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Site Respons&haracteristics of Compacted Gravel Fill in Iceland

Thomas John Kennedy

ABSTRACT

Local site conditions cagreatlyincrease the intensity and character of earthquake shaking and
thus the extent and type structural damagd.he removal and replacement ofsitu soils with
compactedyravelsized volcanic rockhas beerprevalent in thdcelandicfoundationsubgrade
constructiorpractice fordecads, despite theinknownseismicsite responsecharacteristicef the

fill (e.g.,the predominant frequency and relative site amplification)filféhis knowledgegap

over 500 hours of microtremor measurements weadeat six study sites located throughout the
Reykjavik Icelandcapital regpn. Measurementecoded at ariousconstruction stages (e.g., the
in-situ or preexcavation, poséxcavation, intermediate grades, and final grade) reveal the change
in site response characteristics before and after gravel fill placehinentlata wasraalyzed using

the horiontatto-vertical spectral ratio (HVSR) technique over a bandwidth of 0.3 to 25 Hz.
Generally, thgore-excavationcondition had a predominant site frequency between 3.5 and 7 Hz
with relative amplificatio betweer3.8 and3.9times The placement of gravéll atopdense to
very dense silty sandnderlain bybedrockshifts the predominant frequary betweenlO and 16

Hz with a relativepeak amplificatiorbetween2.5 and 5.3 times, generallyncreasing with fill
thicknessFill underlain byundulatinglava iock alsoresults ina highera predominant frequeryc
between 9 and 10.5 Hautlittle change in relative site amplification occurred at these frequencies
(between 0.95 and 1.2 time3his dissimilarity is due to the unique lava rock HVSR signhatures
which have large amplification valuegbetween2.6 to 3.9 times}hroughoutthe high-band
frequency rangeAdditional investigations of sites underlain by lava rock are required to draw
strongerempirical trends. The data g@toduced bythis studycanserve as useful tool for the

local geotechnical and seismological communities to mitigate seismic risk for the capital region.
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GENERAL AUDIENCE ABSTRACT

Problematic sibconditionscan greatlyncreasehe intensity and character of earthquake shaking
and, thus, the extent and typehofilding damageThe removal of native soils and replacement

with compacted gravedized fill has been the predominant building foundatsubgrade
construction method itteland for decades. The practice of removal and replacement is one of the
oldest and conceptually simplest approaches of site improvement to reduce settlement and increase
soil strength. However, the understanding of lemmpacted gravel fill responds éarthquake
shaking was nonexistent in literature. To fill this knowledge gap, the response characteristics of
compacted gravel fill were derived using the horizotdalertical spectral ratio (HVSR) and
standard spectrahtio (SSR) analysis techniquestrr a data set of over 500 hours of experimental
in-field measurements. Measurements were recorded at various construction stages {e.g., pre
excavation or native soil, peskcavation, intermediate fill grades, and thelffillagrade) to reveal

the changen site response characteristics before and after gravel fill placement. The findings
presented in this thesian serve agseful informatiorfor the local geotechnical and seismological
communities to mitigate seismiisk (e.g., the probability of buding damage and/or loss of lives)

of structures with compacted gravel fill subgradetheReykjavik, Icelancapital region
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Chapter 1: Introduction

1.1.Thesis Objective

The primary objective of thishesisis to provide insightsaboutthe dynamic site response
characteristics of compacted gravel fill in Iceland ugimghorizontalto-vertical spectral ratio
(HVSR) technique, a noimvasive surface wave metho8eismichazard andrisk analysesare

based on the extent of and frequencies at which the geologic and gesatiesitenconditions affect
bedrock earthquake motions. The effect lafcal site conditionson bedrock ground motion
characteristica r e t er metslo iasnd eared feeuant i fi ed byhesi t e
predominant site frequencyhe intensity of site amplification etc). Over 500 hours of
microtremor measurements were recorded at six study sites located throughout the capital region
of Iceland during various stages of gravel fill placement (e.g., #s#uncondition or pre
excavation, poseéxcavation, intermediate grades, and the finished gré@eh site presented
unique stratigraphy and site conditions. As a result, the site sploaracteristics of multiple

conditions are included herein.

This effort marks the beginning of microtremor microzonation mapping throughout the capital
region of Iceland. A good agreement between HVSR from strong motions and microtremors has
been estdlshedfor Icelandic sitesimplying that site response characteristics derived herein apply
to stronger earthquakeotions(Rahpeyma et al. 2016)hus, microtremor analysis is an efficient

and costeffective way to map resonance frequencies and relative site amplification magimtudes
Iceland A robust database of this kind will serve as a usefulftwalrban planners and the local

geotechnical and seismological communities to mitigate seismitoriske capital region

1.2.0Organization

The thesis is organized in the following manner to achieve the primary objective stated above.
Chapter Zpresents a mnuscripdetailingtypical site response characteristics of compacted gravel
fill in Iceland.Chapter 3providesconcluding remark&ind offers ecanmendations for future

work. Finally, threeAppendicesffer supplemental informatio’) amanusript wherén a single

case studyighlights 3-D site effectsB) a detailed account of Vatnskardsnama (a quarry from

which most gravel in Iceland is sourcedhdC) additional sitgphotographs.
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1.3. Attribution

This thesis contains two manuscripts. The first manuscriptt | ed A Si t e Response

Compacted Gravel Fi | | Chapter ardseives asdhe bodysof thedhesest e d
wherein a detailed account of the projedisclosed Thesecond manuscript titledl | nf | uenc e
GravelFilonh e Sei smic Response Ch aislecatdd eithildppendig s o f
A andwas accepted for inclusion in the proceedings of tH& Bifropean Conference on Soil
Mechanics and GeotechaicEngineering (XVII ECSMGE)Manuscipt 2 is locatedwithin the
Appendixbecause itsnain findings were includedh the body of this thesiS he ceauthors and

their contributions are listdoklow.

Benedikt Halldorsson Ph.D., Research Professor at the Faculty of Civil and Environmental
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Chapter 2: Site Response Characteristics of Compacted Gravel Fill in Iceland

2.1.Abstract

Local site conditiongangreatlyincrease the intensity and character of earthquake shaking and
thus the extent and type of structural damafee removal and replacement ofsitu soils with
compacted gravedized volcanic rock has been prevalent in the Icelandic foumdsdiograde
construction practice for decaddsspite theinknownseismicsite responseharacteristicsf this

fill material (e.g., the predominant frequency and relative site amplification). To fill this
knowledgegap, over 500 hours of microtremor maasoents were recorded at six study sites
located throughout the Reykjayikceland,capital region. Measurements recorded at various
stagef site work(e.g., the irsitu or preexcavation, pos¢éxcavation, intermediate grades, and
final grade) reveal thehange in site response characteristics before and after gravetctisat.

The datawereanalyzed using the horizontt-vertical spectral ratio (HVSR) technique over a
bandwidth of 0.3 to 25 Hz. Generallihe preexcavation condition had a predaorant site
frequency between 3.5 and 7 Hz with relative amplification eetw3.8 and 3.9 times. The
placement of gravel fill atop dense to veatgnse silty sand underlain by bedrock shifts the
predominant frequency between 10 and 1@hid resuliin a rehtive peak amplification between
2.5 and 5.3 timegyenerally increasingvith fill thickness. Compactedyravelfill underlain by
undulatinglava rock also results in a higher predominsite frequency between 9 and 10.5 Hz
but hadittle effect onrelative site amplification at these frequencies (between 0.95 and 1.2 times).
This dissimilarity is due to the unique lava rock HVSR signathieaig large amplification
valuesthroughout the midand highband frequency range (4.1 to 5.7 and 2.6 to 3.9 times,
respectively) which areunlike other reference conditions encountered.

2.2.Introduction

Worldwide, earthquakes pose a great risk to the built environment and to human®aéetye

last decadeghe degree of building damagering earthquakes has beesrelated tahe local
geological and geotechnical soil conditions (eSeedand Idriss 1971; Seed et al. 1972)
Unfavorablesite conditionscanresult inan increased intensity of ground shaking anligher
seismic hazard. The influence of local soil ctinds on ground motions are quantified by site
response characteristics (e.g., the predominant site frequency, relative amplification magnitudes,

3



etc.) determined by sitewvestigationanalysis techniques, such as the horizetadertical
spectral ratiqgHVSR) and the standard spectral ratio (SSRordingly, seismic risk (g., the
probability of damage and/or loss of lives) can be mitigated to some detireenfluence of the
geological andyeotechnical site conditions can be quantified and ateduor in the design of

infrastrwcture and/oin urban planning.

