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ABSTRACT :

Some studies have shown that the seasonally frsmenhave a significant effect on the dynamic prtips o
building structures, which will yield increasesthe fundamental frequencies from summer to wiritée
changes in frequencies, however, appear a wideeriiom 4% to 50%. The factors to control the magigt
of this effect are important for earthquake engimeesince it determines if the frozen soil effaeeds to tak
account when designing buildings in the cold regiobhreebuildings in the similar climate condition .
studied in this paper to compare this effect. Thtoinstruments in the field the ambient no&®d sma
earthquake-induced vibrations have been recordédhair dynamic properties are identified. The gesin
the first frequency during various seasons areudsed. The further parametric study using FE models
conducted The relative stiffness between superstructured soils is founded as a key factor. A r
coefficient is presented to relate fhequency change when the ground freezing. Angtbesible factor is tt
building configuration or foundation design, whidatermines if the heat inside the building migsatie the
soils under and surrounding the building, andazén soils occur for individual buildings.

! Seasonally Frozen Soils, Fundamental Frequencigact@®al Stiffnes:
KEYWORDS: Finite Element Modeling, Field Test.

1. INTRODUCTION

Previous studies (Xiong et al. (2007), Yang et(2007), and Bai (2007)) have shown that seasorfiaBer
soils affect the dynamic properties of soil-struetaystems. These past projeawgolving in the field test ar
numerical analysigielded increases in the fundamental frequencieging from 4% up to 50% from sumn
to winter season. It is noted that these effectsdilyfreezing appear to be a wide range, even if structu
are similar in shape and size and expose to simlilaate as well as geotechnical characteristicsat¥actos
determine the magnitude of this effect? Understandhis question will greatly help ysedict the dynam
properties and seismic performance of civil strreguThis study is of great significance for earthqt
engineering due to the vast existence of seasoinaifgn soils in seismic areas.

Three buildings of various structural types (i.deet moment-resistance frame, reinforoedcret:
column-wall system and concrete column-slab systemd)different configuration@vith or without basemet
heated or unheated) in Anchorage, Alaska are iedud this studyThrough instruments in the field |
ambient noise and small earthquake-induced vibratiave been recorded to monitor their dynamic pitogs
change. The fundamental frequencies and mode§é@neatit seasons have been identified and summarfired
factors that control the effect of seasonally froseils are discussed. A parametric study usingrieBels is
conducted to investigate the impact of these facttir is found that the relative stiffness betw
superstructures and soils dominates the magnitbigiext of frozen ground. A ratio coefficierst presented
indicate the frequency change when the groundifigez
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2. DESCRIPTION OF TESTED BUILDINGS
2.1. Atwood Building (AB)

AB is a office building located in downtown of Amafage thatwas designed and constructed in the

1980's according to the 1979 Edition of the UnifdBmilding Code. There are 20 stories above the gr

level and a basement used as a parking garageypical plan is in a regular rectangukdrape with the si:

of 38.5 mx38.5 m. This building is a moment-resgtsteel frame structure with a 14.63 mx14.63 rplar-
center steel shear walled core. The roof is 80&bove the ground level. The lateral force resissiygtem is
composed of steel column-beam system with Chewracig and built-up steel-plate shear walls. Thiding

foundation consists of 1.52 m thick mat below tbeecand 1.37 m thick mat at the perimeter of thiéding

plan. Exterior and core mats are interconnectel grid beams.

2.2 Frontier Building (FB)

The Frontier Building is a 14-storey reinforced cate office building that was constructed and pézdiin
the early 1980’s under the 1979 Uniform BuildingdedUBC). It is a very regular building of rectafayu
shape in plane. The plan dimension is 59.44 m 813t in the E-W edge and N-S edge respectively. Its
structural system includes post-tensioned flooppetted by columns. No shear walls are arrangéidein
plan for structural members. The circle-sectiomdimns are 0.91 m in the diameter. The typicalrflegel
construction is 0.20 — 0.25 m thick reinforced gete diaphragm. The roof of the building is se8&@60 m
above the ground level {IFloor or Lobby). The building is founded on a semé reinforced concrete strip
footing without basement. The footings on the edges2.74 m wide and 1.37 m thick while the interio
footings are 3.35 m wide and the same thickne#iseasdge footings. Stemming from the footings a2 1
m. The first floor of the building is essentia#lyslab on-grade atop the backfill of the strip ifogpt The
bottom of the foundation is at a depth of 1.68 roweaground.

