was adoptedas inPeters (2018andWang et al. (2016

3.2.3.Results

The proposed model was validated with literature data for 10 different soils, presented in
Table 3.2-1, that also provides for each soil the values of the 5 physibadgd model
parameters { hca Di, K&™ andl), together with the squared correlaticoefficient (R)

used to rate the agreement between model and measureAraotsy them, the Green wave
coarse granular materiglé W DeD hlij 2018) has a particular status. Indeed, it does not
present any significant adsorption effect, but it is the only material for which the cosgtiete

of parameters needed is available, including the grain size distribution curve that has not been
provided for the other soils.
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Table3.221 0 H DV XJJKg®H and determined / adjusted valugsghlighted in grey) of the

model parameters

. Kscap hk‘a Ksﬁlm R2 R2
Soil Reference| <[] [cm/day] Dr [] [cm] [ [cm/day] 'T1 | wre | Her
Shonai | Mehtaet | o 301 94176 | 2.680 | 120.00 | 0.064| 1.50802 | 1.10 | 0.98 | 0.80
sand al. 1994
Rehovot | Mualem | /o5 | 110000 | 2.725 | 120.00 | 0.021| 450803 | 0.30 | 0.99 | 0.99
sand 19768
Gilat Mualem | o 1401 1728 | 2.790 | 330.00 | 0.168| 4.50802 | 1.00 | 099 | 0.97
loam 19768

Pachappa | Jacksonet| o jo| 1758 | 2.860 | 500.00 | 0.138| 8.00802 | 1.20 | 0.99 | 0.98
loam al., 1965

Pachappa Mualem

fine sandy | gosy | 0330 1210 | 2873 | 500.00 | 0.111| 200802 | 0.20 | 099 | 0.98
clay

Adelanto | Jacksonet| ;50| 389 | 2905 | 1500.00| 0.261| 250802 | 0.30 | 0.99 | 1.00
loam al., 1965

Sand Pachepsky

y etal, |0425| 778 | 2.930 | 180.00 | 0.091| 8.00802 | -050 | 0.99 | 0.96

loam
1984
GW Stanic et
. . . . . . 1. . 1.00
substrate | al 201@ | 0-395| 70.07 | 2950 | ©.00 |0.045| 1.00801 | -1.35| 0.9
Okc;eon Ogoitsé’"" 0.435| 2056 | 2.960 | 450.00 | 0.200| 1.00E01 | -1.35| 0.99 | 0.99
Oh et al.,
Seochang| o,z ' | 0.379| 7.89 | 2965 | 180.00 | 0.050| 1.20E01 | -1.30 | 096 | 0.99
! taken fromRudiyanto et al(2015
Z taken fromOh et al. (201} where Zis calculated based on the void ragip] as 3,L 1 L S—SQ

Figure 3.2-3 shows,for the Green Wave substrate the water retentiop graph) ancdthe
hydraulic conductivityfunction (bottom graph).
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Figure 3.2-3. Comparison between the proposed model and the water retention (top graph)
and hydraulic conductivity (bottom graph) experimental data taken B8Am D Cal (ROH Y

The othersoils, for which only the hydraulic properties data were availabke divided ito
two groups.Figure 3.2-4 compares, for 6 soildhe modeled water retention arg/draulic
conductivity function with experimental datihe same is presented kigure 3.2-5 for 3
soils wherghemeasured hydraulic conductivityasrelated tachanges invater content.

In Figure 3.2-3 to 3.2-5, computed " values(solid line- Equation3.2-4) arecompared with

measured water retention ddfdled dots) On the same Figures, calculated values 6
(dashed linexEquation3.2-5) and 2% (dashdot line +Equation3.2-6) are also presented.
Similarly, computedK™ values(solid line - Equation3.2-7) are compared with measured
hydraulic conductivity datdfilled dots) together with the individual otributions of K
(dashed lineand K"™ (dashdot line) calculated by using Equation8.2-10) and @.2-11),
respectively.
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Figure 3.2-4. Comparison between the proposed model and 6 data sets from the literature.
Top graphgpresentwater retention data, bottom graphydraulic conductivity functionsll
with respect to suction changes
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Figure 3.2-5. Comparison between the proposed model and 3 additional data sets from the
literature. Leftside graphs deal with water retention data, whereas +gyte¢ graphs deal
with hydraulic conductivity functions with resg to chages in water content

3.2.4.Discussion

Figure 3.2-3 to 3.25 show that unsurprisingly,K"™ has a negligible effect oK' in the

film

lower range of suctionsi{ < hy,), sinceKs"™ is several orders of magnitude lower thaff®.
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For he *hg;, °® beconesconstant and equal tg, resulting in having  only controlledby
ads \with no effect oK on K™ (K™ = KM'™).

The data of the Green Wave substrétgre 3.2-3) show the relation between the material
GSD and its hydraulic properties in unsaturated sBdsed on the best fitting parameters of
the GSD model presentéu Chapter 3.XL = 60 mm,dgmin 81 .M, 65%354L savwCy = 2.25x
HBGE U
L. HE °@3E P

2 - 2l ?——
10%and r = 1.6), %ual ?lg—pL F%L— 5

E —ZM can becomputed (valuef the
exponentbelow the division sign in Equation 3:13 in Chapter 3.1)hence providing the
value ofDs = 3 - Cnin = 2.99. The Dy value is further used in Equatior32-5) and 3.2-10)

for comparison with the water retention and transfer propertiefignre 3.2-3. The
possibility to determindds from GSD data confirms the relevance of our physically based
model Note that the Green Wave experimental data are related solely to small s(igtions

5 m), which it is notenoughto estimatehe rest of parameter valuddence, in this case four
parametersh ., h; (or }), K&™ andl) are manually adjusted to provide the best agreement
between the model and the experimental points.

For the other soils, the GSD curves were not available, and Bgneas manually adjusted
based on water retention daBy means othese detailed experimental data that cover full
range of matric suctions, it was possible to determine most of the remaining parameter values
without using any optimization tool3.he value ofh 5 can be easily estimated from water
retention data, sindde water content fdm < hy , remains almost constant, while far> hy 5

it starts to decrease more significantly depending on the valile ¢gee Equatior8.2-5).

Also, the value of 7can be computed from Equatiod.Z-5) by estimating the residuéy,

after which water content starts to decrease less signific&{tt(lt« ) = 0):

Doé( YRN? T
3 L &F SEIp (3.212)

Finally, K™ and| were adjusted based on the agreement between Equatsn) @nd the
experimental hydraulic conductivity data. Paramétaffects the regression & together

with D;, in such a way that smallér(including negative values), ensure less significant
decrease ok with suction increase, and vice versdso, the value oK<'™ only movesthe

K™ curve upwards or downwards, without affecting its regres@iimuation3.2-11). The
values ofl and stnm cannot be predefined or determined based on the water retention curve,
which means that the hydraulic camtivity function cannot be reliably predicted without
measurementsas already observetbr any analytical hydraulic conductivity function.
Unsurprisingly, lhe water retention curgeappear to be steepm the case of sandg={gure

3.24A andFigure 3.2-5A), which corresponds to lowé&) values and indicates that the sands
tested a poorly graded, with a narrow range of pore sizes. This results in having the most
significant change in water content and hydraulic conductivity over the smallest ratio of
suctions Kk / hea). A lower ratio bk / hes) in combination to a lowebs value results in a
lower 7 (see Equation 13). This is characteristic of sands with a small percentage of fine
particles and no adsorption properties, as confirmed by the resuiguwke 3.2-4A and
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Figure 3.25A, where ™ is almostequal to @ for hy < h,. In this caseit is possible to

totally separate capillary and adsorptive mechanisms, without affecting the parameter values.
Thus, = “for he< he,and ©' = 2for h, t hy,. Moreover, the difference betwekg®
andK{"™ is the most significant for these two soils (around 5 orders of magnitude).

Compared to sands, higher valuePehire used to descrilike hydraulic progerties of loars

and clay soils Figure 3.2-4B, C, D and Figure 3.2-5B, C). Larger , valuesevidencethe
influence of adsorptive water. the cass of Sandy loamKigure 3.2-4D) and Adelanto loam
(Figure 3.25C), °* clearly deiates from ', even at lower suctions, which is directly
related to the higher values gfandD;. This means thatwater retention function accounting
solely for capillarity (= ) is not satisfactoryin this caseasmallerD; value is necessary

to obtain good agreement betweeli® and the water retentiondata Furthermore, the
difference betweeik® and K™ is about 2 orders of magnitudewer than inthe case of
sands, confirming the stronger impact of adsorpti@cthanismAs commented beforehe
highest values oD; are related to well graded granular materials with 5 to 15 % of fine
SDUWLFOHYV P Fig@é HABHQAWigUB .Z2UNE, F. Again, significant
deviation between®®and ™ at low suctions is related toattombination of highd;and
values, as it is the cas¢ Okcheon 2 and Seochang solsgure 3.2-4E andF, respectively.
Also, the Green Wave substrate, Okcheon 2 and Seochang soils show less significant decrease
in hydraulic conductivity with respect to suction increase, which is desdcbyp@egativel
values (see Equatia®2-10). The values of have been adjusted by respecting the cateri
that K® needs to bea decreasing and concave functid®eters et al., 20)1Note that no
measurements at high suctiomgere availablefor these three materialso parameters
calibrationwas done based on the available data range.

Most of the data presenté@rehave already been compared with differpablishedmodels
(Peters (2013 Iden & Durner (2014, Rudiyanto et al. 2015, Wang et al. (201§, with
satisfactory agreementdowever, usually more than 5 parameters, sitimeempirical ones,
haveto be consideredn the optimization processn our model two out of five parameters
(Ds and ) can bederivedfrom soil properties. Thus, the determinationtlod 3 remaining
parametes can be achieved manually in a rather simplay, due to their strong physical
basis.

3.2.5.Conclusion

The main objective of this wonlas to develop a simple and robust physicalhged model
of the water retention and transf@ropertiesof unsaturated soilsver the entire range of
matric suctionsincluding both capillary and adsorption effecibiswasdone by introducing
new capillary-basedwater retention and hydraulic conductivity functidsessedon a fractal
approach and by adoptig the PeterddenDurner (PID) modelto account for adsorption
effects Compared to available modeld)ese functions depend ansmalle number of
physicallybased parametersensuing simple computatios of their valuesby manual
adjustment.

In Chapter3.1 it hasbeenshown that the grain size distributiohmaterial with various grain
densitiescan be described by using a continual set of fractal dimensions related to different
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grain sizes.This multifractal approach has been reduced to the fraesald one by using a

fixed fractal dimension, related to the minimal grain diameter, for characterizing the pore size
distribution.The water retention and hydraulic conductivity functions for capillary wetee

derived based on this pore size distributitirough YoungLaplacef]MODZ DQG OXDOHPY
modelwhereas adsorption effects were based on thenii®el. Our modelconfirmsthat in

fine grained soilsboth capillary and adsorptive water affect the hydraulic propeatiester

content higher than residuathereassolely the effect of adsorptive water remaattssmaller

water content

The modelis based orb physicallybased parameterthe air-entry valuehy ; the residual

water content , the fractal dimension ofthe grains Dy, the saturated film hydraulic

conductivityKs"™, anda parametet accounting for the tortuosity and pore connectivitye

value of D; can be computed based on the grain size distribution, \Wwhil@and , can be
film

determinedfrom water retentin data Finally, as in other modelsolely Ks™ and| values
need to be adjustedased on hydraulic conductivity data.

The model has been tested on published datao$di8 different soilsThe example of the
GreenWave substrate confirms that good agreemeith experimental dataan be obtained
whenDx is determined based dhe grain size distribution. F¢ine 9 remaining soilsthe grain

size distributionwas not availableso Ds was adjusted based on water retentiata. Smaller
values ofD; appeaed to be related to materials with more uniform grain and pore size
distribution, such as sands, while higHes valueswere related to welgraded granular
materials with nomegligible percentage of clay particléigher values of | are also related

to materialswith significant amount ofine particles.n this casethe adsorptive water has
more significant impact, especially on the water reterpimperties In terms of the hydraulic
conductivity, particularly inthe low suction range, the contribution of adsorptive water is
always negligible comparing to capillary wateith lower valuesby two to five orders of
magnitude. Irthe case of the weljraded granular materials with 5 to 15 % fines, the change
in hydraulic conductivity with respect to suction is less significaesulting innegativel
values. It is thought that ie strong physical basis of the model propokete makes it
convenient for water flow simulation throughe-grained soilsalongthe full range of matric
suctions
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4. In situ investigation carried out on
Green Wave

For analyzing performances of Green Wave at roof scale, it was necessary to install detailed
monitoring system that covers three water balance components: rainfall intensity, change of
water content, and drained discharge. These data are multifunctiocel tley can be used

for detailed investigation of green roofs from multiple aspects, going beyond the standard
investigation of rainfatrunoff measurements.

In Chapterd.1the emphasis is put on different techniques used for measuring three mentioned
water balance components. For measuring rainfall rate, an optical disdrometer is used, while

the wireless network of 32 TDR sensors is spread over a part of Green Wave for monitoring

the change of water content at different locations along the roof inchn&irained discharge

is monitored by means afitrasonicdisplacement sensors that are installesidethe sewer

pipe and in the storage unit that collects water drained from one part of GreenBésed.

on the water level change inside the pipe tSR VVLEOH WR FDOFXODWH IORZ
equation, thanks to the reasonably uniform flow secured, while a more reliable method is the

one based on the change of water level in the storagd-onkerifying thedata collecteda 3

months long continuougme series of monitored data are presented.

In order toassess the behaviour of Green Wave beyond the standard investigation of the
cumulative quantities of rainfall and drained discharge (raindaoff coefficient), the
temporal variabilities of thgéhree measured water balance components are analysed
Chapter4.2 by means of UM framework. Thiapproach has been applied tre data
monitored duringhree characteristiinfall events and results confirmed the ability tife
substratdayer toprovide mitigated fluctuations in the drainage network compared to those
coming fromthe rainfall. Furthermore,this kind of analysis appesd as convenient for
verifying the impact of roof inclinatioon the water movement in lateral directi@mowing

that theinfiltration is dominantly vertical and that slope does not affect the outflow drained.
However, it seems that the roof inclination impacts redistribution of the retained water in the
downstream direction during dry periods, which is the reason aftey the rainfall higher
water contentsan be observed at slope bottom
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4.1. Measurement of the water balance components of a large
green roof in Greater Paris Area

(Published inEarth System Science Daf20l: 10.5194/essd 2-10252020

4.1.1.Introduction

For a green roof, the water balance during a rainfall event candbee@ to 3 components
(seeEquatiord.1-1), as evapotranspiration can be neglected:

(4.1-1)

WherelN is the precipitationOUT WKH GLVFKDUJH IORZLQJ RWWeRI WKH
variation of water stored in the substratenducting both retention and detention properties.
All quantities are expressed inm

Many experimental seip have been implemented to monitor, assess and understand the
hydrological behavior of green roofs (®erndtssor(2010 for a review). Most of them were
conducted on small green roof modules or p(@stter et al., 20Q7Berretta et al., 2014
Locatelli et al., 2014Li & Babcock, 2015 3Rs HW D&ovin et al., 2015Wong & Jim,

2015 Zhang et al., 20150 Nascimento et al., 20L8haracterized by an area ranging 0.5 to

3 nt. These modiar structures make possible the modification of green roof configuration
and study of the effects of substrate (depth and nature), vegetation type, slope, or climate
conditions on their performances. Some of them were also monitored in controlled osnditio
(Ouldboukhitine et al., 20113 Rs HW D assess the respective impacts of temperature,
irrigation, and light on green roof behavior for instance.

In addition, few studies were conducted at -8dhle green roofs. Indeed, such large
infrastructures are harder to monitor, as this operation was not generally planned during their
construction. For instancence built, electric connection is rarely compatible with the
conservation of the roof sealing. To the knowledge of the authors, only the following works
can be mentioned.

Palla et al(2009 studied an instrumented portion (176)rof a green roof in Genoa (ltaly)
under Mediterranean climate. This pilot site was equipped to monitor the different
components of the water balance with: a meteorological station for rainfall, several Time
Domain Reflectometry probes installed horizontally along a vertical profile fentren in

the substrate, and a triangular weir and a tipping bucket devices to follow the outflowing
discharge.