In an effort to improve the engineering properties of a site, for both static and dynamic conditions,
the removal of irsitu soils and replacement with compacted graimdd volcanic congmerate
rock (i.e., the removal and replacememtthod) has been performed in Iceland for decaddke
primary foundationsubgradeconstruction methad This method one of the oldest, and
conceptually the simplest approaches to improve site propertiesatar loading (e.g., reduce
settlement and orease bearing capacity) and, in addition, for levedrgite. The methodn
Icelandinvolves the removal dh-situ soft marine sedimentary soils down a firm stratum and the
replacement oexcavatedsoils wih a compacted sand aravelfill . However, wlie the site
improvement aspects of compacted gravel fill for static loading are well undelst®d, known
about the dynamic site response characteristics ofilthiccordingly, the objective dhe sudy
presented hereis to provide insights abouhetypical site response characteristics of compacted

gravel fill usedin Iceland.

This chapter is organized intbreesections followed by a summary of the conclusiofdrst,
backgroundinformation is provided abouestimatingsite effects using the SSR ahtl/SR
method, andaboutthe placement and compaction of fill. This is followed by brief descriptions of
the study sites and approach to chana&inhg their dynamic response characteristics. Rmnéhe
results of the fieldneasurements and data analyses are presented and discussed.

2.3.Background

2.3.1.Estimating Site Effects

Oneof the most common procedures for estimating site effects is the Standard Spectral Ratio,
SSR, method (Borcherdt, 1970rhe SSR method is based the comparison of earthquake
recordings obtained simultaneously on a soil site anearby reference site located on rock

(Borcherdt, 1970). Unfortunatelyt is not always easy to gather sufficient data to apply this



technique because of high instruntation costs and the need for long duration experiments,
especially in regions of |l ow seismicity. An
(HVSR) method, to estimate site effects wasposedby Nogoshi and Igarashi (19YBnd
Nakamura (1989, 20007 his method is based on recordings of ambient noisg@otremorsas

a function of time in the horizontal, H, anelrticd, V, directions(e.g.,Figure 2.1), and calculating

their amplitude as a function of frequenag Fourier amplitude spectra (FAS)he ratio of the

FAS of the combined microtremor horizontal components and the vertical component produces a
curve, as a faction of frequacy, which allowsan understanding of hoearthquake motionsre

amplified/deamplified by the site

2018-10-09 20:00:01.000 (GPS lock) -- SITE1-#987C -- SITE1-#987C
2000 T T T T T
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t =20:00:01.0000
2000 L T=60 min | L 4

2000 F I

1000

-1000

Velocity (Counts)
(=]

-2000

2000

1000

-1000

-2000 l l l | | | 1 -
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 2.1. Microtremor velocity data of three components (two horizontal, x and y, andre
vertical, z) taken atop a dense silty sand stratum at Lundur Site 1 in Képavogur.



Although he HVSR techniquéas gained in popularityecause it iselatively inexpensive and

easy to implementhe validity and underlying basis of tpeocedurehave ome into questio.
BonnefoyClaudet et al. (200gboutline two contradictory propositions that explain the
geophysical basis ofodywheedechnéegpeelNakimura b , pt b
(1989, 2000)onsiders HVSR as a filtering technique that directly provides the secondary (S)
wave trasfer function, and thus the peak HVSR corresponds to-thiav@ resonance amplitude

and frequency. However, oth€esg., Lachet and Bard 1994; Kudo 1995; Fah et al. 2Q@49tion

the efficacy of t he diteanpliiicatigruaadddemoastratelthattthg peako e s
HVSR can be explained by the ellipticity of fundamemimide Rayleigh waved.ermo and
ChavezGarcia (199% and many otherge.g., Field and Jacob 1993; Lachet and Bard 1994;
Tokeshi and Sugimura 1998; BonnefGlaudet et al. 2006apave shown by numerical
simulationst hat the HVSR can be wused to dedespitemi ne

providing no clear theotieal background for this.

The study performed BJESAME (D04 revealed that HVSR and SSR techniques provide similar
predominant frequencies. Howev&ESAME (2004 also showed that the HVS&mplitude
generally underestimates site amplification, which provides gastiéication forusingthe HVSR

peak amplitude a& firstorder approximation of site amplification. There are many accéemns
Ohmachi et al. 1994; Field et al. 1995; Kudo 1995; Theodulidis and Ba%] 1&het et al. 1996;
Wakamatsu and Yasui 1996; Bour et al. 1998; Konno and Ohmachi 1998; Mucciarelli 1998; Seht
and Wohlenberg 1999; Al Yuncha and Luz6n 2000; Maresca et al. 2003; Zhao et alth2006)
accept the abovementioned tenets of HVSR and daweonstratedhat the techniquds an

effective and affordable ntleod for seismic microzonation.

2.32. Gravel Fill

As stated in théntroduction the removabnd replacement methodasmmonly used in Iceland
to improve the engineering properties ofite.sThe method involves the removal ofsitu soils
and replacement with@mpacted fill composed gravelandbr sand much of whichoriginates
from Vatnskardsnamaquarrylocatedsouth of the Reykjavik capital regidfigure 2.2shows a
panoramic ew of thequarry, which began operations the 1950s andignificantly increasa

production in thesarly 1980s. Since theWatnskardsnamhas becoméhe largest manufacturer



of sand and gravekized volcanic conglomerate rock in Iceland, with an outpatver 800,000
m? of aggregate during 2018, with an expected increase of 20% in 2019. The quarry operates year

round, but the highest demand is during September and October.

The mateial produced aVatnskardsnamhas many uses. It is estimated that 5%e aggregate
mined from the quarry is subsequently sorted @trapede.g., cubic, spherical, angular, smooth,
etc.). Sorted aggregates are usedsphalt or concrete mixtures aasl road underlayment. The
second half of the mined aggregate is notesband is used as fill to support building structures.
The mining process begins at the top of the mountain - Rifty seventyon bulldozer tractors rip

up the underlying ground withlarge hook and push the resulting material off of the mountajnside
as shown irFigure 2.3 Drilling and blasting occur in areas with hard rock. It is estimated that the
material at this stage ranges between 0 and 300 mm in diameter. It is impontatet therefore,
that the aggregate used as gravel fill includes @etibkd particles. However, the supervisors at
eachstudy site discussed heresaid theirpreferred fill is comprised odngulargravetsized
particles. More information about Vatnskasddma and the gravel manufacturing process in
Iceland is provided ilppendix B



Figure 2.2. Panoramic view of theVatnskardsnama Quarry. The flat terraces along the side of the
mountain serve as areafrom which volcanic conglomerate rock is mined.

Figure 2.3. The base of the mountain at Vatnskardsnama where mined gravel is collected.
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Figure 2.4ashows a load of gravel dumped at one of the study sitesFagures 2.4band2.4c
show another load of gravel before and after cactipn. From these figures, it is clear that some

particles are cobbisized and particle crushing is likely to occur during the compaction process.

Figure 2.4. Photographs showing gravel before (&) and after (c) compacto.

Figure 2.5 illustrates theapproach commonly used folace and compact filin Iceland
Contractors excavate-gitu soils, whit are typically composed oharine sedimentsiown to

either bedrock, lava rock, or a competesfierencestratum (i.e.afirm glacial deposit jokulaur).

The excavation depth rardjbetween 0.5 to 5 m across si@gounteredThe gravel is dumped

on thecompetent stratum by a truckigure 259 , spread by an excavator
(Figure 2.5b), andthencompacted by a vibromller (Figure 2.59. Because at most sites, the base

layer is notlevel, fill with varying thickness is required tevel the site athe desired elevation.



Thes casesllowedthe effect of fill thicknes$o beassesselly placing seismometers collinearly

along the fill surface.