2.3 Parking Garage (PG)

This three-story reinforced concrete parking ganage designed based ¢me 1997 Uniform Building Cot
and constructed in 2001. It is an unheated garage,there are very wide openings on the extesials
whereas no partitions are arranged insideas a square base and floor plan with dimensfd®.7 x 60.3 n
The owerall building height is approximately 11 m with average story height of 3.1 m. Its structural exy
consists of postensioned floors supported by columns and shedswdhin shear walls are connected
three RC tubes (stairway room) of 254 mrckhess. The dimension of most columns is 450 x #B@ Nc
frame beams were used to connect columns exceape gierimeter. It is noted that the floor in thatee is
inclined to allow vehicle access. The foundatigstam consists of RC spread footingss x 4.5 m) und
each column embedded 1.5 m deep. Subsurface igatsti of the parking garage site shows that poatity
fill and peat layers underlie existing ground soefaeaching a depth of 2.5 to 5 m. Beneath therpdily
graded sands argtavels followed by silty sands and gravels teeptd of 10 m. During the construction,
existing fill layer was excavated and backfilledttwstructural fill to support the spread footingie fros
action can be expected to penetrate as deep am &r8more during winter season. Considering thst, dae
garage has no insulation for the foundation.

3.DYNAMIC TEST RESULTS

Dynamic tests induced by ambient noise and smathgaakes were conducted over three buildifrgs
winter 2004 to summer 2007 to achieve fundamefreduencies and mode shapes through recol
collecting and identifying vibration data. Variofrequency properties are utilizéd investigate seasone
frozen soil effect on building behaviors.
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3.1 Instrumentation and | dentification

With the support from the advanced National Seisfyistem of Uited States Geological Survey, AB and
have instrumented to collect structural response®iustrong ground motions. In ABhere are 32 channels
accelerometers installed on 10 selected levelsdim in translational, torsional and rocking dtrees. There
are 3 recorders in the data acquisition systemexted by 3 telephone lines to enable remote aciteB& the
system uses 36 channels with 12 channels per datader. Of 36 channels 30 channels monitor la
movementn 10 of the 14 floors of the building, and remag6 channels are set up for monitoring in vel
direction only on the®iand 14 floors. All sensors, branded Kinemetrics EpiSessbave a badwidth of DC
to 200 Hz and operation range dfGg ~ +4.0g with 1.25 V/g sensitivity. Data cotlea was performed in tv
ways, event trigger and keyboard trigger. Evegger model is used to record actual earthquakensss anr
threshold acceleration value was set up 180 -gal. Keyboard trigger model is for collectiognambient nois
data. Signal from each recorder was sampled asa0{ples/s and in 4-7 minutes duratioheTynamic tes
for PG were performed by a Portable Data Acquisiystem. 16 accelerometers (rang8dg with 1.25 V/
sensitivity) were deployed from®to 4" level to record horizontal vibration. Ambient etations wereuset
for each test, and vehicles were driving to intlgnambient noise. Signals were still sampled @ 8amples
and duration for each test is 6 minutes.

The recorded vibration data were first filteredviestn 0.0145 Hz using a fourth order bandpassed Butter
filter, and then were processed using system ffieation program ARTeMIS Extraor (Structural Vibratio
Solution A/S, 2004 and 2007) to identify the stunat dynamic properties.hE Enhanced Frequency Dorr
Decomposition (EFDD) method implanted in ARTeMIStfaetor has been used for this purpose