Hakimdavar et al(2016 used the data collected on three-Bdhle extesive green roofs in

New York City (USA) to validate a modeling approach based on the Soil Water Apportioning
Method (SWAM). Under a humid continental climate, these monitored drainage areas were
comprised between 310 and 946. Mhe three main componentsthe water balance were
measured: rainfall with a weather station, water content with soil moisture and water content
reflectometer sensors, and discharge with a custom designed weir placed in the drain of the
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green roof.

FassmasBeck et al.(2013) assessed several green roofs in Auckland (New Zeland) under
subtropical climate. Their areas were comprised between 17 and f71 As the
experimental setup was focused on rainfatioff relationship, only these components were
measured: rainfalith atipping bucket rain gauge and discharge (deduced from water level)
from a water pressure transducer and a custesigned orifice restricted device.

Cipolla et al.(2016 analyzed runoff from a 60 extent green roof in Bologna (ltaly)
characterized by a humid temperate -sohtinental climate. Continuous weather data and
runoff were especially monitored for modeling development. Runoff was estimated by using
an inpipe flow meters consisting of a runoff chamber with an outlet weir and an ultrasonic
sensor (to detect water levellhe site was also equipped with a weather station measuring
several meteorological variables (rainfall, wind speed, wind direction, relative humidity,
atmospheric temperaturetc).

Although these works were focused on the hydrological behavior afi goeés, few of them

have actually monitored the 3 components of the water balance. Rainfall and discharge were
generally considered as sufficient to assess their performances. Some additional studies can
also be mentioned, but as they were focused orr atipécs (evapotranspiration processes
Feng et al., 2018or water qualityBuffam et al., 2015 only one component on the water
balance was asssed.

The fullscale monitoring experiments mentioned above also suffer from two limitations.
First, they are still dedicated to rather small green roof areas. As the hydrological performance
of a green roof is influenced by the size of the plot (wdétention depends on water routing

in the structure for instance), larger infrastructure should be studied. Second, very few
measurements are performed (usually only one!) to assess water content on the whole
vegetated surface. Indeed, green roof sulestrathich are usually largely composed of
mineral componentstare very heterogeneous, causing variability in their infiltration and
retention capacities. Therefore, laigmale monitoring seips able to capture this
heterogeneity are required to bettedarstand green roof hydrological behavior and to study
the spacdime variability of the involved processes.

Based on these considerations, this paper aims to present and make available the water
balance data collected dareen Waven order to study ithydrological behavior and its

ability to be used as stormwater management tool. The monitoringpsbhas been
particularly tailored to take into account the sptwcee variability of the water balance
components.

4.1.2.Materials and method

The Blue Green Wave

From a technical point of viewGreen Waves covered by two types of vegetation: green
grass that represents the large majority of its area and a mix of perennial planting, grasses and
bulbous (seé&igure 4.1-1). They are based on a substrate layer of ab@om depth, a filter
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layer made of synthetic fiber, and a drainage layer made of expanded polysiycenag
free drainage conditiomhe verticalprofile of the structure is presentedrigure 4.1-2. The
substrée is composed of volcanic sa@bmpleted by organic matter and is characterized by a
total porosityof 40 % and a density of 1.42 g/é(seeChapter2.1for a detailed descriptin

Figure 4.1-1. The Blue Green Wave monitoring site of ENPC: (a) pictures, (b) vertical
representation and flow path lengths, (c) aerial representation showing the monitored area,
and (d) profile of the section where the water content sensors were implemented indicating

the slopes
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Figure 4.1-2. Vettical profile of the Green Wave structure

From a hydrological point of viewzreen Waves connected to three storage units that collect
rainwater coming from the roof (with pipes) but also from several impervious parts around the
greened building. One of the storage units is preceded by a smaller unit dedicated to
irrigation. The water ishten routed to a large retention basin to collect excess volumes of
water during a rainfall event before being routed to the rainwater network. This retention
basin has been designed (and oversized) as it was considered that the green roof (representing
50% of the total contributive area) was totally impervious without any retention capacity.
Until now in France, there is no rule or guideline devoted to retention basin sizing and taking
into account the retention properties of green areas. That is why ltbe-tg of such
infrastructure is particularly important to develop new guidelines or legislations. For this
purpose, the 3 components of the water balance have been monitadBedesnWave The
implemented setip is described in the following.

Devices
Rainfall measurement

Local rainfall is analysed with the help of an optical disdrometer Campbell Sciéntific
PWS100. This device is made of two receivers, which are not aligned with a transmitter
generating four laser sheets. By analyzing the signals redeoradhe light refracted by each

drop passing through the 40 tsampling area, their size and velocity are estimated. A rain
rate can then be derived. Disdrometers are now considered as a reliable rainfall measurement
instrument(Frasson et al., 201 Gires et al., 2015Thurai et al., 2011 The device is installed

since September 2013 on the roof of the Ecole des Ponts ParisTech buskbigg(re

4.1-1). This disdrometer and its corresponding data have already been presented in details in a
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previous data papdGires et al., 2018that summarizes a measurement campaigntdiwdt
place in JanuarfFebruary 2016. Here, the rainfall data provided by this disdrometer and
characterized by a time step of 30 seconds is used.

Water content measurement

Estimation of soil moisture represents a difficult challenge, as it deals Witthly spatially

and temporally variable proce@sakshmi et al., 2003 essentially due to soil type and depth.
Hence, suitable systems are required to properly assess soil moisture. Nowadays a large
number of sensors based affetent methods are available for this purpgddackson et al.,

2008. Among them, indirect methods based on electromagnetic (EM) principles have gained
wide acceptance over the last decades. They have the advantage to delivesitastham
destuctive and reliable measurements with acceptable pre¢iStanheder et al., 20p9

Here Time Domain Reflectometry technique (TDR also known as capeejt has been
selected. It is an EM moisture measurement that determines an electrical property called
electrical conductivity or dielectric constamkt)( It is based on the interaction of an EM field

and the water by using capacitance/frequency domain techn@tapheder et al., 20R9he

TDR sensomeasures the propagation time of an EM pulse, generated by a pulse generator
and containing a broad range of different measurement frequencies. The electrical pulse is
applied to the waveguides (traditionally a pair of parallel metallic rods) insertée isotl.

The incident EM travels across the length of the waveguides and then is reflected back when
it reaches the end of the waveguides. The travel time required for the pulse to reach the end of
the waveguides and come back depends on the dielectatanbof the soil.

GuHig a
G L l—eH/&DOp (4.1-2)
wherek, is the bulk soil dielectric permittivity-[, Lep WKH HITHFWLYH StftkeH OHQJV
two-way travel time along the probe (s), ang the velocity of EM wave in free spaog =
T 8mis)
Based ork, it is possible to estimate a volumetric water cont@ of the soil. The usual

relationship betweethe two LV NQRZ Q Deyuadidd @ §pp\et al., 198)) adaptedo a
homogeneous conventional soil:

AL FWalHSrPSEt4t Hsr’®G F wavHs r’8G° EvaiHs " G’ (4.1-3)

However, this expression is found inappropriate for applying on an unconventional volcanic
material such as that placed on Green Wave. In order to calibrate TDR sensors specifically for
the Green Wave substrate, the correlation betwé@nd k, has been eerimentally
determined in laboratory conditions. By controlling different water quantities in various
cylindrical specimens of known dimensions, it is possible to calculate corresponding
Nvalues while values ofk, are measured using a TDR sensor. Thaulte obtained are
presented irFigure 4.1-3, where experimentally determineki,,( 7values (circles irFigure

4.1-3) are compared wh Topp equation (Equatiod.1-3). Experimental results show
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significant deviation from Equatiort(1-3), confirming that Topp equation is inappropriate

for this kind of material. Since the relationship betwkgand volumetric water content is of
interes, it is clear that the compaction level of the soil, and hence the soil bulk density
(porosity), strongly affects the correlation between the two. This has been confirmed by
repeating the calibration procedure for two additional levels of compactionnettdy
applying vibrations during 1 min (squares) and 2 min (triangles). Having on mind the results
presented irFigure 4.1-3, and the fact that bulk densities at different locations in situ are
unknown, it was concluded that transformation friemnto 7brings a lot of uncertainties,

and thus the origind, data are further considered as an indicator of water content.

Figure 4.1-3. Comparison between Topp Equatibfa¢ksolid line) and experimentally
determined correlationbetween kand 7for the Green Wave substratior different levels
of compactiorobtained inlaboratory conditions

An ubiquitous wireless TDR sensors network has been implemented on the ENPC Blue Green
Wave to measure both water content indicator and temperature. For this purpose 32 CWS665
wireless TDR sensors (produced by Campbell Sciefflifizere initially installed. The data

were collected by 4 CWB100 wireless bases, able to store each the data of 8 sensors. Then the
data was transferred to a déagger CR6 from Campbell ScientificThe initial selected time

step was 1 minute. It appeareaitlthis first configuration was responsible of many gaps in

the time series due to interferences between the different TDR sensors and the bases. To avoid
this problem, only 16 TDR sensors were used, all of them connected to the same CWB100
base. For thisame reason of possible interferences between the sensors, the time interval has
been enlarged to 4 minutes. Indeed, it is recommended to let 15 seconds by sensor to ensure
its connection to the base. The final network aimed to capture the-tapacearidility of

water content in a heterogeneous soil asafeen Wavesubstrate. It was particularly adapted

to assess the influence of the slope on infiltraticsh @rapotranspiration processes.
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Discharge measurement

Direct discharge measures are difficult to obtain in drainage pipes. For this reason, indirect
measures using water level measurements are usually carried out. Here, water level inside the
pipes was measured by a UM18 ultrasonic se(SHEK, 2018)producel by SICK> This

sensor has been especially developed to performcootact distance measurement or
detection of objectslhe sensor head emits an ultrasonic wave and receives the wave reflected
back from the target. Ultrasonic sensors measure the distartbe target by measuring the

time between the emission and reception. Implemented face to the water surface, it also
measures the variation of the water level. THd18 sensolis characterized by a nominal

range of 250 mm, and an accuracy of 1% onrtteasurement range.

OneUM18 sensor has been implemented inside a pipe located in the garage in the building
basement (seigure 4.1-1). With a diameteof 300 mm, this pipe collects the water coming

from a large part oreen Wavdapproximately 1143 f). A standardd 20 mA current loop

is used to monitor or control remotely these analogue sensors. The current is then transformed
in voltage by a resistee of 100:. The resulting transmitted signal also ranges-2000

mV. In order to translate the electric signal in water level values, the foljpreilationship

has been applied:

_ 694
*a LT FVXnH-, (4.1-4)
whereHo is the water level ifmm], U the measured voltage [mV], 460 represents the

offset, 250 the modified nominal rangglimm], 1600 the nominal range jmV].

The water level is then transformeddrdischarge bymeansof ManningStrickler equation
(Equation4.1-5). This formuh is usuallyused to estimate the average velocity (and discharge)
of water flowing in an open channel. It is commonly applied in sewer design containing
circular pipes.

3, L RH#p L aH#p H45 TH %> ® (4.1-5)

wherev is the average wateelocity [m.s'], the friction coefficient in'"*s?] adopted to 85
for cast ironpipe, Aw is the wet surface [fh R the hydraulic radius [m], anigd theinclination
of thepipe [m/m]. RandAy are directly linked to the water level:

°E
4 LE (41—6)
o L4010 (4.17)
ULt H=N??@&5 A (4.1-8)

where wis the central agle for partially water filled pipdrad. Note that Equation4(1-5) is
valid for uniform flow which is assumed to occur on the location where UM18 sensor is
installed. Having on mind the sufficiently high valuelp& 1 %, the location is chosen to be
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far enough from any upstream obstacle (elbow curve in this cagey/douto secure long
enough and aligned downstream section that prevents from propagation of any disturbance in
upstream direction. In order to check the reliability of assumptions made, discharge calculated
by means of Equatior(1-5) is compared withhiat calculated based on the measurements of
water level and water velocity, for one rainfall event occurred betw&eandl 1¢' of
November 2016 (sdeigure 4.1-4). In this case, the average water velocity has been measured
with Doppler Flow Meter (Greyline DFM 5.1) that was temporary installed on the exterior
bottom face of the pipeAgreement betweethe two types of discharge dataresasonably

good (seeFigure 4.1-4), having on mind that the comparisonredevantmostly for peak
valueswhenwater velocity measurements are reliable

Figure 4.1-4. Validation of the application of Mannirgtrickler equation for estimating
drained discharge based on theasurements @fater levelnside the drainage pipe

Figure 4.1-5. Location of the water level sensors in the stormwater network
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Two additional UM18 sensors have been implemented in the two consecutive storage units
collecting the rainwater drained by a large contributive area of 851%&nd including the
previous monitored areaFigure 4.1-5). The first storage unit is a rainwater tank
(characterized by floor area of 32.2 fj devded to irrigation. Filled most of the time, the
excess water is routed by a pipe toward the second unit (floor area of 928 similar
relationship taEquation4.1-4 between the voltage measurement and the water level has been
adjusted for both units:

gL :TFraiz 22 F @ (4.1:9)

HereU the measured voltage [V], the nominal range is 20 cm adH (equal to 1.06 cm)
corresponds to an additional offset daehe elevation of the sensor.

By studying both water level variations relationship between the water level measured in
the first unit ;) and the outflow routing to the second u@it (and related tdd,) has been
established (sed-igure 4.1-6). Finally, the total discharge reaching the first unit and
collecting thedownstream rainfall can be assessed by the following equation depending only
onHj:

xA

35 L 35 E H#ts L B:*5;E% H #s (4.1-10)

X

whereQ; is the discharge reaching the first unit @gthe second respectively = 33.2 nf
is floor area of the first unit.

Figure 4.1-6. Relationship adjusted between the water leyedtl the downstream discharge

Q2
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Finally, discharge data was recorded with a time step of 30 seconds for the sensor
implemented in the conduit, and 15 seconds for the one in the storage unit.

Available output, data processing and period of study

As alrealy presented in details iBires et al.(2018, precipitation data is collected in real
time and stored through daily fileslere, these files for 30 s time step rain rate have been
gathered wh the help of a Python scripp create a long time series covering the whole
period of study. Each line contains the time step expressed as YYMYDD HH:MM:SS

and the corresponding rainfall intensity (in mm/h) separated by a coma.

Water content and weit level data inside the pipe are collected and stored every night on the
HM&Co server in two different files. For this purpose, the Loggernet software produced by
Campbell Scientifi¢ has been usedt supports programming, communication, and data
retrieval between data loggers and a PConcerning the water level file, each line
corresponds to a time step for which the following information is recorded (in each line, these
values are separated by a coma):

- Exact definition of the time step expressed as*¥Y¥YMM-DD HH:MM:SS

- Item number

- Voltage indicator to ensure the quality of the measurement (it should be close to 12 V)
- Internal temperature of the datalogger box

- Unused data coming from a noperational sensor

- Water level measured inside the pifkirt Equation (4.1-4), expressed in mV)

- Unused data coming from a noperational sensor

- Unused data coming from a noperational sensor

Similar format has been chosen for volumetric water content data (note that names of the 16
VWC sensors are indicated in theader and also are reportedrogure 4.1-1):

- Exact definition of the time step expressed in YY-¥N/-DD HH:MM:SS

- Item number

- Voltage indicator tensure the quality of the measurement (it should be close to 12 V)
- Internal temperature of the datalogger box

- Volumetric water content (expressedkgsfor the 16 TDR sensors

- STT_B3: Summary Transfer Time for basis, which is related to the total timieecqu
for collecting information from all the sensors that are collected to that base.

Water level data inside the storage units have been collected by using theoopsn
Arduino Uno microcontroller board that works in the offline regime. Data are cawuisty

stored on the 64 MB memory card implemented on the board, and copied manually to the
HM&Co server once per week. Data contain the following information (in each line, these
values are separated by a space):
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- Item number

- Voltage values for the first storage uity; (in mV)

- Voltage values for the second storage uttik, (in mV)

- Exact definition of the time step expressed in YY-¥N/-DD HH:MM:SS

By using Equation4.1-9) U; values are transformed intd; as a part of pogtrocessing.

Note thatU, data have been used only for a short period of time after the implementation of
UM18 sensors, untiQ, = f (Hy) functionality has been obtained. After that they were no
longer necessary.