At the study sites discussed hereg fill thicknesse ranged between 0.5 to 4 m across sitks.
gravel fill wascompactedisinga Volvo SD135B vibreroller (or equivalent) that travels at ~2.5
km/h and weighs 12,600 kg (~27,750 Ib). For this model, the operator can change the amplitude
and frequency at wth the roller vibrates; a high amplitude mode (1.87 rat33.8 Hz is used
for the first pass and a low amplitude mode (1.38 aw®).8 Hz for subsequent passes. The author
estimates that each site was compacted 16530 relative density, with théensty estimatedoy

the vibror o | | e rirb®ntinmaus dompaction contrglysten (i.e., Compactometer®). The
continuous compaction control systestimates thenderlyingmaterial density in redime by
correlating theatio of the measuregkrtical drumacceleratioramplitude at the fundamental and
first harmonic frequencies to thenderlying soil stiffnes§Adam and Pistrol @16). Figure 2.6
showsthe vibraroller usedat two of the studysites(i.e., at Lundur and Studlaskarp and the

monitor that displays thestimatedelative density and the frequey and amplitude of vibration.

10



compacting (c) at Lundur Site 1 in KGpavogur.
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Figure 2.6. The Volvo SD135B vibratory roller (a) used for gravel compaction and the reame
monitor (b) to measure relativedensity.

2.4, Approach

2.4.1.Site Locations and Stratigraphy

Six sites located throughout tReykjavik capitd regionin Southwestceland were studied during
this project. Mosbf thesitesare being developed supporimultiple-story residential or doritory
buildings. The relative locations of sites are indicated by triangle mark&igure 2.7. At the
time of theinvestigation numerous buildings were being constructed throughout the area, most
atop compacted gravel filsimilar to the six study &€& From north to south, the study sites
encountered werghe Nautholsvegur 8Fite located inReykjavik Lundur Sites 1 and 2 located
in Kopavogur the Breidholt Site located irReykjavik and Studlaskard Sie1l and 2in
Hafnarfjorour Eachsite isdisaussed in the followingwith the Lundir Sites discussefirst because

of the more detailed sitdaracterization and recongjs performed at these sites (eKgnnedy et

al. 2019 Appendix A In a similar vein, the Brehold Site is discussed last because it was the
least wellcharacterized site.
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22.00°W 21.92°W 21.84°W

Figure 2.7. Map of the capital region of Iceland and relative locations of all sites encountered
durin g the study, indicated by triangle markers.
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Figures 2.8and2.9 aresketche®f Lundur Sites 1 and 2, respectively, locateB@pavogur The
in-situ soils vere excavated aen to acompetent reference stratuiifigure 2.10, which was
comprised ofdense to very denseM i silty sand(ASTM D2487 2017)undelain by bedrock.
The st r at gizedistribgianristpiesehtes fiigure 2.11 As shown inFigure 2.12 the

s t r a toarse@mainbavean overallwell-roundedshape Figure 2.12aillustrates the shapaf
soil particles larger than 1 mm diamefaith a maximum particle diameter of ~15 mm) and
Figure 2.12bshowssoil retained on thé&35 sieve (0.5 mmihat passethe #18 sieve (1 mm)
ASTM D4318 (201ywas usedo determine the Atterberg limits for the portiohsoil finer than
the #35 sieve(Note that ASTM D4318 calls for testing of soil passing the #40 @45 mm)
but unfortunately this sieve size wast available andhusthe tests were performed on the soil
passing the #35 sieyeDue to the nonpldE nature of the sailkhe liquid limit for the soil could
not be determined, negating the need to perform the plastic limit test. In addition, the soil finer
than the #35 sieve exhibited no cohesion in an oven dried state, thus corroboratorghirgion

that the fines are predominantlgmplastic silt and a negligible amount of clay exists.

The black circles and triangl@sesentedn Figures 2.8and?2.9 illustratethe relative horizontal

and verticalpositionsof recordings madat Lundur The recording dates arsted next to the

black triangles.The firstmicrotremormeasurementecordedat Lundur Site 1 was of the dense

to very dense silty sand base lay@ravel fill was therplaced,andmeasurementsererecorded

atop an intermediatiéll grade (~1.5 m thick)Measurements at tbe locations (West, MID, and
East) atop the final gravel fill grade (~2 m thick) were recorded together with simultaneous
measurements of a nearby base lag@arencecondition.Unlike Lundur Site 1, the adjacebase

layer at Lundur Site 2 varied in elion and thus presented a case where the effect of fill thickness
could be measured directly. Seismometezse placed collinearly across Lundur Site 2 to measure
the effect of gravel fill thickness. Refer Appendix Afor more details about Lundur Sige

Appendix CL contains site photograpl$ Lundur.
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Aerial View
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Figure 2.8. Aerial and profile view of Lundur Site 1 in K&pavogur. Not drawn to scale.
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Aerial View
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Figure 2.9. Aerial and profile view of Lundur Site 2 in Képavogur. Not drawn to scale.
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Figure 2.10. Photograph of the dense SM silty sand base layer at.undur Site 1 in Képavogur.
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Figure 2.11. The particle-size distribution curve of a soil sample taken from the competent stratum
on which the gravel fill was placed at Lundur Site 1 in Kéavogur.
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Aerial and profile sketches tfeNauthdlsvegur 88ite located irReykjavikare shown ifrigures
2.13and2.14 The Nautholsvegur 8 Site had a base layer that varied in elevation across the site.
The final fill thickness increased southwesterlfhe site presented a unique case where
simultaneous recordings atop gravel fill and a nearby rock outcrop could be performed. In addition,
the insitu soil condition was measured pexcavation. Site photographs taken at Nauthdlsvegur

83 are included il\ppendix C.2

Rock
Outcro
Aerial View 60 utcrop @
A ~00U0 m A
I Northwest Northeast J
- - " I

Bedrock Depth
~50 m Increases

Road: Nauthdlsvegur

Reference @ In-situ
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P

~40 m B’

Figure 2.13. Aerial view of the Nautholsvegur 83Site in Reykjavik. The proposed building footprint
is outlined. Not drawn to scale.
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A Profile View A
Northwest Northeast

11/18; 11/20 11/18

Dense gravel fill : e

0.5m T [ooorro s

B Profile View B’
Southwest Southeast

10/15 (In-situ); 11/19; 11/20 11/19

Dense to very dense gravel fill

25m

TIPS ISP

Bedrock ;

Figure 2.14. Profile views ofthe Nauthélsvegur 83Sitein Reykjavik. Not drawn to scale.

Sketches ofStudlaskard Sitel and 2in Hafnarfjorourare shown inFigures 2.15and 2.16
respectivelyBoth sites were underlain by lava rock formations and presentadwecase where
microtrema measurements could be recorded directly atop lava rock base layers and after gravel
fill placement. The effect &t conditions of frozen, thawing, and unfrozen gravel fill had on site
response&haracteristics were also conducted at Studlaskard SiteeJptitographs for both sites

are illustrated irAppendix C.3

TheBreidholtSite was not sketched due to inadeguste investigation (resultirfgom schedule
conflicts to access the sjtélhe only measurements takenreBreidholtSitewererecording of

the insitu soil condition. The site area at Breidholt was the largest of all sites encountered.
Approximatey 20,000 ni of in-situ soils were tde removed before replacement with compacted
gravel fill. Site photographsf Breidholt are showin Appendix C.4

The dateacollectionand analysisnethodologes aredescribed irthefollowing section
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Figure 2.15. Aerial and profile view of Studlaskard Site 1 in Hafnarfjordur. Not drawn to scale.
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Figure 2.16. Aerial and profile view of Studlaskard Site 2 in Hafnarfj&rdur. Not drawn to scale.
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2.4.2.Data Collectionand Analysis

At least two microtremor measurements waaaleat each study site to identify differences in site
response characteristics before and after gravel fill placement. At some sites, recordirigkemer

with multiple stations during the intermediate andlfstages of gravel fill placement to measure
the change across the site; this was especially opportune for conditierethe underlyingpase

layer (e.g., bedrock, lava rock, or dense silagnd stratum) was not level to highlighiD3site
response effédcs . Most recordings took place during
However, recordings during the daytime with identifiable excitation sources, e.g., a nearby

jackhammer, weralsomade( i . e . , Afactive timeso).