3.2 Results

Dynamic test results for these thieeildings are obtained. Targeting to seasonatlydn effect on structu
dynamic behavior, all testing covered at leagt seasons from winter to summer. In AB the imsigntatiol
began from winter 2004. Hundred sets of recordsvinsmittedamong which the most were excited
earthquakes with magnitude (M3.2 to 5.6. Similar vibration data appeared in WBere instrumenthave
been used since winter 2007. The dynamic testisglte excited by earthquakes revealed that eaaequ
intensity in terms of PGA (peak ground accelergtimould impact on identified fundamentakquencie:
lower frequencies associated with higher PGA. jhthbe caused by the fact that as ground sharkingsity
increases, the nonlinearity of the building-founalasoil system is gradually mobilized and the effez
stiffness of the system is decreasing. Therefagelt®in similarearthquake intensity level of different sea:
are selected to compare for the AB and FB. For i@B fests wereanducted 5 times during winter 200¢
summer 2007. At least threets of vibration data were collected in eachadasdtthe average values are ust
the investigation of this paper. Table 3.1 sumnearthe dynamic testing results.

The frozen ground thicknesses listed in Tablé &8re calculated from Modified Berggren Equatior
environmental temperature data. Since no temperatata were collected during testing in 8, frozer
ground thickness column leaves blank in Table Wwéi@r general frozen season in Anchorage is refémen
Nov. 15 to May 15. Since recordings in tR& are ambient vibration, the signals are very wéaiy the firs
frequency was identified. Also the frequency serak not complete for the AB and FB.

3.3 Changes of fundamental frequencies from summer to winter
From Table 3.1 it is noted that the effect of fiegzground on structural frequencies is different tioree

buildings. Table 3.2 describes the change ratetheffirst frequency of three buildings frominter witk
deepest frost to summer, where the frequency imsemis the averagealue of measurements during sumn
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Table 3.1 Dynamic Testing Results

Atwood Building

Event Date| Frozen Frequencies (Hz)
ground 1*' Mode 29 Mode
thickness| EW NS Tor EW NS Tor
02/17/05 0.479 0.545 - 1.560 1.78% -
03/25/04 0.484 0.543 0.611 1.543 1.808 -
04/23/04 0.488 0.537 0.610 1.54% 1.794 -
05/30/04 0.464 0.525 - 1.501 1.770 -
07/27/05 0.464 0.537 - 1.550 1.758 -
08/23/05 0.452 0.537 - 1.538 1.721 -
Frontier Building
Event Date| Frozen Frequencies (Hz)
ground 1* Mode ' Mode
thickness| EW NS Tor EW NS Tor
03/01/07 1.84 0.595 0.677 0.91§ 1.86[1 2.059 2.736
04/05/07 1.89 0.594 0.667 0.901 1.845 2.025 2.698
04/25/07 1.34 0.599 - - 1.836 - -
05/22/07 0.73 0.589 0.672 - 1.833 - -
06/01/2007 0.50 0.602 0.677 0.907 1.870 2.019 2.709
08/17/07 0.00 0.606 0.673 0.90§ 1.889 2.048 2.709
Parking Garage
Event Date| Frozen Frequencies (Hz)
ground 1* Mode ' Mode
thickness| EW NS Tor EW NS Tor
10/22/06 0 1.16
12/02/06 0.52 1.39
01/13/07 0.57 1.42
03/01/07 1.04 1.69
04/02/07 1.40 1.74
Table 3.2 Change rates of first frequency
st Winter 0
1* frequency summer (deepest frost) Change rate (%)
Atwood 0.464 0.484 431
Building
Frontier 0.606 0.594 1.98
Building
Parking Garage 1.16 1.74 50.0

A very various change range is observed from timepesison in Table 2. ThG has the largest increase,
50%, in first frequency from summer to winter; haethe AB only increases 4.31%. A negatVveange ra
for the FB means that the frequency drdppm summer to winter. In fact 1.98% change aiten may b
caused by measuring errors. So forfeit only can be concluded that there is littl@asge in frequencies d
to the season switch. Three buildings locate irsdrae city, and climate conditions encousdeis also simila
But the effect of frozen soil on fundamental fremgies is so different. What is theey factor lead 1
frequencies change when soil freezing®dtimer words, what buildings should consider tHeatfof frozen so
in structural design? It will be a valuable questior engineering communication.