4.1.3.Data availability

Conversely to rainfall and discharge, which are measured continuously at the same locations,
water content sensors can be moved from a location to anoth@reem Wave Moreover

they were rarely conserved during the night for security reason. Neveritoriesg several
months at the beginning of 2018, they were maintained on the same sedBogenfWave

(that showed irFigure 4.1-1). This time perioctorresponds to 78 days, from Februar} 19

May 7" 2018. It has been selected to provide water balance components measurements to
potential users. This data set is available for download from the following web page (Versini
et al., 2019)https://doi.org/10.5281/zenodo.3467800

Presentation of the available data set
This data set presented in details in the next section contains the following files:
- Arainfall file: 2018 02190507 Data_rainfall.dat
- A water content file: 2018 021@07_VWC.dat
- A water level inside the pipe file: 2018 020507 _Data_discharge.dat
- A water level in the storage file: 2018 020907 _Data_Arduino.dat

- A python script to select the data, transform the raw data in physicaureezents
and carry out some initial analysis.

In details, the python script is structured as follow:

- Time period selection: this part could be changed to select a study time period by
choosing an initial and final date.

- Data selection and transformatiotihe data corresponding to this time period are
selected in the different files. Electric signals measured by the water level sensors are
converted in water level (by usirigguation4.1-4 and4.1-10), then in discharge by
using ManningStrickler equatior(Equation4.1-5) for the pipe and@&quation(4.1-11)
for the storage unit. In order to smooth the erraticsi§sal produced by storage unit
measurements, tle@mputed discharge data are averaged on a moving window, whose
number of time steps can be modified. As previously mentioned, dielectric constant
measurements monitored by the 16 TDRs are used in their original form as water
content indicators.
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- Represention of the computed data: Sevelfaigures are drawn to illustrate the
variation of the hydrological components in time. The first one represents the
corresponding hydrographs for both discharges computed inside the pipe and in the
storage unit. The secorahe synthetizes thdielectric constanmmeasured by the 16
TDR sensors. In eadfigure the precipitation is drawn on an inverayis.

- Computation of runoff coefficients: runoff coefficient is the ratio between the total
amount of precipitation (computdy multiplying the rain depth by the corresponding
contributive area) and the total volume of water flowing through the monitored pipe or
the storage unit. This value ranging 0 to 100% illussréite capacity of the green roof
to retain rainwater.

Presentation of the time series

During the available time period including half of winter and half of spring, it rained a total
amount of 123.1 mm (sd&gure 4.1-7). The rainfall file has no missing value, and at least 7
rainfall events can be defined. They correspond to a precipitation higher than 5 mm that
caused discharge in both pipe and storage unit: 7th march (9 mm), 10"aadch (14

mm), 17" March (7.5 mm), 2 march (6.5 mm), Z8March (8.5 mm), § April (9.5 mm), 29

and 30" April (24.5 mm).

Concerning the 16 VWC sensors, 5.6% of the time steps are considered as missing data. This

is essentially due to 2 particular sensors that werefagrvice from 16 March to the end of

the study time period. The 16 sensors follow the same dynamic, responding to the several
rainfall events (se€igure 4.1-8). Dielectric constant measurements show different absolute
values, but they change similarly during the observed period, remaining almost parallel during

the rainfall, while getting closer during dry periods (end of February and frorAprit to

the beginning of May). Besides the spatial heterogeneity of water content, these differences
also indicate that the roof inclination does not affect peaks of drained outflow, but mostly the
redistribution of retained water along the slope during dryogsr That way higher water
FRQWHQWY DSSHDU DW VORSHYV ERWWRP FRPSDUHG WR Wi

Discharge data are almost complete. Only two data are missing for the measure in the pipe
and 0.2% of total amount of time steps for the storage unit. These gniean correspond to

the short periods during which the manually collection of the data is carried out. Note that in
order to avoid the lasof relevant data, this operation is done during a dry period. On this
time period of 78 days, runoff coefficientraputed for both pipe and storage unit are equal to
70.6% and 71.1% respectively. These close values demonstratketlamce of the monitored
setup, andthe missing water corresponds to the water retained by the substrate and the
vegetation.
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Figure4.1-7. Rainfall and computed discharges for the whole time period

Figure 4.1-8. Rainfall andDielectric Constantfor 16 TDR sensors
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4.1.4.Conclusion

This paper presents the data collected by several devices devoted to the assessment of the
water balance of a particular green roof located close to Paris. The dataset made available for
research purposes contain 3 types of data, representing the relewvgranents of the water
balance during a rainfall event: rainfall, water content in the substrate and the discharge
flowing out of the infrastructure. They were collected during 78 days between February and
May 2018. These measurements are useful to sthdy capacity of such vegetated
infrastructures to store rainwater and act as stormwater managememhtyotould also be

useful to develop and validate some appropriate modeling approggtioem et al., 2013

Versini et al., 2016

This data set is available for download free of charge from the following web pagen| et
al., 2019:(https://doi.org/10.5281/zenod0.3467800

,W LV SURYLGHG E\ WKH +\GURORJ\ OHWHRURORJ\ DQG &R
ParisTech (HM&CeENPC). The following references should be cited for every use of the
data:

Versini, P-A., Stanic, F., Gires, A., Scherzer, D., and Tchiguirinskaia, I. (2019).
Measurement of the water balance components of a large green roof in Greater Paris Area.
Earth System Science Data. XXXXX

Versini, P:A., Stanic, F., Gires, A., Schertzer, DTchinguirinskaia, |.: Data for
"Measurement of the water balance components of a large green roof in Greater Paris
Area" |https://doi.org/10.5281/zenodo.346732019

Researches focused on the assessnof ecosystem services provided by Blue Green
Solutions is continuing at HM&G&NPC, and particularly on the BGW. The monitoring set

up has been recently extended to the energy balance measurement. The objective is to assess
its different components (@&tion balance, conduction, sensitive and latent heat flux). Such
data will be particularly useful to study the ability of Blue Green Solutions to mitigate urban
heat islands. The French ANR EVNATURB projeghttfs://hmco.enpc.fr/portfolip
larchive/evnaturf)/ that aims to develop a platform to assess some of theysgem services

(i.e stormwater management, cooling effect, or biodiversity conservation) provided by BGS is
now pursuing this wrk of monitoring (Versini et al., 2017).
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42. $SSOLFDWLRQ RI 8QLYHUVDO OXOWLIUDFYV
GDWD RI ZDWHU EDODQFH FRPSRQHQWYV R
LWV K\GURORJLFDO SHUIRUPDQFHYV

(Ready for submissign

4.2.1.Introduction

Implementatiorof green roofs in highly urbanized areas is becoming more and more required
in recent years for variety of reasons. Besides the urban heat island (UHI), effect that is
characteristic for large metropolitan areas where temperature can be significantlly highe
compared to surrounding rural are&sapcis & Jensen, 20}, 7there is one more important
aspect of green roofs utilizationmitigation and delay of urban runoff peaRt¢vin ¢ al.,

2012 Versini et al., 201p The retention and detention capacities of green roof substrate and
vegetation layer were proved to be the main advantage of this particular type of Nature Based
Solutions (NBS) for cities. Besides the investigation of green roofs from the aspect of
modédling, wheredifferent conceptuaMersini et al., 201pand physicallybased hydrological
models Palla et al., 2009Yang & Wang 2014 Li & Babcock, 2016 are used to simulate
different scenarios at dédrent scales, impact of different roof configurat{@assmarBeck et

al., 2013, substrate and vegetation ty@gtdvin et al., 201f drainage areaHakimdavar et

al., 2014, etc., are also ahaed based on monitored rainfallnoff data. Good overview of
different investigations in terms of green roofs can be fourBermdtsson (20)CandLi &
Babcock, (2011

In most of the studies a rainfalinoff coefficient is used to rate the retentiapacity of a

green roof. However, this approach takes into account only cumulative quantities of rainfall
and runoff, while their temporal variabilities, as well as the temporal variability of the water
retained in the substrate, are not considered. d@alyzing and characterizing temporal
variabilities of different geophysical fields, a theoretical Universal Multifractals (UM)
framework Gchertzer & Lovejoy, 1987 Schertzer & Lovejoy, 1997was proved as
convenient. This scientific approach enables describing statistical properties of an investigated
field by means of solely 2 relevant parameters (isecaf conservative fields) that can be
determined using two techniques, Trace moment and Double trace mohieMt@ O OpH HW D
1992 Schmitt et al., 1993 These techues rely on the analysis of change of average
statistical moments of different orders while changing the resolution of the field, which is
described by means of moment scaling function. Up to date, UM framework was proved as
successful in characterizingainfall intensity (ovejoy & Schertzer, 19950Isson &
Niemczynowicz, 1996T chiguirinskaia et al., 201]1Pazet al.,2016), river dischargeTessier

et al., 1996 Kantelhardt et al., 2003 soil hydraulic conductivity Lju & Molz, 1997),

porosity and gravimetric water conte@ RUD Wy H\) elzHowever, to the knowledge

of the authorsthis approach has not been used to assess the behavior of green roofs, or other
types of NBS.
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The idea of this work is to assess the hydrological behavior of green roofs by comparing
moment scaling functions of three water balance components relevagnédor roofs: rainfall

intensity, water content and drained discharge, where the obtained moment scaling functions
are characterized by means of UM parameters. Also, it is believed that in case of inclined
roofs, a comparison between these functions ramfall intensity and for the water content
FKDQJH DW VORSHYV ERWWRP FDQ SURYLGH FHUWDLQ LQ
inclination on the lateral water movement within the substrate. Clearly, such investigation
requires detailed monitoringystem, such as the one installed on Green Wave (Chagjer

where the three mentioned water balance components are measured.

4.2.2.Pilot Site

In Chapter4.1is introduced the monitoring system installed on Green Wave, with detailed
explanation of different techniques used for measuring rainfall intensity, water content change
of the roof substrate and discharged drained from the substrate. In this worklgreduata

(time series) of these three water balance components, measured respectively by means of: an
optical disdrometer (Campbell ScientiicPWS100), wireless network of 32 TDR sensors
(Campbell Scientific CWS665), and an ultrasonic displacemeasrisor (SICK- UM18) that
measures water level change in the drainage pipe.

TDR sensors provide values of dielectric conskamts an output, which is obtained based on

the travel time required for electroagnetic signal to cross the length of sensaveguides.

Topp et al., (198Dhave reported thd, is strongly correlated with volumetric water content

by means of the polynomial expression of third order, in case of conventional soils. However,
due to the fact that subate used for covering Green Wave\W D QL U HWs ®Wlcanic

material with s« HUDO SHUFHQW RI RUJDQLF PDWWHUV 7RSSV
Thus, the original values &f, are further analyzed and treated solely as an indicator of water
content. In order to analyze the impact of roof inclination on a hydrological beldEreen

Wave, numerous TDRs are distributed along a single slope of Green Wave.

Hydraulic conditions in the pipe that collects outflow drained from Green Wave are such that
a reasonably uniform flow on the location of the displacement sensor can lmedssu
(sufficient value of the pipe slope, long and aligned downstream section that prevents from
any disturbance propagation in the upstream direction, and long enough distance from any
upstream obstacles). Thus, discharge can be computed by means ofgvaquation, based
solely on the information about pipe material, pipe geometry and measured water layer
thickness inside the pipe (see Chagtérfor more details).

4.2.3.Universal Multifractal (UM) framework

Time series of the three mentioned water balancepooents are analyzed in this work by
means of UM framework. Thusn overview of this approacis given in the following
sectiongsmore detagdthan done in Chapt&.1
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Brief overview of the theoretical framework

If certain field O at a given resolution (ratio between the outer scaleand the observation
scaleL; ) is considered to be multifractdfiQure 4.2-1), then the probability of exceeding a
scale depending thresholdcan be expressed using the following equation:

2:Y Ra;N&9: (4.2-1)

where is the scale invariant singularity anB is the cedimension function which is
convex and increasing with no upper limit.

Figure 4.2-1. Example of aonedimensional multifractal field (time series)

By means of UM frameworkSchertzer & Lovejoy, 1987Schertzer & Lovejoy, 1997 F
can be expressedsing only 2 relevant parameter§; (mean intermittency) and.
(multifractality index), in case of a conservative field:

% @— E-A UMs

20 LP (4.2-2)

%A@?SA

UL s

where . | - .Y The main properties of function are illustrated iffigure 4.2-2 (top

row). Equation 4.2-2) is valid for F " E + Eg, whereE is Eucledian dimension (equal to 1

for time series) ands = l0g(Nsample ORJ . LV FDOOHG VDPSOLQJ
represents an additiongdortion of the probability space that is exploresclfertzer &

Lovejoy, 201). If there is only one data sat8Nsampie= 1), Es= 0 thusF "E. For F =
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E (or E + Eg), maximal observable singularity scan be determineilom Equation 4.2-2).
Also, = Cj is the singularity corresponding to the mean value of the, fegld thusc(C,) =
C; (seeEquation4.2-2 andFigure 4.2-2c - top).

Figure4.22 'HSHQGHQFH RI F WRS URZ DQG . S ERWWRP U

C,. Dashed line is related to = 2, solid line to 0 <r < 2 and dashkdotted line tor = 0.
Concerning parameter Cthree cases are presented: a)i€approximately zero; b) fakes
value between 0 and E; c) takes maximal value E. Values of the maximal observable
V L Q J X QdndUtheMdrrespondingsare marked in the graphs

Another, equivalent way of describing statistical properties of the multifractal field was
introduced bySchertzer & Lovejoy (1987 This approach is based on scaling of the statistical
moments of ordep:

Ara AN a (4.2-3)

where A& As the average statistical moment of orge< > indicates average value) and
K(p) is the moment scaling function which is also convex, and can be described through
parameter€; and Dby means of the following expression:

Yo o . <
-:L;LJ?S'L FL; UMs

%LHL UL s

(4.2-4)

FunctionsK(p) and F are linked by Legendre transforrrisch & Parisi, 198f which
means that every moment orgienas the corresponding singularitgnd vise verse.
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Figure4.2-3. Legendre transform

This is illustrated irFigure 4.2-3 where:
20 Lef&LUF-:L;;LL UOF-:L; (4.2-5)
L LefSkLUF 220oL LG F %kGo (4.2-6)

K(p) function is mostly used for determination of UM paramet&s gnd ) due to its

characteristics. lfrigure 4.2-2 (bottom row) are presentd{p) functions obtained using the

same combinations of UM parameters as used for the correspoRdifignctions presented

in the left column. It can be observéut for a single value @21, slope ofK(p) function forp
UHPDLQV WKH VDPH UHJDUGOHVV RI . YDOXH WZR VLGI

proved by calculating the first derivative of Equatidi{4) atp = 1:

x A a;

R (4.2-7)

xa

On the contrary, if varying only valug;, both the first and the second derivativepat 1
change (se&igure 4.2-2), which can beconfirmed by calculating the second derivative of
Equation §4.2-4) atp = 1:

x A &;
x &

as L U% (4.2-8)

These characteristics &f(p) function are used in different techniques for determination of
UM parameters, as described latar

Critical value of moment order

TheoreticalK(p) function (Equatiord.2-4) is valid only up to the certain critical value of
moment ordep.. This critical value is associated with multifractal phase transi8chédrtzer
et al.,, 1993 and t is estimated ap;. = min (s, pp), Whereps is the maximal order moment
estimated with a finite number of samplesmpie While pp is the critical moment order of
divergence. Value ops is linked with the maximal observable singularityby means of
Legendre transform (illustrated Figure 4.2-2), and it can be determined using following
equation:
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3/>3 5
Ll @A (4.2:9)

In case of onglimensional field £ = 1) when only one data sample is ushighfpe= 1, thus
Es = 0) critical value of moment order is usuafly = ps, which is manifested as a linear
behavior of the empiricad(p) for p * ps.

On the other hand, moment orday represents the critical value pffor which extreme
values of the field are becoming so dominant that the average statistical moment pf order
pp approaches to infinity:

AEAL » AL R Ly, (4.2-10)
Moment ordepp can be determined from the following equation:
-l L L, Fsi& (4.2-11)

Value ofpp is a point where Equationrt-4) intersects the linear regressik(p) = E(p-1)
obtained by means of Equatiod.Z-4) for C; = E and . = 0 (see bottom graph défigure
4.2-2b =filled circles). In case thap. = pp, the empiricalK(p) function starts rapidly
approaching infinity fop > pp.