21

q



Table 2.1listsall recordngs made during this study and delineates recording events by start date

and time, location name, recording duration (in hours), number of seismometer stations, and

ground conditionsA total of 531 hours of microtremor measurements were recorded fari@3au

start times (referred to herein as an

Table 2.1. Site List and Event Recordings

# | Start Location Recording | Number Condition
Dateand Time Duration of Stations

1 | 20181002, 18:00 | Képavogur, Lundur Site 2 12:00 2 |-s, Is

2 | 201810-09; 18:00 | Képavogur, Lundur Site 1 12:00 2 SM, SM

3 |201810-09; 18:00 | Képavogur, Lundur Site 2 13:00 1 SM

4 | 201810-15; 16:00 | Reykjavik, Nauthélssgur 83Site | 16:30 2 |-s, SM

5 |201810-21; 18:00 | Képavogur, Lundur Site 2 13:00 3 SM, G, G

6 | 201810-23; 18:00 | Képavogur, Lundur Site 2 12:00 3 G, G,G

7 |201810-25; 18:00 | Képavogur, Lundur Site 1 12:00 1 G

8 |201810-26; 18:00 | Képavogur, Lundur Site 1 13:00 2 G, G

9 | 201811-18; 18:00 | Reykjavik, Nauthdélsvegur 8Site | 11:00 3 RO, G, G

10| 201811-19; 19:00 | Reykjavik, Nauthoélsvegur 8Site | 11:00 3 RO, G, G

11 | 201811-20; 21:00 | Reykjavik, Nauthdlsvegur 8Site | 07:00 3 RO, G, G

12 | 201811-22, 20:00 | Képavaur, Lundur Site 1 09:00 3 SM,G, G

13| 201812-04; 18:00 | Hafnarfjorour, Studlaskard Site ] 10:00 3 LR, LR, LR

14 | 201902-01; 21:00 | Hafnarfjorour, Studlaskard Site ] 11:00 3 G, G,G

15| 201902-18; 12:00 | Képavogur, Lundur Site 1 04:00 3 RO, G, G

16 | 201902-18; 20:00 | Hafnarfjoréur, Studlaskard Site 4 12:00 3 LR, LR, LR

17 | 201903-04; 19:00 | Reykjavik, Breidholt 12:00 1 I-s

18 | 201903-07; 11:00 | Képavogur, Lundur 07:00 1 RO

19 | 201903-07; 19:00 | Képavogur, Lundur 14:00 1 RO

20| 201903-21; 20:00| Hafnarfjordur, Studlaskard Sité | 11:00 1 G

21| 201903-21; 20:00| Hafnarfjérour, Studlaskard Site 7 11:00 2 G

22 | 201904-05; 21:00| Hafnarfjérour, Studlaskard Site | 11:00 1 G

23 | 201904-05; 21:00| Hafnarfjorour, Studlaskard Site 7 11:00 2 G

I-s:in-situ soils; SMdense silty sand; G: gravel fill; RO: rock outcrop; LR: lava rock
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All events were measured using tridirectional LennartzZ3CE5s seismometers{bperiod) and
recorded by REF TEK 1301 highresolution broadband seismic datequisition systes The

sensoss colleced data at a rate of 100 Hz with high gain. Nttat SESAME (2004 guidelines

state that HVSR results are independent of the gain used and a sampling rate of at least 50 Hz
suffices because the maximum frequency of eraging significance is ~25 Hand the Nyquist
frequency is ondhalf the sampling rate. Each axis had the same set parameters. Seismometers were
set up with great care to ensure proper contact with the ground andeweled using three
thumbscrew feet praiding from the base and laullseyetype spirit level. In casewhere
recordings were made at the same location but at different times of site prep@-atiobefore

and after fill placement), the onboard REF TEK GPS system was used to identify the
seisnomet er 6 s | dianatheiGPB systemmuammedd time synchronization between
stations.

During set up, the seismometers weogeredwith nearby soil to reduce the chance and extent of
unwarranted perturbationgzigure 2.17 shows the seismometer before and aftevering
AlthoughSESAME (2004 guidelines state that sensors need naidvered the author deemed it
necessary to cover the instrumewnish nearby soil giverihe harsh and unpredictable weather
conditions in Iceland atbased on the sensor setup recommendatiorisedithFoti et al.(2018.

The SESAME 2004guidelines also note &t wind has themost influence on instrument
disturbanceTherdore, weather data (e.g., average wind velocity, wind gust velocity, precipitation
rate, etc.) were collected for all events to retrospectively idetimiy periodswhen wind or rain
may have affected measummentsThis is discussed in more detail in tResults and Discussion

section, along with soft soil and frozen ground conditions that influemeagurements
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Fiure 2.17. Seismoetersetup before (a) and after (b)coveringwith nearby soil at Lundur Site 1
in Képavogur. Note that the rock used to secure the cable was not in contact with the seismometer.

After microtremor measurements were recordRAISSCAL software was ed to convert the data
type to ASCII format. The PASSCAL software and infotima required to convetb this data
type can be found at the website: <https://www.passcal.nmt.etue>ASCII format contained
velocity time histories and station informati@ag., GPS and sensor parameter valuéspcity
spikes were filtered fromaw ASCII velocity data to eliminate irregular excitations. This process
involved an iterative procedure wherein the velocity time histevezgviewed, and if apparent
spikeswere present, the section of data that in@dthe spikewasdeleted (usually 5 seconds of
velocity data would be deleted to remove a spike). Velocity spikes were uncommon during times
of passive recording (i.e., during quiet hours overnight). After theviedacity data have been
checked for and filtered of spikebe FAS of horizontal and vertical componentgerecalculated

and smoothed using th&onno and Ohmehi (199§ smoothing function with a smoothing
coefficient of 20. The recordings were split into -tGhute time windows, delineated by each

hour.

All ~60-minute time windows were ftirer split into three equal ~Z@inute segments to
determine the stdiily of the HVSR over a frequency bandwidth of 0.3 to 25 féz each hour
(Oliveraet al. 2014) The average HVSR of the three segments and the standard deviation were
compared to the HVSR computed over the-n@ilute time window. A case with an overall low
standardieviation was considered to be stable and used as the represéiW@Reurve for that

respective site condition and location. Stable HVSR were mostly obtained during times when
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transient noise was low and regular (e.g. duringrtigléttime). This procss is illustrated in

Figure 2.18 Figure 2.18ashows the separate HRS urves for all ~60ninute time windows for

the microtremor data recorded at ttenter (MID) of Lundr Site 2 prior to excavationFigure

2.18bshows the representative HVSR curvetfar same location and site condition, selected due
to thecoincidence of the HVSR curve for the ~Bnute time window and the average of the

three HVSR curves for ~2@inute time windows, and the low standard deviation of the HVSR

curves for ~26minute time windows.

Kopavogur Lundur Site 2 In-situ MID D-1.5m; nla

2018.10.02 21:00 Képavogur
Lundur Site 2 In-situ MID D-1.5m; nl/a

2018.10.02-19:00-T59.7m a
————— 2018.10.02-20:00-T59.7m

T59.7m

| |— — —Average of 3-T19.9m increments

3571 2018.10.02-21:00-T59.7m
— — —2018.10.02-22:00-T59.7m
2018.10.02-23:00-T59.7m
r 2018.10.03-00:00-T59.7m
---------- 2018.10.03-01:00-T59.7m
— — =2018.10.03-02:00-T59.7m
2018.10.03-03:00-T59.7m
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Figure 2.18. HVSR curves for MID at Lundur Site 2 before excavation(relative depth-1.5 m) for:
(a) all ~60minute intervals; and (b) the average of three ~2@ninute segmentswith a shadedregion
represening + one standard deviation of average

In addition to the HVSR method, timicrotremor velocity data was also used to implement the
SSR technique, proposéy Borcherdt (197Q)As stated previouslyhe SSR is the ratio of the

S i

teds combined

hori

zont al moti on

desired frequency bandwidth of engineerirgngficance (e.g., 0.B 25 Hz).

FAS the

Thefollowing sectiorpresentshe results obtained from the HVSRAaSSR analyses.
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2.5.Resultsand Discussion

The three main site conditiossudied were(1) in-situ soils (2) a competent referencgratum

and (3) compacted gravel fill. mfewcasesmeasuremds were made omtermediate fill grades

In addition wheneither a nearby rock outcrop or reference stratum was accessible while recording
atop a gravel surfacesimultaneousmeasurements were madeop the fill and the rock
outcrop/competenttiatum sothat thestandard spectral ratio (SSR) techniqoeld be used to
assess site effect&t most sites, the competent reference condition was dense to very dense SM
underlain by bedrock. Howeveas mentioned previousligva rockundulations wereliscovered
beneathn-situ soils at two sites in Hafnarfjorgwrhichpresented a unique opportunity to measure

theresponse characteristics of thiference straturdirectly.