Three buildings have different structural typegliffierent structural stiffness. The AB is the stikame; the-B
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and PG are concrete column-slab system. The stalictiffness is supposdd be a factor. On the other he
the AB has a basement garage; the FB has no basamkfoundatioris placed on shallow soil layer direc
the GP is an unheated building. Those configuratedsolutely effect the temperature of surface aail the
frozen depth. So it could be another factor.

4. EFFECT FACTORS OF SEASONALLY FROZEN SOILS ON STRUCTURAL DYNAMIC
PROPERTIES

To investigate the effect factors a series of aislis conducted over three building models.sEhealculatio
models are first calibrated by measuremeatsd then finite element method is employed toukite the
environmental conditions and get frequency results.

4.1 Modeling

The interaction models including treaiperstructure and soil over three buildings atended to calcula
fundamental frequencies. A lumped parameter mddeM) is developed for the AB (Fig. 4.1 (a)), arkgt t
elastic spring coefficients of soil were derivednr a FE modeling based on the 3D foundatienil model

AN

APR 20 2007
15:08:44

83.98

H:

(b) Frontier Building

(a) Atwood Building

(c) Parking Garage

Figure 4.1 Finite Element Models
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Full FE models including the soil and superstruetare used to simulate dynamic behaviors foFBend Gk
on the computational software ANSYS, where ElemBaam189 and Shell63 are emptdyfor beam:
columns and shear walls on the superstructure &mdnt Solid65 is for the soil. All numerical moslelre
calibrated by the summer tesisults by adjusting some parameters of strucunmdtch the computatior
frequencies to test ones, i.e. floor mass choseth&AB model, stiffness of structural member tfoe FB anc
soil elastic modulus for the GB. (Xiong et al. 208&i 2006 and Yang et al. 2006). In this approacimerice
models represent real structures better. For cdegapurpose three buildings are placed in the same i
condition that is 1.5m frozen-depth and 100 timesdase in elastic modulus of frozen soil layevher
conducted FE modal analysis.

4.2 Numerical analysis results

Table 4.1 shows the results from FE analysis oweget buildings. ThéAB has a good agreement with -
results. The change of the first frequency is 4.0B% the FB, however, the computational first frexcyin
the winter reaches 0.672 Hz, higher than the talstev0.594. It would occuanother reason beyond struct
stiffness to cause decrease of frozen effect irrg¢lakbuilding. By investigating the building cogirationit
could be concluded that soil under the building has experienced frost as expectation, whigitl be
discussed in upcoming section 4.4. The PG hastfffaquency of 1.86Hz from numerical analysiswhich is
also higher than the test value of 1.74Hz. It isaose the increase in elastic modulus of frozeh Bt
numerical computation 100 times increase of elastidulus based on unfrozen soil is assumed, howtsver
real increase coming from the geotechnical sur¥elieoGB is abound 40 times. If taking the times value
the numerical condition, a first frequency of 1.Z1isl obtained, which fits the test result very well

Table 4.1 First frequency from numerical analysis

First frequency (Hz) Unfrozen Frozen Change rate
Atwood Building 0.464 0.483 4.09%
Frontier Building 0.606 0.672 10.9%
Parking Garage 1.16 1.86 60.3%

4.3 Stiffnessratio between superstructure and soil

Table 4.1 indicates the effect of frozen soil or fundamental frequencies for various structurdse HC
enduring the largest frozen effect is a multi-sgocencrete structure, and has the highest strucstiffnes:
among three structures. The AB with steel frame

structure is the lowest in structural stiffnessmiplies

that the structural stiffness could play an impatrtale

in the frozen effect. Table 4.2 lists the horizénta

stiffness of the superstructure and soil for three @
buildings, where the superstructure stiffness K m m
represents whole horizontal stiffness with fixed
foundation, and Kis the horizontal stiffness of soil K
model without the superstructure. They are obtained K
from the horizontal displacement when applying @ un
force in associated FE models. Which does stiffness Ks Ks
between K and Kdominate the frozen effect? In fact

the relative stiffness between the superstructung: a

soil will control the changes of frequencies when s %

becomes frozen. Therefore a rafids introduced to

indicate the relative stiffness. It is defined he soll

stiffness Ks divided by the sum stiffness (K+Kg)isl

observed from Table 4.2 that the less this ratidhis Figure 4.2 Single Freedom Degree Model
greater the frozen effect on fundamental frequencie