Value of ps can be increased by increasing the number of data sam\algsi> 1, Es > 0),

which enables Equatiom @-4) to be valid over a larger range jf Thus, the theoretical
framework is able to simulate investigated field more accurately. However, limitation related
to pp remains an obstacle that still has not been overcome.

Physical basis of UM parameters

Based on the presented characteristiaf ¢fandK(p) functions, the physical meaning of UM
parameters can be introduced.

Mean intermittency C; describes the sparseness of the mean value of the field.Figone

4.2-2 (top row) it is evident that for low values G6f (Figure 4.2-2a) F function gradally
increases up to the val@®, after which it starts rapidly to approach infinity. Siri@eis low,
YDOXHYV HTXDO WR RU ORZHU XW KDXQL W RXM)Piddd i@z MdhO XH DL
probability of exceedance:t Equation4.2-1), while values highethan the mean are very
sparse £ I1)&ecures low probability of exceedance). This leads to conclusio@thad
corresponds to a homogeneous field whY R &%; L s On the contrary, higit; value
provides much smoothelf which enables presencé very high extremes, but in the same
time secures high sparseness of most of the values (including mean waee}igure
4.2-2c. This means that fo€; = E, mean value is too sparse to be observed, leading to
2:Y R &"; L r. Thus,C; takes values between 0 aBd=1 in case of time series).

Multifractality index . describes how much sparseness varies as we go away from the mean
value of the field. In other words, twé functions with the samé&; but different .
parameter secure the same sparseness of the mean value, but different sparseness of low and
high intersities (seeFigure 4.2-2b). Unlike low ., high . value secures loweF values
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(higher probability of exceedance) for very low and very high simgigla , meaning that

variability of the field is strong. Logormal field secures the highest variability 2; F is
SDUDEROD ZKLOH IUDFWDO ILHOG FRHHVER @®W WR TRU K
details can be found iBchertzer & Lovejoy (1992

Non-conservation parameterH indicates weather the investigated field is conservative or

not. For conservative renormalized fieldts £ 0) mean value remains constant independently

Rl WKH UH VAR BLXy WHiéQfor nonconservative fieldsH e LW LV QRW WKH
ParameteH can be determined with help of the slope of energy spectrum of the field (slope >

1 +non-conservative field; checKessier et al. (1993among others), but in this study is used

more convenient approagiven by /DY DO O pH H.MAcdding to the author, original
non-conservative field can be transformidto conservative one if considering the absolute

values of data increments instead of the original data themself. This approach was proved to
work even for strongly nceoonservative fields that are rather inert, such as discharge,
hydraulic conductivityetc.

From the description of. and C; parameters, it is evident that the biggest extremes are
associated with high values of both parameters. For better understanding the impact UM
parameters, check examples of simulated multifractal fields obtained \ffieredt
combinations of. andC; values- Schertze& Lovejoy (1993.

Determination of the UM parameters from real data

As previously mentioned(p) function (Equatiort.2-4) is, due to its characteristics, found as
rather convenient for determining valuesGafand . from real data. Two techniquesuioded
on K(p) function can be found in the literatureTrace Moment (TM) and Double Trace
Moment (DTM), that are also applied in this work.

TM technique

Trace Moment (TM) technique is based on scaling behavior of average statistical moments of
orderp (also done in Chapter 3.1 but fér= 2). This technique relies on EquatichZ-3) and

the assumption that the investigated field is conservative. Application of TM technique is
illustrated inFigure 4.2-4. The field is firstly renormalized as the following:

Y Ly (4.2-12)

In this case it is evident that mean value of the renormalized field becomes equ&lyto 1
averaging O (most commonly O = 2) neighbor values of the field, resolutiorgradually
decreases with facto©Oup to the uniform field (= 1). At each resolution field is raised on

the powerp (example of 3 differenp values- Figure 4.2-4) and the average statistical
moment of a given ordgr(dashed line irrigure 4.2-4) is calculated as following:

< 1
ANapL &

- (4.2-13)

whereE = 1 for onedimensional field (time series in this study).
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Figure 4.2-4. Trace Moment (TM) technique (dashed line represents the mean value)

After reaching = 1, average statistical momentsmputedDW HDFK U HA/RiGadeW LR Q
plotted versus the corresponding logarithmic scale. This is repeated for differpialues.

Values of AY@Adetermined for on@ YDOXH VKRXOG VFDOH OLQHDUO\ Z
logarithmic scale, where slope of the linear regression is equ&fplo After determining

values of slopes for variety pf the empiricaK(p) function is obtained. Finally, values Gf

and [Oare determined by means of Equatioh2-(7) and 4.2-8), respectively, where both the

first and the second derivative are calculated numerically.

DTM technique

Double Trace Moment (DTM /DYDOOpH H®BthDidet al., 1993technique, which

also rdéies on the assumption that investigated field is consepjagivables direct estimation

of parametersC; and . under the assumption that Equatioh24) reliably interprets
empiricalK(p) function. The main idea of DTM method is that the average statistical moment
A 8ADOVR VFDOHV ZLWK LQ WKH IROORZLQJ ZD\

A BAL Fhaa; (4.2-14)
LAY L -BLFL-:G; (4.2-15)
After combining Equationsi(2-4) and 4.2-15),K(p, /¥ can be presented as following:

-l LB -L LR

‘L FL; (4.2-16)

Yy
?5°

Figure 4.2-5 illustrates the application of DTM technique.
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Figure 4.2-5. Double Trace Moment (DTM) technique (dashed line represents the mean
value)

Original field is firstly renormalized (Equatioh2-12) and raised afterwards to the power

(three different values oRare presented iRigure 4.2-5). TM technique is applied on such a
modified field, but only a single value of expongnt used (usuallp =0.5 - 2,p=1.5In

this study). This is sufficient since differeptvalues aresolely shiftingK( /4 p) function in

vertical direction, without changing its characteristics. Averagements A& ‘@ Ascale

linearly with resolution an logarithmic scale, wheng( 3 p) is the slope of linear regression

for certain B(andp = 1.5). By plotting different slope values versd( /3 p) function is
obtained and presented in logarithmic scale (presented later in Results section), where the
slope of the linear section on the graph corresponds to parametéile its intercepb is

used for calculatin€;:

U, ;gL 5.12" (4.2-17)
0, . O nA%?5
Woas i L AT (4.2-18)

Notations .ptm and C; ptv are used to indicate technique that was used. Note that Equation
(4.2-16) is valid only for the limited range ofd3that corresponds to a linear partkf/Z p)
(when presented in logarithmic scal@heoretically, Equation4(2-16) breaks down when
max@ /p) > min(s, po) due to the already mentioned multifractal phase transition, leading to
K(p, /4 function becoming independent @& On the other hand, flat part of the graph related to
small RBvalues is associated with the numerous ze@ige§ et al., 2013or extremely low
values of the field that can be overcome Iy hoise of the measuring devidesgsier et al.,
1993. Application of both TM and DTM techniques is described in details in Results section.
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4.2.4.Results

Presented methodology is applied on thesitat measurements of rainfall intensity, water
content (dielectric constant) and drained disge, carried out on Green Wave. In the
following text are analyzed 3 rainfall events occurred in March 2018 (event 1), November
2017 (event 2) and August 2017 (event 3), that show rather interesting results from the aspect
of application of UM for asseswj behavior of green roofs.

Figure 4.2-6. Configuration of TDR sensors in case of: a) events 1 and 2; b) event 3

In Figure 4.2-6 are illustrated different configurations of TDR sensors network used in case of
events 1 and 2Fgure 4.2-6a) and event 3Higure 4.2-6b). Note that the number of TDR
sensors contained in a network dictates the time discretizatiopteadim be large enough (4

min) to avoid communication problems between TDRs and thedtasen. On the contrary,

finer time discretization for both rainfall intensity and discharge measurements is adopted (30

S).
Event 1 (07.03.2018)

The first event investigated in this work occurred on 07.03.2018, afigure 4.2-7 are
presented measurements of 3 water balance components. Tulpt swipresents rainfall
intensity, 15 small subplots in the center illustrate monitored dielectric constant data by means
of 15 TDR sensors distributed along the slope of Green Wave, while the bottom subplot
represents discharge data obtained. The totaluat of rainfall during this event was 20.63

mm
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Figure 4.2-7. Data of the rainfall intensity | (top subplot), dielectric constantlé subplots
in the center corresponding to 15 TDR sensors) and drained dischar@eim subplot)
captured during event 1 (07.03.2018)

By analyzing energy spectrum of all water balance components, it was shown that water
content (dielectric constanénd discharge measurements are stronglyaomservative, and

thus they are further analyzed in the form of absolute increments (as discussed in the
Methodology section). It can be observed that rainfall occurs only within the first 17 h, and
thus only tls period is analyzed. As already explained, the number of data required for
multifractal analysis needs to be a power of 2, and thus the number of data used in case of
rainfall intensities, dielectric constant increments and discharge increments istivegpec
2048, 512 and 4096.
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Table4.2-1. Eventl- YDOXHV RI 80 SDUDPHWHU WY WREMGEOW @HG E\ ERWHK
"70 prvmand G prv) techniques, values ohpnd g FDOFXODWHigav @D U e RQ .
and the maximal and the minimal values dpRrameter related to the scaling of/&>

> >
™ Cim -DTM Ciom™m Po Ps R max R%min

Rainfall intensity 091 0.31 0.89 0.32 38.29 | 3.55 0.96 0.95

Discharge increments | 1.70 [ 0.05 1.76 0.05 33.89 5.23 0.93 0.84

TDR1 | 2.04 | 0.10 1.92 0.10 10.97 | 3.25 0.97 0.66

TDR2 | 1.28 | 0.16 1.33 0.16 27.98 | 3.99 0.98 0.62

TDR3 | 1.15| 0.17 1.42 0.17 18.08 | 3.52 0.98 0.74

TDR4 | 1.08 | 0.16 1.30 0.16 32.11 | 4.12 0.98 0.75

TDR5 | 0.88 | 0.18 1.25 0.17 34.65 | 4.12 0.99 0.82

TDR6 | 1.57 | 0.11 1.81 0.11 12.26 3.35 0.96 0.58

TDR7 | 1.23| 0.18 1.28 0.18 25.39 3.78 0.98 0.73

TDR8 | 1.23 | 0.12 1.56 0.11 2245 | 4.03 0.93 0.62

TDR9 | 1.15| 0.17 1.28 0.18 27.33 3.87 0.98 0.64

Dielectric constant increments

TDR 10 | 0.63| 0.21 1.07 0.19 85.41 4.72 0.98 0.77

TDR11 | 1.39| 0.13 1.32 0.14 41.48 4.52 0.97 0.59

TDR12 | 1.29| 0.16 1.32 0.16 28.43 | 3.99 0.98 0.61

TDR 14 | 1.00| 0.18 1.32 0.17 24.15 3.77 0.98 0.87

TDR15 | 0.87 | 0.24 1.18 0.23 21.15 3.42 0.98 0.94

TDR16 | 0.91| 0.21 1.22 0.21 22.72 3.56 0.98 0.85

In Figure 4.2-8 is presented scaling ol & Kor different values op (0.1, 1.01, 1.5, 2.0, 2.5)

and for all measurements obtained. Dielectric constant increments and discharge increments
data are calculated from the original measurements presenkeguire 4.2-7. Figure 4.2-8

shows satisfactory scaling for all measurements presented, which is rated by meanssif the b
and the worsR® parameters related to different valuepdseeTable4.2-1). In all cases the

worst scaling corresponds po= 0.1 due to the numerous zeros or rather small values of the
investigated field.
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Figure 4.2-8. Scaling of the average statistical moments of order g8 applied on data of

event 1. Subplots are distributed the same way &gjure 4.2-7, with the following symbols

representing values of #>for z S3.0 x S25,v(p=15 F $0),+(p=
0.1

Following the TM procedure, based on the slopes of linear regressions preseRigaren

4.2-8 the empiricalK(p) functions are obtained iRigure 4.2-9. Unsurprisingly, the strongest
variability corresponds to rainfall measurements, intermediate variabilities correspond to
dielectric constanincrements, while the lowest variability is related to discharge increments.
In this case green roof behaves as a filter that mitigates strong fluctuations of rainfall,
providing attenuated fluctuations of discharge increments by draining the water thineugh
substrate layer. By means of Equatiod{/) and 4.2-8) that are applied on the obtained
empiricalK(p) curves, values oy andC; v are determined (seeable4.2-1), and thus the
obtainedK(p) functions can be characterized using the analytical curve (Equagid).
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Figure 4.2-9. Empirical K (p) functions obtained for rainfall intensitielectric constant
increments and discharge increments data (event 1)

Based on the curves presented-igure 4.2-9, one can also try to make some conclusions
concerning the lateral water movement along the roof inclination. It is rather difficult to
predict the impact of the lateral water exchange on uvheabilities of water content
increments along the slope, due to the fact that besides the inflow coming from the rainfall,
there is an inflow coming from the higher roof altitudes as well as the outflow towards the
lower roof altitudes. Thus, the fluctians of water content increments can be both amplified

or mitigated by the green roof substrate, depending on the Hoildilow dynamics.
However, it seems reasonable to expect that this variability should be closer to that of the
rainfall at the flat pa of the roof, compared to locations on the slope. Thus§(gj function
UHODWHG WR WKH GLHOHFWULF FRQVWDQW LQFUHPHQWYV D
can be concluded that the lateral water flow within the substrate layerimpatant. This is
exactly the case iRigure 4.2-9, whereK(p) functions for TDR sensors located at the bottom

of the slope (TDR 15 and 16) are thesdst to that of the rainfall.

In order to determined UM parameters by means of another technique (DTM), the scaling
behavior of average momen®#®* ‘@ Afor 4 different Rvalues (0.81, 1.23, 1.87, 2.84) is
presented irFigure 4.2-10, wherep = 1.5 is adopted. Rather good scaling is obtained for all
measurements. Following the DTM procedure, based on the slopes af lagressions
presented irFigure 4.2-10, K(p, 4 function is obtained irFigure 4.2-11. Solid line in each
subplot ofFigure 4.2-11 indicates the linear section of the grapbed for calculating UM
parameters by means of Equatiods>(17) and 4.2-18). Values of determine@; prv and

[Brv are presented ihable4.2-1.
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Figure 4.2-10. Results of DTM technique applied on data of evetibfj(< /4 >) versus
log( @ Subplots are distributed the same was dsigure 4.2-7, with the following symbols
representing values of # >forp=15and ¥ 284 " 1.87,x 1.23, +

=0.8))
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Figure 4.2-11. Results of DTM technique applied on data of everbd(K(p, /)
versus log(¥ obtained from results presentedrigure 4.2-10. Subplots are distributed the
same was as iRigure 4.2-7, where solid line in eactubplot indicates linear part of the

graph from which characteristics UM parameters are determined

Finally, in Figure 4.2-12 are presented empiric#&l(p) curves fromFigure 4.2-9 versus the
theoretical ones (Equatioh2-4) computed by means afy, C, v (dashed line) and@my,
C1ptv (dashdotted line). Clearly, DTM technique provides more reliable values of UM
parameters since the corresponding curvié§)frm - dashdotted lines) show better
agreement with empirical ones. Thus, values Bfy and C, ptv are considered as more
reliable for calculang critical valuep. by means of Equation4(2-9) and 4.2-11). As
expectedp. = ps for all the measurements presented {Bagle4.2-1), since only aingle data
sample per measurement is usédadpe = 1). Also, following the previously made
explanation, a good agreement between theorefig@brv (dashdotted line) and empirical
K(p) (solid line)functions is obtained fgo < ps for most of the mesurements. However, due
to the presence of zeros or rather small values of investigated field, majority of enk{pical
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functions do not reach zero fpr= 0, causing deviation from theoretical curves at simall
values.