2.5.1. Lundur Sites 1 and(Bvens #1, 2, 3,5, 6, 7, 8, 12, 15, 18, and 19

The sitesat Lundur were the most visited during this study. As a result, measurements were made
on various site conditions. The sites were excavdt®unto a dense to very dense silty sand
reference stratum (of unknown thickness) underlain by bedBmtk.HVSR anl SSR techniques

were used to assess the site effects atwuBie 1.Figure 2.19shows a comparison tife HVSR

and SSR signatures at two locations (West and East) atop 2 m thick gravel fill at Lundur Site 1.
The reference condition was a n@asimultaneously measured dense to very dense silty sand
stratum. FromFigure 2.19 it is clear that the HVSR mean amplitudes underestimate site
amplification (3.5 and 4.4) compared to values obtained from SSR analyses (4.7 and 6). However,
both techniqus resultedn asimilarpredominant frequendyetweenl5to 19Hz, with SSR being
slightly higher in frequency and amplitude. These findings are in accord wiEBAME (2004)
investigationcomparing the techniques. It is worthwhile to note that the SSR analysesnresult

ratio near unity across the leand midband frequency range whereas HVSR result in values of

less than unity across this bandwidth.

Figure 2.20shows the HVSR signates for the ipsitu condition, the dense silty sand reference
stratum, and two fial grade thicknesses recorded at Lundur Sit&keérall thatFigure 2.9
illustrates the sketch of all locations asile conditions where recordings were made. It is

worthwhileto note that the seismometer for thesitu condition was placed atop a thiyda (<
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0.3 m) of compacted gravel underlain bysitu soils. The gravel served as a temporary parking

lot and, as a result, direct contact witksitu soils was not availabl

It is clear from the signatures showrfigure 2.20t hat t h e s ilitude idcseasdsvaS&R a mp
result of gravel fill placement and that the predominant frequency is similar for all site conditions
(between 13 and 15 Hz). This trend was also obdeawkeundur Site 1 (less the-gitu condition).

Note, however, that the HVSR sigture for the MID condition (1 m gravel thickness) also had a

broad peak at midand frequencies (~3 to 8 Hz) that were not present in thiguror reference

site conditios. A broad local peak at migand frequencies with similar amplitudes also exats

the NW condition (2 m gravel thickness). Nevertheless, the consistent presence of a peak at 13 Hz
for all site conditions provides justification to assume the fundamieetpiency at MID is 13 Hz,

despite the broad local peak with slightly higher biuge in the midband frequency range.
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Figure 2.19. Comparison of SSR (top) and HVSR (bottom) signatures for two locations atop gravel

fill at Lundur Site 1 in K6pavogur.
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Figure 2.20. Comparison of HVSR signatures for the insitu (top-left), postexcavation dense to very

Frequency (Hz)

dense silty sand reference (topight), and the final gravel grade (bottom) for Site 2 at Lundur in

Képavogur. Note that for the in-situ condition, the seismometer was set up atop a thin layer (< 0.3

m) of compacted gravel underlain by insitu soils. The gravel served as a temporary parking lot
and, as a result,direct contact with the in-situ soil was not available
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2.52. TheNautholsvegur 83ite(Events #4, 9, 10, and 11)

TheNauthdlsveguB3 Sitepresented a caseherethe insitusoil condition anearby rock outcrop,

and gravel fill ofvarious thicknesses were availalitegure 2.21illustrates the HVSR sitatures

for these conditions. The-situ soil condition had a clear peak with a predominant frequency of

3.5 Hz andamean amplitude of 3.8. The placement of gravel fill (with thislses of 3 and 4 m)
shifted the sitebds pr edquencieskeavedanl0.b and gluHz)nwithy t o
larger mean amplitudes (4.8 and 4.9, respectivBlganwhile, neasurements atop a nearby rock

outcrop reveah flat HVSR signature consistenttiva reference condition relaély free of any

amplification.
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Figure 2.21. Comparison of HVSR signatures for the insitu soil (top-left), a nearby rock outcrop
(top-right), and the final gravel grade (bottom) forthe Nautholsvegur83 Sitein Reykjavik.



2.53. Studlaskard Siwl and 2(Events #3, 14, 16, 20, 21, 22, and 23

Both sites at Studlaskamdere underlain by undulating lava rock formations. Lava rock resulted

in HVSR signatures unlike any other reference condition encountehsule the relative
amplification decrease@s a resulof gravel fill placementFigure 2.22shows a comparison of

lava rock HVSR signatures measured at two sites to compacted gravel (2 m thick) at final grade.
Lava rock measured at both sites had similar predominant frequdretieeén 4 and 4.4 Hz) with

high mean amplitude(4.1 and 5.7). The adutin of compacted gravéll shiftedthe predominant
frequency to values betwe@nand 10.5 Hawvith relative meanpeakamplificationvalues of3.1

and 3.7 HVSR amplitudes wersuppresed in the mieband frequencielsy 0.35 to 0.5imes It is

worth noting that lava rock HVSR signatures contain local peaks at higher frequencawéth

amplitudes found in gravel fill ghatures.
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fill (right) for two sites at Studlaskard in Hafnarfjorour.
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2.5.4.TheBreidholt Site(Event #17)

The insitu site condition athe Breidholt Site was measured by one seismometer set up directly
atop the imsitu soil overnight. The weatheonditionswerewithin acceptable rangdse., wind
velocity less than 5 m/s amegligibleprecipitation SESAME 2004. The HVSR signature for the
in-situsoil condiion at Breidholt is illustrated iRigure 2.23 A clearpeak exists at a predominant
frequency of 7 Hz witla mean amplitude of 3.9.

2019.03.04 Reykjavik
Breidholt In-situ East Unknown

T
Average of 12-T59.9m periods
Y

In-situ

Smoothed HV-ratio

1
10° 10!
Frequency (Hz)

Figure 2.23. HVSR signature of the pre-excavation insitu soil condition at Breidholt in Reykjavik.
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2.5.5.Summary of Site Response Characteristics of Compacted Gravel Fill
Table 2.2liststhe predominant frequenayeanpeakamplitude, and signature shdpeeach site
and condition It may be observed that the placemaintompacted gravel fill results ehigher

predominant frequenayompared tahe in-situ soil condition.

Table 2.2. Summary of SiteResponseCharacteristics

Site Site Predominant Mean Peak SESAME (2004)
Condition Frequency, b (Hz) | Amplitude, Ao | Classification
Breidholt In-situ soil 7 3.9 Clear peak
Lundur W. gravel 15 (19 from SSR) | 3.5 (4.7 SSR) | Clear peak
Sitel (2 m thick)
E. gravel 16 (19 from SSR) | 4.4 (6 SSR) Clear peak
(2 m thick)
Lundur In-situ’ 13 3 Clear peak
Site2
MID gravel 13 2.6 Broad or multiple peaks
(1 m thick) fi=4.8Hz, A=2.9;
f,=13Hz, A,=2.6
NW gravel 15 5.3 Broad or multiple peaks
(2 m thick) fi=4.8Hz, A=3.3;
f,=15Hz, A=5.3
Nauthdlsvegur| In-situ soil 3.5 3.8 Clear peak
NW gravel 11 4.8 Clear peak
(3 m thick)
SWgravel 10.5 4.9 Clear peak
(4 mthick)
Studlaskard | Lava rock 4 4.1 Broad or multiple peaks
Site 1 fi=4Hz, Ai=4.1;
f,=10Hz, A,=2.6
W. gravel 9 3.1 Broador multiple peaks:
(2 m thick) fi=3Hz, Ai=2;
fo=9Hz, A,=3.1
Studlaskard | Lava rock 4.4 5.7 Broad or multiple peaks
Site 2 fi=4.4Hz, AL=5.7,
f,=9Hz, A,=3.9
W. gravel 10.5 3.7 Broad or multiple peaks
(2 m thick) fi=3.4Hz, AL =2;
f,=105Hz, A,=3.7

“The seismometer wat up atop a thin layer (< 0.3 m) of compacted gravel underlaindituin
soils. The gravel served as a temporary parking lot. Direct contact wdituisoils was not

available.
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2.5.6. ProblematicRecordingCondtions

The HVSR signatures presentdabvewerethe result of good setp and measurement conditions.
However, there were cases when measurement conditions were poor. As first intno@eotidn
2.4.2 Data Collection and Analysighe following paragraghpresent the poor results of three
unique cases whgroor microtremor measurements were recorded due to: (1) wind Bigsis(
2.24); (2) poor sodsensor coupling due to soft saHigure 2.26); and (3) frozen ground-{gure
2.27). Recordings impactedylthese conditions were not includiedthe data analyses presented
above.