U2

.
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will be, i.e. the AB, whos@ approacheso 1 and the change rate of the first frequencgrwhoil freezin
increasing only 4%. The GB, having the lefstf 0.039, experiences the greatest change inrdggiéncies «
60% when soils become frozen. The indicatio§ @an be proven by a simple single-freeddegree mod
(fig. 4.2) supported on the soil springs.

Table 4.2 Structural horizontal stiffness

Superstructure Soil Stiffness K
Stiffness (K) (K9 g=—21=

(KN/m) (KN/m) K+ K
Atwood Building 6.75x16 3.41x16 0.981
Frontier Building 1.07x10 3.91x10 0.271
Parking Garage 3.38x10 1.37x10 0.039

The dynamic motion equation for the model in figdr2 can be given:

K(u, —uy) +mii, =0 4.1)
Kou; = K(up, —uy) (4.2)

Solving equation 4.1 and 4.2, the circular freqyerfcthis system is formulated:

[ [
w= 2% _ B
A ~ dm"
"-Jm'leS—i_K ym 4.3)

It is seen thap can represent the change of frequency cabgebe stiffness, where the first term SQRT (K
is the frequency of fixed superstructure model. Wheil freezing, Kwill increase. Ifp is very small or K i
very large relative to Ki.e. the PG, the soil stiffness increasing valid to the enhancementfif B is very
large, i.e. approach to 1 where K can be approxueigtneglected comparing withskB will change little o
remain unchanged. It explains the variety occuinetthree buildings. Therefoilg can be definedn index t:
help deciding if the effect of frozen soil is hes@y to consider in design. Of course to achigng purpos
further quantifying work will be needed.

4.4 Building configuration

From previous analysis, the FB is an exceptionrddicting the effect of frozen soil on the fundame
frequencies by the structural stiffness. In faodthar fact lying on building configuratiocontrols the fro:
problem. Mentioned previously, the FB superstrietsrfounded directly on the strip foot foundatiwithout
basement. Such design of the FB allows heat framrtside of the building lobby to migrate to thefidation
soil and prevents any ground freezing in the vigiraf the building. The AB, however, has an unhéate
basement garage beneath tfidldor of the building, which has the similar temgire as outsidenvironmer
and impossibly transfers heat into surrounding. $airther the GB is a totally unheated buildiagd all th
structure, foundation and surface soil are expaséide same temperature. The different configunstidecid
if these building foundations endure the groune4ieg. To proving the analysis,thermal finite eleme
model is generated for the Frontier Building aslwslthe AtwoodBuilding to examine and compare the
buildings’ thaw bulb (Miranda et al. 2007). The uks show that (1) sufficient heat migration was alld
from the building into the foundation, thus prewegtfrozen ground to develop in the Frontier Builgli 2) the
unheated parking garage/basement in the AtwoodiBgilacts as a thick insulating layer preventingttieorr
infiltrating the surrounding soil, thus allowingpfren ground to developherefore the fundamental frequen
from the site text have not been observed an obwbange during season switch in the FB.
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5. CONCLUSION

After the comparing the change rate of fundamefmm&guencies from summer to winter for tr
buildings, the effect of seasonally frozen soilsdgnamic properties is laed to the ratio of stiffne
between the superstructure and soil. Fallowing kesians can be obtained.

1) Seasonally frozen soils affect the structuraladyic properties to different extent. The magni
of effect depends on the relative stiffness betwbersuperstructure and soil.

2) Arelative stiffness ratifl is presented as an index to indicate the effefioaén soils. The ledhe
B is, the greater the effect will be perform by #o0zoils on dynamic frequencies.

3) Building configuration, especially@indation design, with respect to heated or unbeaiays
crucial role in whether or not the structure’s fdation will be influenced by frozen ground leadin
potential impact on dynamic properties.
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