Figure 4.2-12. Comparison between the empirical K(p) curves (solid lines) taken from
Figure 4.2-9, and Equation4.2-4) computed byneans ofrty, C1 mv (dashed lingand rpw,
C1ptm (dashdotted ling. Subplots are distributed the same was dsigure 4.2-7

Event 2 (11.11.2017)

The second event investigated in this study occurred on 11.11.2017 and measurements
obtained during this period are presentedrigure 4.2-13 in the same way as done for the

first event. In this case only 8 TDR sensors are considered due to the communication issues
between the datlmgger and the rest of TDRs. Duatiof the rainfall event is about 84and

thus the total number of data used is 4096, 512 and 4096 for the rainfall, dielectric constant
increments and discharge increments, respectively. The total amount of rainfatins 14
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Figure 4.2-13. Data of the rainfall intensity (top subplot), dielectric constant (8 subplots in
the center corresponding to 8 TDR sensors) and drained discharge (bottom subplot) captured
during event 2 (11.11.2017)

In this casehe quality of scaling is satisfactory as for evenFigyre 4.2-8), and thus the
empiricalK(p) functions are obtained following the previously made explanatgeeFigure

4.2-14. Again,K(p) of discharge increments is significantly below thataonfall, while K(p)
functions related to dielectric constant increments are mostly located between the two, with
exception of one curve that is even above that of rairfdf)) functions linked to TDRs
located at the bottom (TDR 16) and the top flat pathe slope (TDR 9) show rather similar
behavior asK(p) for the rainfall, indicating once again insignificant impact of the roof
inclination on the lateral water flow.

123



Figure 4.2-14. Empirical K(p)functions obtained for rainfall intensity, dielectric constant
increments and discharge increments data (event 2)
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Figure 4.2-15. Comparison between the empirical K(p) curves (solid lines) takenHigune
4.2-14, and Equation4.22 FRPSXWHG EWwFH GO RKHG OdnRQE ol Q G
(dashdotted line). Subplots are distributed the same was &gire 4.2-13

By computing UM parameters using both TM (Equaticgh&7 and 4.2-8) and DTM
(Equations4.2-17 and4.2-18) techniques, it has been shown that param8®higher than 2

(the theoretical maximum) for 5/8 and 3/8 of TDRs, respectively {sdue 4.2-2). This

shows that the two mentioned techniques are facing some issues when applied on a field with

a single dominant extreme, such as the case with the dielectric constant incrementsadf event
Based on the obtained values By that are smaller than 2, it is possible to compute

which appears to be equalpgfor all measurements presented (Fable4.2-2). Values ofps

are lower than those in case of event 1, and thus the deviation between theoretical and
empirical K(p) functions is observable iRigure 4.2-15for p § : LQ FDVH RI GLHC
constant increment data. Note that empirkogd) becomes linear fqo > ps.
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Table4.2-2. The same as ihable4.2-1, just for event 2

2 2
™ Cim -DTM Ciomm Po Ps R®max R%min

Rainfall intensity 0.92 0.32 1.19 0.32 9.38 2.60 0.98 0.97

Discharge increments | 1.72 0.08 1.79 0.08 18.66 | 4.04 0.97 0.91

TDR 9 2.25 0.26 1.87 0.27 414 2.01 0.98 0.70

TDR 10 1.72 0.18 1.70 0.20 7.51 2.61 0.97 0.56

TDR 11 2.53 0.23 2.27 0.23 3.57 1.92 0.98 0.84

TDR 12 2.88 0.22 2.48 0.22 3.28 1.86 0.98 0.70

TDR 13 2.81 0.27 2.44 0.26 2.88 1.73 0.98 0.78

Dielectric constant

TDR 14 2.38 0.22 1.98 0.23 4.42 2.10 0.99 0.65

TDR 15 1.68 0.20 1.58 0.21 8.29 2.67 0.99 0.65

TDR 16 1.81 0.27 153 0.29 5.73 2.26 0.99 0.72

Event 3 (25.08.2017)

The third event occurred on 25.08.2017 and the corresponding measurements are preSigutes in
4.2-16. Nine TDRs, distributed as illustrated Figure 4.2-6b, are used in this case. The event lasted

only couple of hours, with the total amount of rainfall equal to 28 mm. Characteristic fevénsis

the nonconservative rainfall intensity field={gure 4.2-16 top), confirmed by means of the energy
spectrum analysis. Thus, in order to obtaioonservative field, rainfall intensities were analyzed in

the form of increments, as done with dielectric constant and discharge measurements. Furthermore,
rainfall intensity increments and discharge increments are analyzed only during the firq236b

data), while the dielectric constant increments are analyzed during a longer time pdried 28

data).
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Figure 4.2-16. Data of the rainfall intensity (top subplot), dielectric constant (9 subplots
the center corresponding to 9 TDR sensors) and drained discharge (bottom subplot) captured
during event 3 (25.08.2017)

As for the two previous events, scaling quality&f2 As considered as satisfactory, and thus

the empiricalK(p) functions are obtainedseeFigure 4.2-17. In this case it is not relevant to
compareK(p) functions of discharge and dielectric constant incremeritis thiat of the

rainfall, due to the fact that rainfall increments are analyzed instead of the original data.
However, due to the fact that change of water content is analyzed over a 9 h period, within
which 6.5 h is without rainfall (> 70 %), it is posilio make some conclusions based on the
draining process. During the dry period, if the lateral water movement exists, it is reasonable

to expect that the fluctuations of water content (dielectric constant) increments are
progressively attenuated in dowream direction due to the drainage process, securing that

ZD\ WKH VPRRWKHVW 10 XFWBgDré/d 2R Qsows\vthay/ TORSIbchitéd BIR W W R F

127



the bottom of the slope (TDR 31 and TDR 32) show the most attenuated fluctuations, and thus
their K(p) curves are the closest to that of the discharge increments. Having on mind the two
previous events (1 and 2), and the fact that both rainfall and dmdisethrge are almost zero

fort> 2.5 h in event 3, it can be concluded that the roof inclination does not affect the peak
outflow from the substrate bottom, but it impacts the redistribution of the water quantity
retained in the substrate along the rimadination. This mostly occurs during the period with

no rainfall, which is why initially, before each event, higher values of water content can be
REVHUYHG DW VORSHYV ERWWRP FRdEBIHBEgWeR.208KRVH DW
Figure 4.2-16). Similar conclusions concerning the impact of roof inclination on water
movement were made lBengtsson (2005among the others.

Figure 4.2-17. Empirical K(p) functions obtained for rainfall intensity, dielectric constant
increments and discharge increments data (event 3)
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Figure 4.2-18. Comparison between the empirical K(p) curves (solid lines) takenFigune
4.2-17, and Equation4.22 FRPSXWHG EWwFRHRP GDORKHG OnRE o QG
(dashdotted line). Subplots are distributed the same was &fgire 4.2-16

In case of event 3, UM parameters gndequal tops) are determined following the same
procedures as for the two remaining events, and their values are presentdileid.2-3.

Again, the deviation between theoretical and empiKgp) functions is observable iRigure

4.2-18forp 8 : PG LQ FDVH RI GLHOHFWULF FRQVWDQW

increments, respectively.
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Table4.2-3. The same as ihable4.2-1 and Table4.2-2, jud for event 3

2 2
™ Cim -DTM Ciomm Ps Po R®max R%min

Rainfall intensity 1.13 | 0.20 1.12 0.20 48.72 | 4.24 0.99 0.92

Discharge increments | 1.43 | 0.25 1.48 0.25 7.86 2.56 0.98 0.83

TDR 9 1.30 | 0.42 1.17 0.43 5.19 2.08 0.99 0.87

TDR 10 1.26 | 0.50 1.32 0.48 3.33 1.75 0.98 0.88

TDR 12 1.26 | 0.47 1.08 0.47 4.97 2.02 0.99 0.87

TDR 13 1.79 | 0.39 151 0.39 3.75 1.87 0.99 0.75

TDR 14 1.36 | 0.43 1.17 0.45 4.60 1.98 0.99 0.92

Dielectric constant

TDR 15 155 | 0.54 1.39 0.52 2.67 1.60 0.99 0.93

TDR 16 154 | 0.38 131 0.38 5.02 2.08 0.98 0.72

TDR 31 1.27 | 0.37 1.14 0.37 7.59 2.39 0.98 0.84

TDR 32 1.07 | 0.38 0.99 0.38 11.42 | 2.66 0.97 0.85

4.2.5.Conclusion

In this work a new application of Universal Multifractals is presented. It has been shown that
this theoretical framework can be rather convenient for assessing behavior of green roofs
based on the analysis of-@itu measurements of three water balance components: rainfall
intensity, water content and drained discharge. The methodology has been pkrforme
Green Wave, for three different rainfall events.

By using monitored data of the three water balance components, the moment scaling
functionsK(p) are obtained based on the scaling behavior of average statistical moments of
order p. In this work it hasbeen shown that a comparison betw&gp) curves related to

different components of water balance helps assessing the hydrological behavior of green
roofs. It was confirmed that green roof behaves as a filter that mitigates strong variability of

the raindll, providing attenuated fluctuations of the outflow drained from its bottom.
Concerning the variabilities of water content increments, results show that they can be used

for checking the influence of the roof inclination on the lateral water movemexnbyaring

K(p) UHODWHG WR WKH ZDWHU FRQWHQWp)U® e FapfdiQfvY DW V
those two functions are relatively close, it is reasonable to assume that solely rainfall affects

the change of water content, and there is no lateflalv coming from the higher altitudes of

the roof. This is the case for events 1 and 2 analyzed in this work. Furthermore, the impact of
URRIYV LQFOLQDWLRQ KDV EHHQ DOVR DQDO\|HG GXULQJ V
rainfall of short durabn tevent 3. Results showed th&fp) functions related to the water
FRQWHQW LQFUHPHQWY DW VORSHTV ERWWRpPoflatdiHedVKH P R\
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discharge increments, indicating that the roof inclination gradually mitigates theafioos

of the water content increments in the downstream direction. Finally, based on the three
events analyzed, it was concluded that the infiltration through Green Wave substrate layer is
GRPLQDQWO\ YHUWLFDO ZLWK QHJOndn th® lHterdalXlb@ amtiQ FH R |
hence outflow drained from the substrate, but with more significant impact on the
redistribution of retained water along the slope during the dry period.

Concerning the techniques for determination of UM parameters thetctbiaze mentioned
empirical K(p) functions (obtained from measurements), it was confirmed that DTM
technique provides more reliable estimation than TM. Also, determination of the critical
moment ordep.; based on the values of UM parameters determined through DTM, appeared
to be in agreement with the point where theoretical and empik@@)l curves deviate.
However, in most of the cases neither DTM nor TM are able to interpret properly empirical
K(p) curve for smallp values, due to the neamegligible presence of zeros or rather small
values of the investigated field. Also, the both techniques are facing some difficulties in case
of strongly variable fields that have one dominant extreme, as the camdeotrat constant
increments in event 2. As a result, the estimated valueswércome the maximal theoretical
value of 2, for about 50 % of TDR sensors used. In order to improve the reliability of the UM
framework as a statistical tool and further aditiate physicallybased conclusions presented

in this work, more data samples and more characteristic rainfall events should be analyzed.
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5. Hydrological Modeling

The objective ofChapter5 is to provide reliable substitution for numerical models founded on
Richardslaw, in terms of their physical basis, in order to improve the computational
efficiency of hydrological modelg-urther application of this model, primarily for treating the
spatial heterogeneity of green roofs at different scalegires to be done inear future.

A new analytical and physicallyased hydrological model which can be reliably and
efficiently applied at different scales (from REV to catchmenpresented in Chaptér. L1 It
appearsthat for coarse materials, such as those used in goeds, iwith usual- small
thickness and free drainage conditions at the bottom, it is possible to derive through the
simplified Richards equation the analytical expression describing the leakage from the non
linear reservoir. The obtained analytical solntis derived by using the neftactalbased
hydraulic conductivity function presented in Chap&2, and by assuming dominantly
vertical flow, as observed in green roofs (ChagefThis confirms the physicddasis of the
nortlinear reservoir concept, balso gives further insight into its limitations.

As an improvement of the standard Aorear reservoir concept, in Chapted is presented a
cascade of ncfinear reservoirs that are located one below another, where the leakage from
onereservoiris the inflow into the one below. The adequate number of reservoirs simulates
the dynamics of water release that is not taken into account in standadthéaohreservokr

based concepts. Furthermore, results show that the model enables rather reliabterate a
interpretation of the outflows computed by numerically solving Richards equatiome

water drains freely from the bottom side of porous medi@nsignificant advantage of this
concept over standard numerical models is its efficiency. The ratstebhppears to be rather
fast and reliable in simulating the lotighe series of drained outflows measured on Green
Wave.
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5.1. A cascade of noHinear reservoirs concept and proof of its
physical basisthrough comparison with Richards
equation; application on green roofs

(Ready for submissign

5.1.1.Introduction

One of the main purposef green roofs is the mitigation of the urban runoff pesioyin et
al., 2012 Versini et al., 201p The dfectivenessdepends orifferent factos such as: roof
configuration Fassma-Beck et al.,, 2013 drainage areaHakimdavar et al., 2034
vegetation typgStovin et al.,, 2015 and most importantly, thkeydraulic propdies of the
substrate. This implies that physicabbgsed rainfalfunoff models are necessary to reliably
asses the hydrological impacts of green roofs.

Physicallybased models, such as HYDRUB (ALP$QHN H Wuse®byHilten et al.,

(2008 andHakimdavar et al.(2014, or SWMS_2D Palla et al., 2009Palla et al., 2011

rely on Richardsequation(Richards, 193] usually incombination with van Genuchtett
Mualem functions\an Genuchten, 1980which is solved numerically. This kind of approach

is considered to be the most reliable, and as such, rather useful for designing green roofs.
However, it appears extremely tirgensuming for performing continuous simulations (long
rainfall series) orlarger (catchment) scales, if the domain investigated is not homogenized,
but treated as a grid of certain resolution, where the hydrological response is calculated for
each cell of the grid. This kind apatial discretizatioms characteristic for fullydistributed
hydrological modelsi¢hiba et al., 2018that are used to treat tlspatial heterogeneity of
(sub)catchment, which is of particular interest for the urban storm water management.

Besides the mentioned physicalgsed models, conceptual models are also used for
estimatinggreen roof hydrological impacts. These modelsvary efficient and can be used

for estimating hydrological response of green roofs on a catchment -@atliment scale.
SCSCN method is common example of such simple model. It is based on the assumption that
actual retention/potential retentiem equato actual runoff/total rainfallGetter et al., 2007

and is used in SWMMGQarter & Jackson, 200Alfredo et al., 2010BursztaAdamiak &
Mrowiec, 2015, etc. Green Ampt is another widely used meth®ke(& Pang, 2010 also
implemented in SWMM, but not quite suitable for modeling green roofs due to the physical
assumptions that are found inappropriate for green roof materials. The main assumption of
this method is a steep wetting front that is not common for highiypgeble coarse materials.

In addition, due to high Darcy filtration coefficients of green roof substrates, saturation is
rarely reached (for some roofs it is almost impossible), which questions the use of this method
for such purposes.

From the aforementied studiesit appearghata certain intermediate level of simplification
between the fully physicallpased and the mentionewnceptualmodels is necessary to
properly assesgreen roof hydrological impac€Conceptual reservelvased models seem to
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math thisrequirement. By treating a green roof substrate, or other porous medium, as a
reservoir of certain capacity from which water leaks following either linear, oflimesar
(power) law, it is possible to numerically/analytically express the draingitbwu The
concept of a linear reservoir is simpler but less reliable, due to the fact that the water flow
WKURXJK D SRURXV PHGLXP IROORZV D OLQHDU ODZ RQO\ I
this concept has been widely used for presenting a g&Eneither with an individual
reservoir Yersini et al., 2015 or with several linear reservoirs describing different layers on
the roof {ersini et al., 201p or by using a cascade of linear reservoirs, which can be
analytically describedZimmer & Geiger, 199) On the contrary, nehnear reservoi{NLR)

is mae physicallybased concept that can be also described either numeritadliin(, 1996

or analytically with some simplificationd.it & Todini, 2002. It has been shown that this
concept can provide a reliable interpretation of the outflows measured on greeKesonsn(

et al., 2010Locatelli et al., 201¢and rivercatchments( 7 RGRURY LU HW DO

In this work the emphasis was put on tgaals. First one is to point out the ptoaibasis of
the NLR concept through the link with Richards law, similarly as donddnshyar & Wang
(2016 in case of the SCS hydrological methdtierefore, he existing analytical expression
for the leakage from &ILR (Liu & Todini, 2002 has been derivethroughan analytical
solution ofsimplified Richardsequationwhich is used tgoint outthe limitations of the NLR
concept

This leads to the second goal of this stutdydevelop more generalized concept that secures
more reliable interpretation dRichardslaw - a cascade of NLRs (CNLRWnder the free
drainage condition,he CNLR modelrepresentsan analytical alternative to the standard
numerical models based on Richards law, and as sighather efficient and convenient for
implementation in fully distributed hydrological models (e.g. MULTIHYDR®hiba et al.,
2018. TheCNLR contains multiple reservoirs, where the outflow from one reservoir is the
inflow to another located belowln order to develop more physicalbased modelthe
outflow from each reservoir idescribed by means of the hydraulic conductivity function
derived in ChapteB.2 Besides the parameters related to the soil hydraulic propetiges, t
leakage from a CNLRstrongly depends on the number of reservoirs in a cascade. Less
reservoirscorresponds$o an almost uniformly distributed water conteatongthe thickness

of a soil layer, while more reservoirs simulaeronounced wetting frontisually related to
less permeable materialehe CNLRmodelhas beetiirstly validated through the comparison
with the standardmplicit numerical scheme for solvinRichardsequation yan Dam &
Feddes, 2000 which also usesthe water retention and the hydraulic conductivity functions
presented in Chapter 3.Eurthermore the model has been tested on the raurfatoff
measurementsaptured on Green Wav¥drsini et al., 20186 WD QL U H Winip&ats of
vegetation and evapotranspiration on green roofs have not been considered in this work.