Strong wind can potentially perturb seismometers while measuring microtremors. According to
SESAME (2004) even a slightwind (approximately > 5 m/sjnay influence HVSR results.
However,coveringthe sensor may increasestherturbation threshold for wind and rékoti et

al. 2018) Event #9 (Figure 2.249) illustrates the effet that strong average and gust wind speeds
have on HVSR signatures measured simultaneously atop a rock outcrop and a compacted gravel
fill (3 m thick) atthe NauthdlsveguB3 Sitein Reykjavik. In both cases, there are two distinct
signature groups thativkerge at the same time. Weather data was used retrospectively to identify
that by 22:00 the average and gust wind speeds increased from 1 m/s and 4 m/s to 8 m/s and 16
m/s, respectively. These high wind speeds sustained throughaigkiteThe weatherata and

grouped HVSR signatures served as evidence to conclude that the seismometers were disturbed
by a significant increase in wind speed.
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Figure 2.24. The influence of the average and gust wihspeed on HVSR signatures simultaneously

recorded atop (a) a rock outcrop, and (b) compacted gravel fill of threemeter thickness.

Figure 2.25illustratesthe ponding of wateait the excavatedNauthdlsvegur 83 Site in Reykjayik
which resuled in softground conditionsSESAME (2003 experimentalcondition guidelines
regarding irsitu soitsensor coupling state thstich conditionge.g., mud or soilaurated after
rain) should be avoidediue to the potential for poor sa@énsor coupling

Proper seismometeontact with the soil surface (i.e., good ssehsor coupling) is required for
accurate measurements. The HVSR signatures of two dense toevess silty sand reference
conditions are shown iRigure 2.26 Figure 2.26ashows HVSR signatures resultingiin poor
soil-sensor couplingt theNauthdlsvegur 83 SitéEvent #4) due to soft ground condition§he
poor signatures were compared to those recorded atop a similar reference canditrodir Site

1 shown inFigure 2.26bwhere there wagood soitsen®r coupling The comparison provides a
clear distinction between good and poor seihsor couplingoy highlighting the erroneous
amplification values throughout the riidnd frequency range iigure 2.26aand the flat HYSR
near unity inFigure 2.26h
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Figure 2.25. Poor surface onditions forEveh #4 fibase | ayer refethence con
Nauthdlsvegur 83 Site in Reykjavik. Seismometer location is highlighted by a red circle.
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Figure 2.26. The influence of poor (a) and good (b) se#ensor coupling on HVSR signatures.

Measurements were taken atop a dense to very dersity sand (SM) reference stratum.

Frozen ground conditions wegdso found to influence merotremor measurementBvent #14
performed onl February2019 at Studlaskard Site 1 in Hafnarfjérour wiasordedon frozen
compacted gravel fill (of unknown frost deptiiyvo frozen conditions wenmeasuredt this date
West ancEast, and both resultead similar HVSR signatures in frequency content and amplitude,
despite having different fill thicknesses, 2 and 3.5 m, respeciiFajyre 2.27a,h). The site was
revisited on 21 March 2019 and additional measurements were mduoe\&estiocation. The
author noted that during sep he heard trickling noises as a result ofifedt seepage through the
gravel fill and refers to this condition as
condition to the thawing conditin is aparent throughout the misland frequency rangas shown

in Figure 2.27c The broad peak in midand frequencies is due to the thawing of the fill. This
signature is not apparent in the unfrozen (or thawed) condition, measured on 5 April 2@&L9 at th
same dcation. Instead, a clear predominant frequency at 9 Hz exists with a mean amplitude of 3.1
as shown idrigure 2.27d It is important to note that the predominant frequency is similar between
thefrozen and unfrozen conditions (~9 Hz) despitestingpres®n of HVSR amplitudes frozen

ground.
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thick fill and signature b was taken nearby atop a three and onbalf meter thick fill.
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2.6.Conclusion

In order to perform thorough seismic hazard and risk analyses, information pertaining to the site
effects of thesoil underlyingthe building foundation is requiredMost buildingsin Iceland are
constructed atop compacted gravel fill after the complete@val of insitu soils to a competent
stratum.This manuscripfpresentedhe site response characisticsof compacted gravel fill and

other site conditions (e.g., the$itu or preexcavation, poséxcavation, and nearby rock outcrpop

from six studysiteslocatedthroughout th&reykjavikcaptal region.This objectivewas achieved

by recordingmicrotremormeasurementat these siteand calculatinghe correspondingiVSR

and SSRsignaturesver a bandwidth of 0.3 to 25 Hkhe key findings are summarizedlow.

The pre-excavationcondition was measured at three sites (Breidhaldhdur Site 2 and
NautholsveguB3). Two in-situ soil HVSR signatures revealed predominant frequencies within
the midband freguency range (3.5 dr7 Hz). Ohe conditiormeasured atop a thin lay@r 0.3 m)

of compacted gravel underlain bysitu soilsresulted in a higlpredominantfrequency value (13
Hz). The predominant relativmeanamplification values were simildor the preexcavation
condiion from site to sit§between 3 and 3)9

The HVSR signaturef compacted gravel fill was obtained at all sites excepghBreidholtSite
(due to a schedule conflict). At all siteBetpredominant frequenshifted to a higher frequency
value (betwen 10 and 16 Hz) relative to thresitu soilcondition after gravel fill placement. The
amplification values ranged between 216d 5.3, generally increasing with fill thickneSSR
signatures of compacted gravel relative to a dense silty sand refeceritton provided slightly
higher site response characteristics derived from HVSR signatieile a similar shiftof
predominat frequencieoccurred at lava rock sites, a notable reduatiorelative amplification

by 0.35 to 0.5 times occurredermid-band frequencies.

An important note should be made regarding carefulugetonditions for microtremor
measurements. Thimaniscript identified surface and weather conditions that resulted in poor
guality measurements. It is recommended that weathe(elat, average wind velocity, wind gust
velocity, precipitation rate, etc.) be collected after measurements to retrospediaveify the

potential soure of unwarranted perturbations.
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Chapter 3: Thesis Conclusions

3.1.Summary and Conclusion

Thisthesisrevealedhe site response characteristicsiafsitesocatedthroughout théreykjavik

Iceland capital region While the primary objective was to determine the site response
characteristics (e.g., the predominant frequencysaadmplification effect) of compacted gravel

fill using microtremor measurements, multiple site conditions (e.g.,ptleexcavationand
reference conditins) were also determineddaantifythe change irsite responseharacteristics

as a result of gkeel fill placementTheHVSR technique was the main analysis method used

this studyand provedio bea relatively easyto-perform and affordableneansto achievethis

s t u dhyjedtve. The data collected during this study has advanced the understanding of the
dynamic site rggonsecharacteristicef compacted gravel fill used in Icelanhich isnecessary

for seismic hazard and riginalyses

The site esponse characteristics of gravel fill dependhencompetent stratubreneath the gravel

fill and thempedanceontrastbetween the twoTheplacemenbf compacted gravel fill on sites
underlain by dense to very dense silty sand and bedrock resulpgada@minant frequency shift

to higher frequenciebétweenlOand16 Hz) and, at these frequencies, an increbsdaiive site
amplification py 2.5 to 5 timesgs fill thickness increasesill underlain by lava rock also resalt

in a shiftof the predaminant frequency ta higherfrequency(betweer® and10.5 Hz). However,
little change in relative site amplifitan occurs ahighfrequencis (0.95 to 1.2 times). Compacted
gravel placed atop lava rock revealed a case where the relative amplificatieasgéel (by 0.35

to 0.5 times) in the mitband frequency range (between 3.5 and 4.5 Hz) as a result of gravel fil

placement, unlike any other reference condition encountered.
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3.2.Recommendations for Future Work
This thesis has shown the effectiveness ™MSR to characterize site effects throughout the

Reykjavik capital regiorHowever, the data set is limitethe four recommendations listed below

would either advancer pair well with theresultspresented hereifrRecommendationfor future
work include:

1. Continue microtremormicrozonationthroughout the Reykjavjkiceland,capital region to
increase the resolution aohappedsite response characteristiAdditional microtremor
measurementsollectedatop compacted gravel fiéind lava rock wilincrease t reliability
of trends observed during this study.

2. Recordmicrotrema measuremenitthe top and bottom floor of tHruilding constructean
compactedgravéllt o determine the buildingds fundame
after building consuction (Mucciarelli and Gallipoli 2001)From these measurements, the
effect of building construction on the site response characteristics can be determined.
Moreovertheb ui | di ngdés f undabaeompaeed to thanf¢hg undenlying ¢ a n
compacted gravel fill. Ithesevalues match,raurdesiredresonance phenomenorayoccur
during earthquake shakimgnd cause larger forces upon the structure

3. Developa two-parameter characterizati@eismicsite classification schem@adet et al.

2008) in Icelandbased orthe results fronnorrinvasive survey techniques (e.¢VSR,

MASW, SASW Fot et al. 2018 to reduce site class variabilitfy he si teds natur
obtained from the HVSR provides one important parameter used in many multiparameter
classification schemes (e.ghao et al. 2006 RodriguezMarek et al. (20013howa decrease

in site classvariability whentwo parameters (dynamic soil stiffness and depthedrock)

were used in site classificatimompared to one parameter (e.g., average stralh shear

wave velocityover 30 mdepth.

4. Conpat popularground improvemenmethodsusedin other countries to thremoval and
replacement method used in IcelaAtternativemethodge.g., rammed aggregate piers and
stone columns)nay save time andonstruction costslue to thai faster applicatiorand
smaller carbofiootprint because feweruckloadsof soil are requiredHowever, aditional

soil andsiteinvestigations areequiredto assesshe applicability othesemethods in Iceland.
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Appendix A: The Influence of Gravel Fill on the Sesmic Response

Characteristicsin Iceland

A.l. Abstract

Local geological, geotechnical and/or rmaade site conditions can greatly increasarhtensity

and character of earthquake shaking and thus the extent and type of structural damage. Given the
unique geologic/geotechnical conditions in Iceland and foundation construction methods, it is
guestionable whether the generic building code seisitécresponse coefficients apply. For
example, marmade geotechnical foundations for buildings in the form gfrexered fills made

of compacted volcanic rock conglomerate has become prevalent in engineering practice in Iceland
over the last decades. Toigansights into effects engineered fills have on seismic site response
characteristics, horizonté-vertical spectral ratios (HVSR) are computed from microtremor
measurements for a site in Kopavogur, Iceland, made at varying times during excavation and
placement of the fill. Comparisons of the HVSR for the reference stratum and the surface of the
gravel fill showthat fill amplifies motions in the higland middlefrequency band. Additionally,

HVSR for points across the placed fill capturd 3ite effet s with the siteod:
frequency increasing with fill thickness.

A.2. Introduction

Worldwide, earthquees pose a great risk to the built environment and to human safety. Moreover,
historical accounts have shown that cities that have been exjoosedtiple strong earthquakes
over time often have areas where major damage to buildings and loss of lifedgptands to
concentrate. Over the last few decades, researchers have correlated areas of observed damage
concentration to the geological/gecohnical conditions in those areas. The results of these efforts
have been adopted by building codes in the fofrsite response coefficients, which are used to
modify the seismic design motions for various site conditions. However, given their unique
chaacteristics, it is doubtful that the building code site response coefficients developed from
generic profiles pply to sites of engineered fill in Iceland. Accordingly, the objective of the study
presented herein is to gain insights into the seismicesfwnse characteristics of engineered fill

at building sites in Iceland.
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To achieve the study objective, lawntatto-vertical component spectral ratios are computed from
microtremor measurements for a fill site in Iceland. The horizdotegrtical spectral ratio
(HVSR) method(Nakamura 1989j)s based on using time recordings of ambiahtations (or
microtremors) in thénorizontal (H) and vertical (V) directions and calculating the amplitude of
their ratio as a function of frequency. The HVSR calculated from microtremors provide valuable
information regar di mgencydneamplificatordeifectt ge.Olvaaanee nt a |
al. 2014. Furthermore Halldérsson et al(2016 and Rahpeyma et a(2016 have found good
agreement betweeHVSR derived from microtremors arfdom strongmotions in Iceland,
implying that insights derived about site response characteristics from microtremors also apply to
site effects during stronger, earthquake shaking. The HVSR method has several adeastages
alternative approaches, bus igjreatest strength is that it is relatively inexpensive and an easy
method for obtaining information needed imss&c hazard and risk analyses.

In the following, first the fill study site is briefly discussed follodeby a discussion of the

microtremorrecordings and analysis. The resuls then presented and discussed.

A.3. Fill Site

The removal and replacement method is one of the oldest, and conceptually the simplest
approaches to improve site properties fotistbading (e.g., reduce settlemesntd increase

bearing capacity) and, in addition, for leveling the site. The method involves the removal of in

situ soils and replacement with a stronger soil, such as gravel or sand. Gravel manufactured in
Iceland fromvolcanic conglomerate is oftencommpaed in O 70 c¢cm thick |

compaction throughout the fill.

The fill site examined in this study is in an apartment complex in Képavogur, Iceland. Képavogur
is lceland6s s e c onpopulatianragdelisstimmediately shuvpReykjaviky by
The apartment complex has structures ranging from three to ten stories and new buildings are being
constructed in the eastern and western sections of the complex. The coordinates for éhé4site ar
0670 N, 21U 5306 260 W.

48



The contractoexcavated the #situ soft marine sedimentary soils down a dense to very dense silty
sand stratum. This stratum was used as the reference stratum in this study, and the gravel fill was
placed on this stratum and comfetin lifts. The contractor usedvalvo SD135B vibreroller

to compact the gravel fill. The machine travels at ~2.5 km/h when compacting gravel and weighs
12,728 kg (~28,000 Ib). The operator can change the amplitude and frequency at which the roller
vibrates; a high amplitude mode wiBB.8 Hz is used for the first pass and a low amplitude mode
with 30.8 Hz for subsequent passes. The gravel fill was compacted-66%0relativedensity

with the compaction being monitoredrealtime by the vibreroller.

Figure A.1 shows aerialand proile-view sketches of the site. As may be observed from this
figure, the sitebds dense reference stratum va
thickness, being the thinnest in the SE corner of tegs@.5 m thick) and the thickesttime NW

corner (~2.0 m thick). The compacted fill will serve as the foundation subgrade for a new

apartment building.

A.4. Microtremor Measurements

Microtremor measurements were made on four occasions during the exca¥ahe insitu soil

and compactin of the fill: (1) 10/02 before excavation; (2) 10/09 after excavation down to the
reference stratum; (3) 10/21 after placement and compaction of the gedastigravel lift; and

(4) 10/23 after placement and compaictof the last gravel lift (i.e.,feer site was broughotits

final elevation).Figure A.1 shows the dates when microtremor recordings were performed and
the approximate seismometer locations relative to the final gravel fill height. As shown in this
figure, the recording stations were gp collinearly on 10/21 and 10/23 to measure the effect that
the variation of the fill thickness across the site had on site response.

The microtremor recordings were performed overnight using tridirectional LerrE&s8D/5s
seismometers and REF TEK@81 broadband seismic data acquisition systems. Easlnaot
the same set parameters. The sensor was collecting data at a rate of 100 Hz with high gain. The
seismometers were placed level atop the surface of intakgibaminimize the influence of wih

gusts, covered with nearby shoveled soil.
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Aerial View

Relative
: Fig. A. . Depth
Profile View v 10/02; Fig. A.2, A.3 ep

Road -1.5m
NW MID SE
v 10/23; Fig. A.6 v 10/23; Fig. A.7 10/23; Fig. A.8 v

Final f-------------"-"-“- e - 0.0m

v 10/21 v 10/21; Fig. A.5

+0.5m
v 10/09; Fig. A.4

Dense to very dense
gravel fill

+1.0m

Dense to very dense |

........ sislaliiilelalslalsieiaieladataletdetalatatels +2.0m
Figure A.l. Aerial-view and profile-view sketches of the fill study site in Kopavogur, Iceland. The
black triangles are the approximate locations of the statios relative to the final fill height; start-
date of recording and figure number is shown adjacentlyNot drawn to scale.

50



Velocity spikes were filtered from raw data to eliminate irregular excitatfmar to computing
the HVSR, the horizontal and vexdl components were smoothed using€kbeno and Ohmachi
(1998 smoothing function with a smoothing coefficient of 20. The recordings were split into ~60

minute time windows, delineated by each hour.