5.1.2.Methodology
Functions describing the soil hydraulic properties

In Chapter3.2is proposed a new physicalbased hydraulic properties model for the entire
range of matric suctions. The wopkesentechas shown that in case of green roof substrates
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and similar coarse materials, adsorption mechanism can be ignored at lower eapillary
dominated suctions that are of particular interest from the aspect of hydrological modeling.
Thus, solely the capillarybased water retentiofS, = S°) and the relative hydraulic
conductivity functions(K; = K;“®) are considered in this work (se@hapter 3.2 for more
details) The water retention function is expressed as follows:

séa D O Do
N

55 D; L—:L:j,;":(Y LA 5?'6%2; (5.1-1)
sF — v Do ODn ODg

whereS is degree of saturatid® +1], hy is the suction expressed in water level height [L],
he a IS the air entry value [L]while T ZTand 7 are the actual, saturated and residual water
contents {], respectively. Parametdd; is a fractal dimension of grains [23] that rates

gradation of materiafthe higher the value dd, the wider the spectrum of grain and pore

sizeg. Equation $.1-1) is valid for suctions smaller thabhg L D> F :a.F éé;’.m, a

value of suctiorat which capillary water is considered to be totally draif®thx,) = 0). By

introducing Equation.1-1) into Mualem (1976 1V DQDO\WLFDO PRGHO WKH DC
conductivity function presented in Chapter 3i8 derived. The obtained function can be
simplified (seeAppendix A9 and expressed in a farsimilar to the one proposed Byooks

& Corey(1964):

- 15 L - o5y (5.1-2)

whereKgs is the saturated hydraulic conductivity [L/T]LV OXDOHP TVt 8@ UDPHW
accounts for the pore connectivity and tortuosity (can be both positive and negativa)isand
a physicallybased exponent][that depends on {- ;) andDs:

NAY HR70
5

~ ?2 v o7/ 5 7 .
| L- Ze@E %ﬁﬁw’ FsqY w@mAN7’ F sqi (5.1-3)

ilea;

where S x is the fixed value ofsaturation degree that secures the best overall agreement
between the originand simplified (Equatio®.1-2) expression. The valug S. x depends on

( s- r) andDy, and its determination is describeddetails in Appendix A4. Note that both
water retention(Equation 5.1-1) and hydraulic conductivity (EquatioB.1-2) functions
depend on physicalipasedparameters.

Physical basis of NorLinear Reservoir (NLR) concept

In case of green roofs and similar coarse mateoiatelatively small thicknesBl [L], water
flow is dominantly vertical, with insignificant lateralovementeven at slope (seé&engtsson,
2005. Similar conclusionwas made based on the analysisnaditu measurements presented
in Chapter. Thus water flowcan be described byiang a general form of Richardsjuation:

;@; LF= (5.1-4)
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wheret is time[T], q is the water flux [L/T] anais a vertical axis oriented downwar(s= 0

ttop surfacez=H zbottom surface). If the water coming from the external inflow=a0 is

rapidly distributed alondfd, meaning that the wetting front is n@onouncedassuned to be
the case for green roofs), Equati@nl{4) can be integrated with respectztdarhus only the
overall change alonf is considered:

ALY g L&
I4 ¢ @ VF Ié@u@ M (51—5)
—g * L MysF M (5.1-6)

where M 4s the flux [L/T] atz= 0, while M is the flux drained from the bottom at H, and
[t) is soil water conteniveraged oveH. Equation $.1-6), which describes the water
balancecan be transformed into the drainage equation byngetiil of g;,. This can be done
by addingits contribution tothe water contenfat the initial time (acceptable for short time

intervals ‘t). In this case, 7immediately increasefrom 7 @ L & EaO—A@QAthevolumetric

water contentvalue reachedt the end of the previous intervat. Thus solely drainage
process is considered afterwards:

XTQ* L FM (5.1-7)

If the free drainage conditioﬁ%’ L r) is secured at = H, qq can be expressed through the
PRGLILFDWLRQ RI 'DUF\fVY ODZ XVHG IRU XQVDWXUDWHG FR

ML F-:a @Y FsAL - (5.1-8)

By introducing EquationH.1-8) into (.1-7) andby using notation5, L Z ¥ the following
pf Y

is obtained:

%*:%F & L F- :5 (5.19)

If K(S) is described by means @Equation5.1-2), the variables can be separated and the
change of the effective saturation degi&eduring U ¥an be analytically expressed:

e e LF— S QP (5.1-10)
(5oL 5o F Fos™ ®% FE—2— 'sFHF LI G7—7® (5.1-11)
Finally, gq over the time intervalA B obtained:

M L &5 8 F aé;g‘g (5.1-12)
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The wayEquation §.1-12) has been derived clearly shows that the NLR concept is reliable
only for relatively small values dfl and for materials that are able to rapidly distribute the
water alongH (qq is triggeredright afterqi,). For those materials, the retention properties can
be reduced to the basic retention capacity |éviel 7), without considering the dynamics of
water release.

Cascade of NorLinear Reservoirs (CNLR) - generalization of NLR concept

In less permeable pous media water isot rapidly distributed alongH, which creates
strongly pronouncedvetting front (nonuniform distribution of water contents alort).
Therefore, Equation $.1-12) becomesnappropriatedue to the ovesimplified retention
propertiegretention capacity is naufficienf. To cope with thisa cascade of NLR (CNLR)
is createdwherethe number of reservoirs in a cascatietates the dynamics of water release
In the CNLR model, theutflow from one reservoir is the ioflv to the next ne placed
below, whichis illustrated inFigure 5.1-1.

Figure5.1-1. lllustration of the CNLR conceptprocedure for applying for a single time
LOQWHUYDO GW d#@PPSOH ZLWK Q

The initial saturation degree for each NLR=(1 ton,ey at the beginning oft is calculated as
S 40 L Sgya: E ¢Smve s, Where Sz 4. is the value of saturation degree in reseryairthe
end of previous4, while ¢5zv»5;, Which is related to the cume 4 and reservoir placed
above | - 1), is computedusing Equation §.1-11). For j = 1 (top reservoir) Sz.40 L

S 4. E &5 Where ¢ 5 4L A_aofg — while for j = nes (bottom reservoir}y is calculated
- P7Ys

by introducing ¢ 9, , [nto Equation 6.1-12). Note that the standard NLR model is a special
case of the CNLR model fores= 1.

140



Figure 5.1-2 illustrates the impact afies on gq. Clearly, large nes Secures more significant
peak ofgy with stronger delayith respecty,, while n.s= 1 (NLR model) provides mitigated
peak, butyy is triggered mmediatelyafter gi,. This is becauséor nes > 1 waterneeds more
time to descendrom the uppeito the bottom reservqiwhile for nes = 1 gy, immediately

initiates qq. In all three casepresented irFigure 5.1-2, the total quantity of water drained
over a longer time period the sameconfirming that nes mainly affects the dynamics of its

release.

Figure5.1-2. Influence of pson gy computed using the CNLR model with parameter values

from Chapter 3.2 = 20 cm, = 0.395, 7= 0.045, D= 2.95, h .= 0.9 cm, K= 8.11x10°
m/s, | =-1.35)

In other words, the NLR model assumes suction gra&x«g}%to be zero (no wetting front),

while the CNLR model enables to simulate strong@dient(pronounced wetting fronf)y
adding more NLRs in a cascade.

Limitation of the CNLR model is that requires water to be freely drained from the top to the
bottom, meaning the impaekclusivelypropagates downstreamherefore, every NLR in a
cascade needs to be equally or more permeable than the one placed above, in order to avoid
the impedance effegthich would cause the propagation in the upstream direction.
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5.1.3.Results

In order to validate the analytical CNLR approach, it has been first compared with the
numericalmodel for solvingRichardsequation (see Appendix A5yvhere both modelsse

the parameter valuedescribingthe experimentally determindaydraulic properties of the
Green Wave substrate (see Chapter I B¢ second part is related to the application of the
CNLR model on real rainfalttrunoff measurements captured on Greeswvé/(Chapted. ).

Comparison between the CNLR model and the Numerical model

To apply the CNLR model on the Green Wave subs{fzeameters taken from Chapter 3.2)

Nres IS adjusted to secure the best agreement between the outflows computed by rieans of
CNLR model and the numerical modgloth models are implemented in Matlabhis is

done for a 3 h long constant inflayy = 20 mm/h, as illustrated fRigure 5.1-3. To cope with

ga Simulated using the numerical modelashed ling)the CNLR model requires,es = 13

(black solid line) for the same values of model parameters taken from ChaptReSults
obtained using the CNLR model and the numerical model match almost perfectly, while those
related to the NLRdashdotted line)are significantly different.

Figure 5.1-3. Comparison betweenygalues calculated using the NLR model (ddstted
line), the numerical model (dashed line), and the CNLR model with b3 (solid line), for
the constant 3 h long inflow,g= 20 mm/h All models use parameter valugenfrom
Chapter 3.2listed in thecaption ofFigure 5.1-2)
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Figure 5.1-4. Comparison between the wetting fronts obtained by usingltRemodel (dash
dotted line)the numerical model (dashed lin@nd theCNLR modelvith nes= 13 (solid
line)
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For the same values of inflow and model parametersFigure 5.1-4 are presented
distributions of watr conterd alongH (wetting front)at different time steps, obtained using
the three mentioned modelShe NLR assumes uniform distribution ofalongH (dash
dotted line), which deviates significantly from the distributions computed using the CNLR
model (solid line) and the numerical model (dashed line). Note that in case of the CNLR
model, (z)is computedfor each ofl13 reservoirs, based on the calce@d&. Clearly, the
hydrological behavior of the Green Wave substirati¢s initial state (model parameters taken
from Chapter 3.2) cannot be properly described with a single nonlinear reservoir (the NLR
model). On the contrary, the CNLR model interpregsults of the numerical model quite
well. Fort < 3h (Figure 5.1-4a, b, ¢, d) water is firstly accumulated in the upper layge €

0) increases), after which it starts to descend progressively towards the bottdh. At t =

3 h (Figure 5.1-4d), gi, becomes zero and the substrate stars to draih=A3.34 h Figure
5.1-4e), 7(z = H) is close to its maximal valugyhich corresponds to time whep peak is
reachedn Figure 5.1-4. After that, the overall decrease in bo#z) (Figure 5.1-4f) and qq
(Figure 5.1-4) can be observed.

Application of the CNLR modelon the realrainfall -runoff data

The concept of CNLR has been also testedhenrainfaltrunoff data monitored on a large
part (3511 ) of Green Waveln Figure 5.1-5, rainfall intensities (30 s time discretization)
measured by PWS100 disdromet&irés et al., 2018installed next to Green Wave, have
been used ag, (blue solid line) As described in Chapter 4.44 is measuredbased on the
water level change in the storage unit (15 s time discretiaton it is presented with grey
filled dots in Figure 5.1-5. The measurementsresentectover the period between "1%nd
26" of January, 2018with the total amount ofainfall of 60 mm. As the presented event
occurred in winter, the evapotranspiration is ignored.

Black solid line presentea Figure 5.1-5 illustratesgy computed using the CNLR model with

Nes = 13 and parameter values presentedrigure 5.1-4 (or Chapter 3.2). As previously
explained, these results describe the hydrological behavior of Green Wave in its initial state.
On the contraryred solid line is the result of the CNLR mod#ter adjustingvalues of
parametergn.es = 6, D = 2.63, 7= 0.01,Ks = 1.5x10* m/s, while the rest are the same as in
Chapter 3.2}o secure the best agreement between the computed and megstliiad, it is
assumed that these results correspond to the current state of the Green Wave Adstrate.
illustrated in the Figurered solid line fits quite well to measurement$aghSutcliffe
coefficient is equal to 82), while black solid line shows regr poor agreement.
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Figure 5.1-5. Comparison between the measurgdgts) the CNLRmodel that uses
parameter values from Chapter Jt#ack solid line) andhe CNLRmodelwhose parameter
values are manually adjusted (red solid line) to provide the best agreement with measured g
Input for the CNLR model is tmeeasured rainfall intensity;g(blue solid line)

Significant difference between twasults (two sets of paramets) can be related to the
flushing of fine substrateparticles thatare accumulateéh the drainage conduitdhis isa
general problenwith green roofsas reported byBerndtsson (20)0andLi & Babcock Jr
(2014. Since fines are no more filling the ids between coarse grains, pore sihase
increased and their distribution became more uniform, which implies reduction(fsbm
2.95 to 2.63)and increase oKs (from 8.11x10° m/s to1.5x10% m/s). Also, 7is strongly
related to the quantity of fine particles. Thus, it is assumed to be also réttoced.045 to
0.01) The aforementionechodified soil properties descritsibstratewith less pronounced
wetting frontcompared to the Green Wave substrate in its initial ,.Stesdeling to a reduced
number of reservoirin the CNLR model (frommes = 13 tones = 6).

The main advantage of the CNLR analytical model is its computational efficiency
Computationatime requred for a continuous simulatisuch aghe one presented Figure

5.1-5, is two orders of magnitude lower than in case of the numerical model. ifhat,
combination with the proved physical background, establishes the CNLR model as a good
basis for hydrological simulations on urban catchment scales. Also, if implemented in fully
distributed hydrological models, the CNLR model gives the possibilityficiesftly treat the
spatial heterogeneigt suchscales
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5.1.4.Conclusion & Perspectives

The main goal of this work is to point out the physical basis optbposed CNLR (Cascade

of Non-Linear Reservoirs) model whiatxtends the application ofie standardNLR (Non

Linear Reservoir) modeland helps to replagen some casedime-demanding numerical
models based oRichardslaw. This work showghat the link between thidLR concept and
Richardslaw clearly exists in case bighly permeable and thin substréagers, where water

is freelydrained from the bottom. For such materiatter retention propertiegereducedo

the basic retention capacity leveind the analytical solution describing the leakage from the
NLR is derived.However, the NLR model isab suitable forsubstratesvhere water is not
rapidly distributed along the substrate thickness, but progressively descends towards the
bottom. In such case, the CNLR mouath an optimal number of reservoirs compensates for

the oversimplified retention properties of a single NLR, simulating properly the dynamic of
ZDWHU UHOHDVH DQG KHQFH WKH RXWIORZ IURP D VXEVWU

According to esults the propose@NLR model with an optimal number of reservoissable

to accurately andsignificantly fasterinterpret numerically computed outflows from a
VXEVWUDWH LI IUHH GUDLQDJH. CovmpakseX hetw&enDRBNLRX EVW U D
the NLR,andthe numerical modeis donefor a constant inflowwhere all three models use

the same parametealues (taken from Chapter 3.2) describing the Green Wave substrate in

its initial state For such materialhe best agreement between the CNLR and the numerical

model is obtaied if using a cascade of 13 reservowhile the standard NLR model shows
significantly different results

The CNLR model has been also compared with monitored ramifadiff datacaptured on
Green WaveThe agreement between the simulated and meadatads rather good, bthe

best fitting parameter values deviate from those presented in ChapfEn&main reason for

this is assumed to be the flushing of a significant amount of fine substrate particles during the
past years, which causes more fom distribution of pore sizes, increased saturated
hydraulic conductivity, and lower residual water content. All this leads to a reduced number
of reservoirs in the CNLR model, as well. The main contribution of the presented CNLR
model is its computatiai efficiency which is proved to be more than two orders of
magnitude higher than in case of the standard numerical models based on Richards law.