All ~60-minute time windows were further split into three equal-AZ&nute segments to
determine the stability of the HVSR curve for each HQiwvera et al. 2014)The average HVSR

of the three segments and the standard deviation were compared to the HVSR computed over the
~60-minute time window. A case with an overall low standard deviationagasidered to be
stable and used as the represergati¥ SR curve for that respective site condition and location.
Stable HVSR were mostly obtained during times when transient noise was low and regular (e.g.
during thenight-time). This process is illusttead inFigures A.2andA.3. Figure A.2 shows the
sepaate HVSR curves for all ~6Minute time windows for the microtremor data recorded at the
center of the site (MID), prior to excavatidxigure A.3 shows the representative HVSR curve for

the same location and site condition, selected due to the coineidétite HVSR curve for the
~60-minute time window and the average of the three HVSR curves femt@e time windows,

and the low standard detien of the HVSR curves for ~2@inute time windows.
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Frequency (Hz)
Figure A.2. HVSR curves for MID before excavation for all ~66minute intervals. Relative depth-
1.5m.

2018.10.02 21:00 Kopavogur
Lundur Site 2 In-situ MID D-1.5m; nla

T59.7m
— — = Average of 3-T19.9m increments

3.5

Smoothed HV-ratic

10° 10’

Frequency (Hz)
Figure A.3. Representative HVSR curve for a ~6@ninute interval for MID and the average of three
~20-minute segments. The shaded region represents * one standard deviation of average.
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A.5. Results and Discussion

Figures A.3andA.4 show therepresentative HVSR cueg at the MID location before excavation

of the site (irsitu condition) and after excavation down to the dense reference stratum (reference
condition), respectively. There is a noticeable decrease in HVSR amplitude afteisitoesioil

was removed. Hower, the fundamental frequency of the site (~13 Hz) did not change due to the

excavation, despite the amplitudié&erences in the HVSR curves.

Figures A.5andA.7 show the HVSR curves at MID for a fill thickness of ~0.5 m and 1 m
respectively. As may é observed from these figures, the placement of the fill resulted in an
amplification of ~2.5 times in the HVSR curves, relative to the reference site condiRignse(

A.4), in the mddle- and highfrequency band.

For the final #ge conditions (i.e., ampacted fill at the final elevation across the site), the
fundamental frequency varies across the site, due to differences in the thickness of the fill. Three
stations were set up collinearly to identify the influence of the difteran fill thicknesses.
Figures A.6, A.7, and A.8 show HVSR curves for the deep (NW corner of the site: ~2 m),
intermediate (MID: ~1 m), and shallow (SE corner: ~0.5 m) fill thicknesses, respectively. There

are marked dierences in these HVSR curves.

The deep condition resuttein a peak HVSR in the highequency band at ~15 Hz, which is
comparable to the imitu and reference conditions. However, the location with the shallow and
intermediate fill thicknesses have similar fundamental frequencied od 5 Hz. Whereas the
mean amplitude of the H/V ratio changes from 2 at 0.5 m thickness to 5 at 2 m thickness. This
implies that 3D effects will potentially influence the site response of $ite during future

earthquakes.
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2018.10.09 21:00 Kopavogur
Lundur Site 2 Very Dense SM MID D+1.0m; T0.0m

T&0m
= = = Average of 3-T20m increments

smoothed HV-ratio
P

Frequency (Hz)
Figure A.4. Representative reference HVSR curve for a ~6finute interval for MID and the
average of three ~2@minute segments. The shaded region shows + one standard deviation of

average.
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2018.10.21 23:00 Kopavogur
Lundur Site 2 MID D+0.5m; T0.5m

4
TS9.9m
a5 | == = Average of 3-T20m increments ]
51 i

smoothed HV-ratio

10° 10
Frequency (Hz)

Figure A.5. Represenative reference HVSR curve for a ~6@ninute interval for MID and the
average of three ~2@minute segments. The shaded region shows + one standard deviation of

average.
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2018.10.24 03:00 Kopavogur
Lundur Site 2 Northwest D+0.0m; T2.0m

T59.9m T
— — = Average of 3-T20m increments

3

smoothed HY-ratic

10° 10
Frequency (Hz)

Figure A.6. HVSR for the NW (deep) Iacation and the average of three ~2fhinute segments. The
shaded region represents + one std. deviation of average.
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2018.10.24 03:00 Kopavogur
Lundur Site 2 MID D+0.0m; T1.0m

T59.9m
4.5 1 |— — —Average of 3-T20m increments T

3.5

2571

Smoothed HV-ratic

10° 10’
Frequency (Hz)

Figure A.7. HVSR for the MID (intermediate) location and the average of three ~2@ninute
segments. The shaded region represents + one std. deviation of average.
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2018.10.23 20:00 Kopavogur
Lundur Site 2 Southeast D+0.0m; T0.5m

G
T59.9m
— — = Average of 3-T20m increments
5 - -
4 F i

smoothed HY-ratic
Cad

Pa

Frequency (Hz)

Figure A.8. HVSR for the SE (shallow) location and the average of three ~2f@iinute segmentsThe
shaded region represents + one stdediation of average.

A.6. Conclusion

The purpose of this study was to gain insights into the effects of engineered fills on seismic site
response characteristics of building foundations in Iceland. Towards ttjsherizontalto-
vertical spectral ratiowere computed from microtremor recordings performed at a study fill site

in Koépavogur, Iceland, where the microtremor data was recordsdeoat varying times during
excavation and placement of the fill. Changesthe HVSR were observed as a result of
constructing the fill, especially in the middlend highfrequency parts of thequency range
covered (0.B25 Hz). The results indicate that the engineered fill has a marked HVSR signature
that is different in amlitude and frequency content comparedhe dense silty sand reference
condition, and it becomes more pronounced with increasing fill thickness. Namely, the amplitudes
of the horizontal component of motion increase relative to the vertical componeralatiaely

narrow frequency range arouadspecific predominant frequency. Stations set up in a collinear

fashion show the same signature around the same predominant frequency, except the amplitude is
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shown to be dependent on fill thickness. Additionalecstudies involving compacted gravel fill

with different thicknesses and geometries, and on different reference strata, are required to draw
more evident observational trends (these are currently in progress), followed by numerical
modeling of fill respore including the buildings it will support
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Appendix B: Additional Information Regarding the Vatnskardsnama Quarry

TheVatnskardsnama Quariy located south of the Reykjavik capital regiBigure B.1 shows a
panoramicview of the siteThe quarry began in the 1950s avaspopularized in theagly 1980s.
Since thenyYatnskardsnamhas been the largest mdacturer of sand and gravelzed volcanic
conglomerate rock in Iceland, with an output of over 800,000fraggregate during 201&ith
anexpecedincrease oR0%in 2019. The quarry operat yearound,but the highest demand is

during September andafber.

The materiaproduced aVatnskardsnamhas many uses. It is estimated that 50% o&tgregate
mined from the quarry is subsequently sorted @trapede.g., cubic, spherical, angular, smooth,
etc.) Sorted aggregageare used as a component aéphalt or concrete mixtures and as road
underlaymentThe second half othe minedaggregates not soréd and isusedas fill to support

building structures

The mining process begins at the top of the mourfiity- and seventyon bulldozer tractorsp

up the underlying ground with a large hook and push the resulting mateoatiefmountainside
(as shown inFigures B.2 and B.3). Drilling and blasting occur in areas with hard rock. It is
estimated thahe material at this staganges between#&nd 300 mm in diameter. It is important
to note thereforethatthe aggregate usealsgravel fill includes cobblesized particles. However,
the supervisors at each construction site have said their highest choice when ahatesiiadfor

fill containsmostly gravelsized particles.
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Figure B.1. Panoramic view of theVatnskardsnama Quarry. The flat terraces along the side of the
mountain serve as areas from which volcanic conglomerate rock is mined.
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Figure B.2. A 70-ton bulldozer tractor (a) with hook attachment (b) used to rip up the ground and
pushthe resulting material off the mountainside.
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Figure B.3. A mining terrace at Vatnskardsnama Quarry. The striations in the ground (a) are the
result of the tractor hook ripping up the volcanic conglomerate rock. The mined rock is pushed off
the mountainside (b) to be collected ahe base.
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