In future work, theCNLR modeland its application should be improved in several aspects.
Firstly, the link ketween the optimal number of reservoirs in a cascade and the parameters
describing the soil hydraulic properties needs to be defined. Secdlidiéyent layers of

green roof should be included into consideration (vegetation layer, substrate layer,edrainag
layer), creatinghus theconditions that correspond better to properly maintained green roof.
Finally, under the free drainage condition at green roofs botttins model can be
implemented into a fullydistributed hydrological modeto efficiently treat thespatial
heterogeneityf green roofs at larger (catchment) scaldss canmprovethe assessment of
hydrological impacts of this type of Natural Based Solutions
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6. Conclusions & Future work

6.1. Conclusions

In order to better understand and predict hydrological performances of green roofs, in terms of
their abilities to retain and mitigate urban runoffs, it was necessary to investigate different
properties of green roof substrate at different scales. Detailed investigation was carried out
from the scale of the specimen used in laboratory conditions, up $cdle=of a single green

roof (Green Wave in this case), while the physichiyged link between scales was obtained

by means of the UM theoretical framework. The work presented here provides several new
contributions:

1. A new experimental device and new émge analytical methods for measuring the
hydraulic conductivity of unsaturated medium through a multistep suction test. By
means of a high precision pressure transducer and a specially designed overflow
system, the apparatus provides accurate measurerokrite transient outflows
initiated by imposing a suction step, allowing for an accurate determination of the
water retention curve. In addition, two inverse methods to account for the specific
boundary conditions of the apparatus enabled a reliableanagient determination
of the hydraulic conductivity function, based on the analysis of the outflows time
series.

The determination of the retention and transfer properties of the Green Wave coarse
volcanic material using these apparatus and methodsiaub® beelativelyefficient

(about 10 days for both properties), simple and robust, with no specific and financially
demanding equipment required. Thanks to that, accurate and convenient experimental
investigations at small scales (REV) are providehyirological scientists.

2. New analytical soil properties functions accounting for the heterogeneity of a porous
medium. These models are derived by analyzing the scaling behavior of the soail
density indicator field, obtained using Xay CT, by means of ¢hUM framework
which enables to relate the grain size distribution and the hydraulic properties of the
material investigated. This is an useful tool for predicting the water retention and
hydraulic conductivity curves of the material based on its gram digtributionand
other basic physical characteristics (bulk density, grain density, portsitytan be
easily measured. The proposed approach has been validated through the
experimentally determined physical and hydraulic properties of the Green Wave
substrate, as well as some published experimental data of other soil types.

3. A detailed monitoring system of the different water balance components (rainfall rate,
change of water content and drained discharge) at the roof scale, and a novel
applicationof the Universal Multifractaframeworkon the obtained measuremefus
assessing behavior of green rooBesides thestandard rainfaltunoff ratig the
temporal variabilities of the provided data are characterized by means of Universal
Multifractals, giving further insight into the in situ behavior of green roofs in terms of:

i) its ability to mitigate strong fluctuations coming from rainfall, andhe impact of
roof inclination on the lateral water movement.
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4. A new analytical hydrological modebbed on the concept of a cascade oflimaar
reservoirs, with the hydraulic properties previously described within the UM
framework. The validity of the model was confirmed through the comparison with the
traditional numerical solving of Richards equaticand with the drained outflows
monitored on Green Wave. The model proved to be reliable and significantly faster
than usual numerical models, making it quite convenient for designing green roofs,
and also for simulating hydrological responses at largmles through the
discretization of the green roofs areas.

Finally, it can be concluded that using the material basic physical properties, such as the grain
size distribution, bulk density, grain density and porosity, it is possible to estimate with some
uncertainties the hydraulic properties of materials used for covering green roofs, and thus to
predict their hydrological impact using thew proposed hydrological moderThis can help
designers to narrow the range of materials considered as adequed®dong green roofs,

but also to more accurately estimate the hydrological impacts of green roofs on the scale of a
catchment, by rasterizing its ar@dis way the abilities of green roofs to meet the regulations
given by the local authorities in chargkthe storm water management can be assessed with
better accuracyNote that, for the final selection of the material used as a green roof substrate,
it is recommended to carry out the experimental investigation of the soil hydraulic properties,
which can be done efficiently using the methodology developed in this work.

6.2. Future work

In order to upgrade the work presented and to make it more useful for engineering practice,
the following remains to be done:

1. To account for the effects of vegetation, fysik small scaledn this work, vegetation
was not considered, even though it may have an important influence on the
hydrological performances of green roofs. In the case of Green Wave, a few
FHQWLPHWHUYV WKLFN Y Horbvitled W Ly Q SOPRBEMIAS HW °
(https://www.soprema.fr/fr/sopranatjyavas placed on a 20 cm thick substrate layer.
Like for the substrate, the hydraulic properties of the carpet were experimentally
determined during this project, through the multistep suction experiment. However,
the water retention and hydraulic condudtiviurves determined are associated with
the mixture of roots, leaves and sandy particles contained in the carpet, making it
difficult to determine some basic soil properties such as the GSD and porosity. Also,
the micrastructure of the carpet does notliude only pores and grains, but also the
roots, which prevents to fully follow the presented approach founded on the analysis
of density fields, and thus requires some maodifications. This is a work remaining to be
done in the near future, which will alsaable to model a green roof medium as a two
layered material consisting of a substrate and a vegetation layer. Finally, this can be
helpful to get more realistic predictions of green roof hydrological responses at
different scales

2. To further analyze thenonitored in situ (roof scale) spatial heterogeneity of water
content, so as to enable a more realistic simulation of in situ conditions using the fully
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distributed modelsin this work, emphasis was put on the temporal variabilities of
water balance compents at the roof scale, while the spatial distribution of water
content was considered solely in the context of a roof inclination effemt.
performing UM twaedimensional analysis at roof scale, more than 16 water content
sensors are required, which dasrather costly.

. To investigate the link betweethe physicallypasedparameters in the proposed
CNLR model (especially the fractal dimension of grains) and the adequate number of
reservoirs used in a cascade. This can be also rather helpful when mgcéamthe
spatial heterogeneity, since the number of reservoirs securing reliable simulation of
water flow can be determined directly based orsthieproperties defined at a specific
domain.

. To account for the evapotransgtion effect. Evapotranspationcan be also simulated
using the model developed here. Instead of providing positive inflow data
(precipitation rate) as a boundary condition on the top soil surface, negative values
indicating water loss due to the evapotrarstpn need to be dafied.
Evapotranspation can be introduced in relation with vegetation, but also with water
content assessment during dry periddswever, these values cannot be measured
directly (as in the case of precipitation), but indirectly through the measurement /
calculation of different energy balance components. This is the topic of another
ongoing thesis &« DVWHOODQRYV )t ¢ rEsits@Owhicltan be combined

with those obtained in this work.

. To introduce the proposed hydrological model into the fully distributed ratfiadiff

model called MULTIHYDRO [chiba et al., 2018 In this way, the spatial
heterogeneity beyond the largest scale investigated here (roof scale) can be efficiently
simulated by rasterizing the domain investigated, where each cell of the raster has
slightly different characteristics (described with model parameters) that correspond to
those observed in situ. This certainly affects the final outflow obtained by superposing
individual hydrograms from each cell that are computed using the analytical CNLR
model proposedn this work.
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Appendix

$ '"HULYDWLRQ RI *DUGQHUYV PHWKRG

*DUGQHUTY PHWKRG LV EDVHG RQ@) BRIVihE Telz&gk)Y GO L HR XD V
consolidation equationEQquation2.2-1). In 1D condition with vertical water flux, as in the
case of6WDQL@ROHYVDEB[SHULPHQWDO GHYLFH B5LFKDUGYV HTXDW

| g F'_'I - D ,l@u?ln@ E sAp (A1-1)

e

wherez is defined by a vertical axis oriented upwards (H +top surfacez= 0 *bottom
surface),t is time [T], is the volumetric water content],[ and K(hy) the hydraulic
conductivity [L/T]. The effects of gravity are accounted by the term + 1 in the right side, that
accounts for the changes in hydraulic conductivity with respexct to

Integration of Richards equation accordingzoand multiplication with specimen cress
sectional ared [L?] gives a simple water balance equatid@®: 8 2@ P 3:P, whereQ(t) is
expressed as the multiplicative Afand the flux at the specimen botton+(0):

3:R L F#- :D; @U%@;z,@ E sA (A1-2)
! i

Since the change in volum&4t) is measured during the suction step outflow test, Equation
(A1-2) should be itegrated with respect to time (from Otjo

8:R L F#if-:D; @U%@z@ E sA@ P
. |
(A1-3)

Based on the representationtpf(z, t) elaborated in the main text, the gradie! ﬁl‘}i@: 2@4
' !

can be presented as:

!U?:,i@;z L !Uoil"@@tl: E !¢U§ii@:z L FSEMZ (A1-4)
I @ li Li i @ H o
! Uyt i @4

where T L Fscorresponds to hydrostatic conditions (equilibrium state) established at

t = 0. By Using Equation2(2-1) to describe¢ D, : V&P, the derivativepresented in Equation
(Al1-4) atz= 0 can be expressed as:

6:Un ~ ?:4 6;° - —
Z:OAg@saaé A 2 (A1-5)

L&y | EsF
i i @

$V H[SODLQHG LQ WKH WH[W Dt copstl drff™hdp HabnstRaBbnh VV X P H
the imposed suction stepl(, leading toK(hy) = D(hy)C(h) = const. over the samé@ K
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Based on this and by using Equationl{#) to describe the suction gradient at specimen
bottom, EquationA1-3) can be presented in the following form:

. . B Ogy;
e~ ?2:4 6 -
8:P L &:D; % Db #oePA] g IS A v @P (A1-6)

b

giving, after solving the time integral in equationl{B):

. B Oy
6 -BHOO

8:R L F* 06D Algasas FA 5 FSG (A1-7)

Since the total water volume drained 8 L * o Q% D # L * a# and—<_ Ag@méf_’ L

s Equaton(A- FDQ EH WUDQVIRUPHG LQWR WKH ILQDO IRUP RI
Equation 2.2-2) in the mairtext.
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$ . XQI]H .LUNKDPYV JUDSKLFDO PHWKRG

.XQI]H .LUNKDPYV VROXWLRQ LV JUDSKLFDOO\ SUHVHQWH
changes iV(t)V- with respect to the variable”D(h)t/Hs?, in which parameter is the first
solution of the equatioa = cot( ) (a is the ratio between the impedance of the ceramic
disk andthat of the specimen). The various curves correspond to various values of parameter
a (seeFigure A2-1). By shifting theoretical curves along the tiapas top x-axis in Figure

A2-1), the cure that shows the best agreement with experimental data (presented in the form
V(t) / V- versust) is chosen to define the value afA reference timégp is also graphically
determined for 1°Dt / Hsoi? = 1 (arrow inFigure A2-1). Kunze & Kirkham(1962 remarked

that only a portion of the experimental data corresponded to the theoretical curves, so they
recommended to rather fihe curves at small times. Based on the chosen valae thie
corresponding value of,? is adopted from the table presenteimze & Kirkham(1962),

and used to calculate diffusion coefficient B§h) = Hs/ :%ge and the hydraulic
conductivity aK(hy) =D(hy) G GK

In Figure A2-1 is presented an example that illustrates some level of subjectivity of this
graphical method. If one follows the recommendation to fit only a portion of measurements
(circles) at small times with theoretical curvdsgure A2-1a), curvea = 0.2 (solid line)
seems to best match, as seen inltmgscale (left graph dfigure A2-1a). On the contrary, a
time logarithmic scaleHigure A2-1a - right) gives better insight on the overall agreement,
showing a significant deviation between the cuave 0.2 and measurements for 1000 s.

By shifting the family of curves to the left (reducitig), the best agreement over the entire
range oft is obtaired fora = 10 (solid line inFigure A2-1b - right), which is however not
observable in logog scale (left graph ifrigure A2-1b). In addition, the deviation between
different theoretical curves becomes less observable for hagledues (stronger impedance),
which makes choosing the adequate curve ewere difficult (e.g.a = 10 anda = 1000 are
almost overlappingtFigure A2-1D).
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Figure A2-1. Correspondence between measured data (circles) and theoretical curves
presented in logog scale (left graphs) and time logarithmic scale (right graphs); (a)
theoretical curves (and axis°D(hJ)t/Hs) are shifted from,§ = 1E+4 s (initial position) to
tr, = 3925 s to obtain the best agreement with data at small times (a £ line); (b)
best overall fit between data and curves is obtainedfer2750 (a = 10 +solid line)
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A3: Analogy with the dry sieving method

The analogy betweeBquation 8.1-8) (the upscaling approachand the dry sieving method
can be derived under the following assumptions:

1. Threedimensional spaces consideredE = 3) since the dry sieving method is based on
the grain masses.

2. All grains have the same shaged density@G&

3. A discrete number of sieves is used, and hence the size of voids on each sieve follows the
size of voxeld.y( n.) at different ., wherei = > n].

The total mass of the specimeM{.) is placed on the cascade of sieves arrangea
descending order (the largest void size is on the top, whilgntlalest one is on the bottom).
If all grains are distributed on the corresponding sieves> n|, it can be assumed that
those staying on a certain sigvave diameter equal to the size of sieve volterefore, the
following can be written for = 0:

[ 1@R 518457 L/ cacols % €xPlg 0u:8arvi-5:800v:" (A3-1)

where Cy is the volume shape coefficiend] [(for cube Cy = 1, far sphereCy = S/ 6),
Oy: 845y, is the number of grains][that stay on the sieve of void size:&:,v;[L] (] =

n). Since grains that stay on the siek# ; are assumed toave identical diameters,s: 3y ;’
canbe pulled outside theum, and the following is obtained:

T

| @R .5:8:; L %éesib;’ Alg 000y A':U;;OA (A3-2)
S

08°%5; N % Alg, 0y: &7 vi —— A (A3-3)
U

where 0§ ¢ &, : is the cumulativenumber of grains equal to or larger th@g 4L . 5: 8

Following Equation (&-2), the cumulative mass of all grains equal to or larger tha@, g
can be expressed as the following:

. ST

| C@R .5:8:20; L %éesiuri’ AlgiOu:dary; ; EZEA (A3-4)
7

05 % &oi N % Afg0y:8aoy; @—A (A3-5)

- u76

By introducing Equation (A3) into (A3-2) and Equation (8-5) into (A3-4), the GSD can be
expresseas:

2:@0 .5: 804 L sF”’iEA—AUSO (A3-6)
2: @O Lag- U7 6 ,Ai Uy de) /
.5.370: L SF CYZ R — A (A3-7)
Co o AL




Note that 0§%%&.; and 09°24a,; correspond to Okeua*a R euaxéo and

0kéVa¥a,; R é%aX oin Equation 8.1-8), respectively while Al w6 | _U Therefore

A U U7O

Equation (/-7) is identical toEquation 8.1-8) for E = 3, just inadiscrete form.
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A4: Simplification of hydraulic conductivity function

Having on mind that capillarity dominantly affectgater retention and water transfer
properties of green roof substratéscan be reduced #6°* (Equation 3.210) andS. to S,
In order to simplify Equation (3:20), it was decided to express

(L @050 ™ ° F kDbg2Dop0 " CANB F kDogoDp0 " Aas S™ (both F and S take

values between 0 and,lywhere exponentm needsto be a function of physicalpased
paraméers used irEquation (3.210). By using EquationJ.1-1), F can be regrouped and
presented as a function &f

'SNAY HR70

(:%;LW@E%#?YWW FsqY W@%W F sq (A4-1)

The best agreement betweE(S.,) and ™ can beobtainedby using he minimal quadratic
differenceas thecriterion functionf:

BL :(:545 F 55 ;° (A4-2)

If the first derivative of Equation (#2) with respect tan is equal to zero, th#llowing is
obtained:

2Lt 15 F 5 BEY F 5t Za5,CL r (A4-3)

Note thatl!—; L r because( : 54 does not depend om, and thus Equation (A4-3) can be
expressed abefollowing:

Ft5 X :5s F 52 22355 L t (A4-4)

Equation (A1-4) is equal to zero fori) 55 L r and 55 L s whichis independent ofm; ii)
X :54 F 55 ?L r, which is of interest hereBased onii), the following expression is
obtained

| L Lleten (A4-5)
illp

After introducing Equation (A1) into Equation(A4-5), Equation $.1-3) is obtained Since

both ( :5g; (Equation Al-1) andS. " are equal to zerfor S. = 0, ancto 1for S, = 1, they need

to cross each other at some point wheréy; = S (f = 0- seeFigure A41).
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Figure A4-1. Iterative process for determination of the optimal &lue

For obtaining the best overall agreement between two functions, it is necessary ttefind
optimal crossing poin& x (see Equatiors.1-3) that secures identicahaximalf values for S
< Sxand fors > S x (seeFigure A41 - top). If these values are met &f; and S, the

following can be written

1BK55 0 F BK550+ Q AN N (A4-6)

whereerr is the absolute differende] that is close to zeroefr = 1x10° adopted in this
work). Sincef reaches maximal value for bd#a;andS; 5, the following can be written:

2z L (A4-7)
"D 1p@pa
2z L (A4-8)
"D 1p@ps

By using Equations (&6) +(A4-8), S xcan be determined iteratively, in the following way.
After assuming the initial value & , M(S ) is calculated by using Equatiob.{-3), and
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functionf (Equation A41) is determined. &lues of 55 and 55 are then implicitly calculated
from Equations (A47) and (A48), and the validity of Equation @#6) is checked. If the
condition is satisfied, the calculation is stopped and the temp&ramalue is adopted, while

in the opposite cas& x is sightly changed and the procedure is repeated. Since the optimal
S x> 0.5 for all relevant values of{- ) andDy, it is recommended to ado@tx = 0.5asthe

initial value, and to increase stightly in every iteration until the optimal value tisached.

The value of increment should decrease as Equatids6)Approaches terr in order not to
overestimatéhe optimalS,
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A5: Numerical scheme for solving Richards equationtFinite
Differences Method

Standard numerical scheme for solviRighardsequation by using finite differences method
(van Dam & Feddes, 20D@an be presented as following:

B-47- Ne) @&
o) ? 6 =70

- kD% F D" 87001 = KMus ¥ 579F Mps 6¥57% (A5

ec cc o

Where fluxesMs 5 6% °?2and M, 5 ¢ °?Zcan be presented as:

(529 ZS?QU@®'£>®J@@:5?QU@_@-ﬂ?g..,~ Ke

el

Msse L F-vo56 E sp (A5-2)

5520528 bty - © 0> Aty . %1528 U™ V2 e

Mese L F-vos6 - Esp (A5-3)
3 :52A AP VT >l 52aAg. B VT > o O

R (A5-4)
3520, 57@Ag. B VT >ghs B i52g A8 A7 5RO

5 62579 L - (A5-5)

In Equation (%&-1) elementkD.s” °® F Doy °®7%ois introduced as the res conservation
parameter which becomes insignificant as the convergence progiedsas$.is related to the
space discretization [1 fd], i to the time discretization arto the iteration level. Also, by
introducing factoe [0 to 1] which is related to the time interpolation, it is possible to use fully
implicit (e = 0), explicit € = 1), or semimplicit scheme (0 < < 1). In this worke = 0 is
used, while fore = 0.5 the CraniNicolson scheme is obtained. Soil hydrauliogerties can

be described using Equation5.¥1) and b.1-2), and hence-yUL - k%uo and %UL

5 VR?8
v? 7 Ol N

U U
In case of green roofs, two boundary conditions are mostly interesting: defined flux on the
soil top surface and fredrainage condition at the bottom. For 1 we have M5 %572 L

FM s(sign minusindicates the negative value of fluxgnd thus Equation (A-1) can be
presented as:

B-47-, O 4 B-

. — kD5 %% F Dog %7 0L — kM 6¥ 572 E M £ 50 (A5-6)
[4Y% a4 i 6

On the contrary, Mss ¢*572L F-cU5?2L :sF A-US8 7 EA Yfor j = N, and
Equation (A-1) becomes:

&-47-, O , G-
2 ? - 7

4y 12y
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Note that G ]/ 2 is used for both boundary conditiofisquations A-6 and /-7), because
uniform space discretization is applifithe proposed numerical scheme can be presented in a
vector form, similar as presentedvan Dam & Fedde§000.
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Figure 2.22. Grain size distribution curve of the volcanic substrate
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Figure 2.1-4. Description of the two procedures used: a) change in water level observed the
in outer tube ('H,) with valve V4 closed and valve 5 opened; b) change in water level
observed in the inner tube'l,) with valve 4 opened and valve 5 closed.

Figure 2.15. Continuous monitoring of the imposed suctions during the 13 steps, provided by
the differential pressure transducer.

Figure 2.26. Zoom of the suction changes (solid line with rectanglegposed suction;
dashed line with trianglescalculated suction at the top of the ceramic disk): a) steps
1 and 2; b) steps 11 and 12

Figure 2.17. Water retention curve obtained using both techniques of controlling suction
(hanging column and axis translation)

Figure 2.18. Data of the constant water head hydraulic conductivity measurement of the
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Figure 2.19. Kunze and Kirkham's methagplied to steps 1 and 2 (arrow indicates tRP)
Figure 2.1 'DWD IURP *DUGQHUYYV PHWKRB VXFWLRQ VWHSYV
Figure 2.211. Hydraulic conductivity function (HCF)

Figure 2.21. Simplified scheme of the hanging column apparatus of Stanic et al. (2019),
where the water drained from the specimen overflows from the inner to the outer tube
(initial suction equal to zero)

Figure 2.2 6LPSOLILHG VFKHPH RI 6WDQLU HW DO TV GHYL
extracted from the specimen is collected in the inner tube (no overflow), resulting in a
non-constant suction step

Figure 2.23. WRCsRI D WKH FRDUVH VXEVWUDWH GHWHUPLQHG E
remolded poorly graded sand (RPGS) and undisturbed silty clay (USC) determined by
Wayllace & Lu (2011). Saturated water conterg)(is indicated in each graph

Figure 2.24. Green Wave substrate; top graptsiction change at specimen bottom, at
contact with ceramic disk; bottom graphsieasured outflow (circles) compared with
calculated values from different methods (indicatedhenFigure); (a) suction step-1
impedance effect; (b) suction steptdon-constant suction increment; (c) suction step
11 +same as in (b)
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Figure 2.25. Change of hydraulic conductivity of the coarse substrate wshec to
LQFUHDVHG VXFWLRQ REWDLQHG XVLQJ GLIIHUHQW PF
VTXDUHYV *DUGQHUYfY PHWKRG WULDQJOHV DQG PHW
Hydraulic conductivity values obtained by analyzing volume change measurements at
larger times (Equation 2:3) are presented with blue symbols

Figure 2.26. (a) Poorly graded sand (data from Wayllace & Lu, 2011);-tSpction change
at specimen bottom, at contact with ceramic disk, bottomeasured odiow (circles)
compared with calculated values from different methods (indicated on the Figure); (b)
Undisturbed silty clay (data from Wayllace & Lu, 2011): same as in (a)

Figure 3.11. Eight horizontal!™ = 1024)fields analyzed in this work (vertical distance

EHWZHHQ WZR FRQVHFXWLYH SODQHV LV 8§ FP
Figure 3.22. Change of the twdimensional °( ILHOG +R U LBigueG3DRD H LQ
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Figure 3.23. Comparison between the probability of exceeding i) a resolution dependent
threshold d(Equation_G:l-l) tdifferent dashed lines for differentalues) and ii) a
fixed threshold valuess 4L sdv {Equation 8.1-11) solid line). UM parameter

values gzre related to the Horizontal plane 4 ($able 3.11 later in the text)C; =
2.23x1

Figure 3.1-4. Scaling of statistical moments for eighif(( Ofields presented ifigure 3.11

Figure 3.15. Moment scaling functions K(p) obtained by applying TM technique on eight
horizontal ¢°( Ofields presented ifigure 31-1 (different solid lines) and eight
vertically oriented &%( Ofields (dashed lines)

Figure 3.16. Behavior of the proposed GSD model when changing values of; &) €\¢)
aL;aJad) dg min Initial parameter values (solid line in each graph) &g= 1.85x10?,
r=1.3, €35,L savand gmn= 1x10° mm

Figure 3.17. Comparison between: A) Equation (3.2) applied on the Horizontal plane 4
(L =60 mm, 6535 4L savw,= 1024 C, = 2.23x10° . Equation (3.18)
applied on the same fleldt%u sL s&vwp=1024), and truncated experimental GSD
data (d, ° P; B) Equation (3.112) applied on eight E J @fields presented in
Figure 3.11 (L = 60 mm, %3 4L savw,=1024 ZKLOH ,a Qr&seéted in
Table 3.11), and truncated experimental GSD datg ¢d P C) Equation (3.1

12) (same as in B) just faly min Pand the fulrangeexperimental GSD data dd
. P

Figure 3.18. Comparison between the experimental GSD data (GW subsgteares;
ASCL #circles; YCL- diamonds) and Equation (3113) (solid lines) and Equation
(3.2-14) (dashed lines)he adjusted values ok QG . (T X DA)laRd®W psrk
(Equation 3.114) are presented in Table 321

Figure 3.21. Procedure for determination of the fractal dimension of white pixi#fs<
const >0 5HVROXWLRQ RI WKH ELQDU\ LPDJH GHFUHDVH
factor 2. Axis of each image indicates the number of pixels in two orthogonal
GLUHFWLRQV WKDW FRUUHVSRQG WR
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Figure 3.22. Empty andilled dots illustrate the representations of white and black pixels
WKDW DUH FRXQWHG D W1;Gdlid&hd dhehed lind? illydtrate théd
change of white and black pixels, respectively, according to the filaassd
approach presented

Figure 3.23. Comparison between the proposed model and the water retention (top graph)
and hydraulic conductivity (bottom graph) experimental data taken 8BdMD QLU HW DO
(201D)

Figure 3.24. Comparison between the proposed model and 6 data sets from the literature.
Top graphs present water retention data, bottom graphs hydraulic conductivity
functions, all with respect to suction changes

Figure 3.25. Comparisa between the proposed model and 3 additional data sets from the
literature. Leftside graphs deal with water retention data, whereas +gjthé graphs
deal with hydraulic conductivity functions with respect to changes in water content

Figure 4.11. The Blue Green Wave monitoring site of ENPC: (a) pictures, (b) vertical
representation and flow path lengths, (c) aerial representation showing the monitored
area, and (d) profile ofrite section where the water content sensors were implemented
indicating the slopes

Figure 4.%2. Vertical profile of the Green Wave structure

Figure 4.23. Comparison between Topp Equat{bfack solid line) and experimentally
determined correlations betweepdnd 7for the Green Wave substratr different
levels of compaction obtained in laboratory conditions

Figure 4.%4. Validation of the applicationf ManningStrickler equation for estimating
drained discharge based on the measurements of water level inside the drainage pipe

Figure 4.15. Location of the water level sensors in the stormwater network
Figure 4.16. Relationship adjusted between the water leyedtl the downstream discharge

Q
Figure 4.17. Rainfall and computed discharges for the whole time period
Figure 4.18. Rainfall and Dielectric Constant for 16 TDR sensors
Figure 4.21. Example of monedimensional multifractal field (time series)

Figure 4.22. Dependence of WRS URZ DQG . S ERWWRP URZ RQ 8
C,. Dashed line is related to = 2, solid line to 0 <r < 2 and daskdotted line tor =
0. Concerning parameteriCthree cases are presented: a)iapproximately zero;
b) C takes valudetween 0 and E; c);@akes maximal value E. Values of the
PD[LPDO REVHUY D&aalthe/cbigeidpoaddd)ar&\marked in the graphs

Figure 4.23. Legendre transform
Figure 4.24. Trace Moment (TM) technique (dashed line represents the mean value)

Figure 4.25. Double Trace Moment (DTM) technique (dashed line represents the mean
value)

Figure 4.26. Configuration of TDRensors in case of: a) events 1 and 2; b) event 3

Figure 4.27. Data of the rainfall intensity | (top subplot), dielectric constar(tLk subplots
in the center corresponding to 15 TDR sensors) and drained dischar@gettm
subplot) captured during event 1 (07.03.2018)
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Figure 4.28. Scaling of the average statistical moments of order ¢ applied on data of
event 1. Subplots are distributed the same way as in Figwg, &vBhthe following
symbols representing values of&! IRU z S X S v S
=1.01), + (p=0.1)

Figure 4.29. Empirical K (p) functions obtained for rainfall intensity, dielectric constant
incrementsand discharge increments data (event 1)

Figure 4.210. Results of DTM technique applied on data of evetod(< /4 ) versus
log( @ Subplots are distributed the same was as in Figure 4vidth the following
symbolgepresenting valuesof % 3 IRU S DQG # ”

Figure 4.211. Results of DTM technique applied on data of eveitd(K(p, ) versus
log( /¥ obtained from resultgresented in Figure 4-20. Subplots are distributed the
same was as in Figure 4722 where solid line in each subplot indicates linear part of
the graph from which characteristics UM parameters are determined

Figure 4.212. Comparison between the empirical K(p) curves (solid lines) taken from Figure
4.2-9, and Equation (4) computed by meansf, Ci tm (dashed line) andpry,
Ci1ptm (dashdotted line). Subplots are distributed the same was as in Figwe 4.2

Figure 4.213. Data of the rainfall intensity (top subplot), dielectric constant (8 subplots in
the center corresponding to 8 TDR sensors) and drained discharge (bottom subplot)
captured during event 2 (11.11.2017)

Figure 4.214. Empirical K(p) functions obtained for rainfall intensity, dielectric constant
increments and discharge increments data (event 2)

Figure 4.215. Comparison between the empirical K(p) curves (solid)iteken from Figure
4.2- DQG (TXDWLRQ FRPSYCOMIH G EVRHOG @MdnBH . DQG
C1ptm (dashdotted line). Subplots are distributed the same was as in Figwg34.2

Figure 4.216. Data of the rainfallntensity (top subplot), dielectric constant (9 subplots in
the center corresponding to 9 TDR sensors) and drained discharge (bottom subplot)
captured during event 3 (25.08.2017)

Figure 4.217. Empirical K(p) functions obtagd for rainfall intensity, dielectric constant
increments and discharge increments data (event 3)

Figure 4.218. Comparison between the empirical K(p) curves (solid lines) taken from Figure
4.2-17, and Equation (4) computdd\ PHD QW Ry . GDVKHG OgpdH DQG
C,prv (dashdotted line). Subplots are distributed the same was as in Figuwes4.2

Figure 5.11. lllustration of the CNLR concepiprocedure for applying for a single time
LOQWHUYDO OW (FMPPSOH ZLWK Q

Figure 5.22. Influence of gson gy computed using the CNLR model with parameter values
from Chapter 3.2H = 20 cm, = 0.395, 7=0.045, D= 2.95, k= 0.9 cm, K=
8.11x10° m/s, | =-1.35)

Figure 5.23. Comparison between galues calculated using the NLR model (ddstted
line), the numerical model (dashed line), and the CNLR model with 13 (solid
line), for the constant 3 h long ioflv g, = 20 mm/h. All models use parameter values
taken from Chapter 3.2 (listed in the captiorF@ure 5.12)
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Figure 5.:4. Comparison between the wetting fronts obtained by using the NLR model (dash
dotted line), thenumerical model (dashed line), and the CNLR model withrri3
(solid line)

Figure 5.15. Comparison between the measurgqts), the CNLR model that uses
parameter values from Chapter 3.2 (black solid line) and theRCNibdel whose
parameter values are manually adjusted (red solid line) to provide the best agreement
with measured 4 Input for the CNLR model is the measured rainfall intensity g
(blue solid line)

Figure A21. Correspondence between measured data (circles) and theoretical curves
presented in logog scale (left graphs) and time logarithmic scale (right graphs); (a)
theoretical curves (and axis’D(hJ)t/Hs?) are shiftedrom tp = 1E+4 s (initial
position) to {, = 3925 s to obtain the best agreement with data at small times (a = 0.2
+solid line); (b) best overall fit between data and curves is obtaineg, fer2750 (a
=10 #solid line)

Figure A41. Iterative process for determination of the optimal &lue
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